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ABSTRACT

The Beja-Acebuches Complex is an extremely dismembered ophiolite sequence incorporated in the Variscan South Iberian Suture, representing a s
marginal (back-arc) basin formed during subduction under the Iberian Terrane of normal oceanic crust to the south. Widespread textural evidence for hig
temperature (800-900 °C) recrystallization of the basal and intermediate sections of the ophiolite sequence under an anisotropic stress field, suggests that tt
rocks were obducted before their total consolidation. The later history of this Complex reflects mainly Variscan metamorphism, that peaked at amphibolite fz
cies, and its subsequent waning stages (during which the prevalent hydration of peridotites took place). The final stages of the retrograding path occurred
temperatures below 300 °C and are mainly ascribable to large-scale and rep@at€@DHand (subordinate) Sidntroduction into the system through
WNW-ESE left-handed vertical shear zones, reactivated under brittle conditions with a left-lateral thrusting movement. This large volume, extremely well fo-
cused, fluid inflow generally induced very intense carbonatization of the adjoining rocks, with almost total destruction of their original mineralogy and tex-
tures and deposition of ankerite + doloniitsideritex magnesite in subsidiary distensive structures. When affecting serpentinized peridotites, this metaso-
matic process leads to deserpentinization with development of strongly silicified carbonate aggregates. Later hydrothermal events are typically related to tl
precipitation of microcrystalline quartz and/or calcite in late veins and veinlets. Fluids circulating through the shear zones must have been quite pure, slight
acidic HO-CQ, mixtures, whose very scarcity in metals promoted the hydrolysis of primary minerals and the removal of Al as aqueous-complexes. The ori-
gin of these fluids is believed to be related mainly to degassing of the autochthonous carbonate/schist units during Variscan metamorphism and the Beja
neous Complex intrusion.

INTRODUCTION quent reconstruction of its primary architecture (e.g., Quesa-
da et al., 1994), show that the Beja-Acebuches belt has an
Hydrothermal alteration processes involving carbonatiza-ophiolite-like lithostratigraphic column, whose geochemical
tion, silicification, and sometimes K-metasomatism, can signature has been interpreted as representing a small mar-
easily be recognized in many ophiolite sequences, irrespecginal (back-arc) basin formed during subduction under the
tive of their age and of the mechanisms invoked for theirlberian Terrane of normal oceanic crust to the south.
emplacement (e.g., Halls and Zhao, 1995, and references The complete ophiolite sequence is never observed within
therein). However, as far as can be judged from the pubthe BAOC. Indeed, this strongly fragmented belt of mafic and
lished data, these geological processes are usually charactasitramafic rocks comprises distinct structural domains that
ized by the introduction of chemical components, and so byare bounded by major shear and fault zones and include dif-
rich metasomatic mineral parageneses (e.g., listwaenites). Iferent lithological sequences representative of particular por-
the Beja-Acebuches Ophiolite Complex (BAOC), late fluid tions of the entire oceanic crust (Munha et al., 1986; 1989;
circulation left a relatively complete record in space and Quesada et al., 1994). The lower sections of the ophiolite se-
time of replacement of primary silicate and oxide minerals quence, best preserved in the westernmost part of the belt (in
by carbonates of variable compositiah fecondary sili-  Portugal), comprise essentially a succession of peridotites
cates). This metasomatic mineralogical record indicates gmainly harzburgitic) and gabbroic rocks (both massive and
chemically depleted fluid system whose origins and circula-layered varieties), locally intruded by pods and dykes of pla-
tion regimes are the focus of the present work. The maingiogranite. Relics of the upper ophiolitic sections, restricted
structural control and the mineralogical record of the essentially to the eastern part of the belt (especially in Spain),
polyphase metasomatism that affects the ultramafic andconsist mainly of amphibolites; deep marine sediments and
mafic rocks of BAOC are examined in order to: 1) evaluate sheeted dyke complexes are almost absent.
the extent of the metasomatic processes; 2) establish the Usually, rocks of BAOC are affected by amphibolite fa-
main physico-chemical constraints imposed on the hy-cies metamorphism, recorded by plagioclase zoning and
drothermal fluids; and 3) determine the evolution of the hy- crystallization of green Mg-hornblende which forms a per-
drothermal system after ophiolite emplacement. vasive WNW-ESE stretching lineation (e.g., Quesada et al.,
1994; Figueiras et al., 1998). This metamorphic event, de-
veloped under initial temperatures of 600-620°C and pres-
GEOLOGICAL BACKGROUND sures not exceeding 2-3 kbar, is recorded in peridotitic rocks
only by relics of talc. However, it did not entirely destroy
The ultramafic-mafic rocks outcropping along the south- the evidence of early mineral and textural transformations
ern border of the Iberian Massif between Ferreira do Alente-tentatively ascribed to the emplacement of the ophiolite. In-
jo - Beja (Portugal) and Acebuches - Aracena (Spain), rep-deed, gabbroic rocks (mostly gabbros and gabbronorites)
resent an extremely dismembered, exotic oceanic terranelisplay strong mineral and textural evidence for early re-
that, together with the Pulo do Lobo Accretionary Terrane, crystallization under an anisotropic stress field and high
define an important southern Variscan suture (e.g., Ribeiraemperatures (800-900°C), with the resulting fabrics indicat-
et al., 1990; Quesada et al., 1994; Fonseca, 1995) - Fig. iing N-NNE thrust movement (e.g., Quesada et al., 1994).
Recent characterization of this exotic terrane and subseThis early event is not usually texturally visible in the peri-
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Fig. 1 -A- Simplified tectonostratigraphic terrane map of the Iberian Massif (adapted from Dallmeyer et al., 1993): 1- Paleozoic Iberian Autochthon (a- Pro-
terozoic Iberian Autochthon; b- Late Proterozoic Ossa-Morena Terrane; 2- Paleozoic Oceanic Terranes; 3- Northwest Iberia Continental Exotic Terranes; -
South Portuguese Terrari. Simplified geological map of the Evora-Beja Domain (adapted from Quesada et al., 1994): 1- Undifferentiated Late Proterozoic
and Lower Paleozoic metasedimentary rocks; 2- Beja-Acebuches Ophiolite Complex; 3- Undifferentiated units of the Ossa-Morena Zone; 4- Mafic and inter
mediate plutonic rocks of the Beja Igneous Complex; 5- Acid plutonic and subvolcanic rocks mainly represented by the Baleizdo Porphyry, of the Beja lg
neous Complex; 6- Pulo do Lobo metasediments; 7- Terciary detrital cover. Sites 1 and 2 represent the two main studied areas of BAOC. C- Simplified ge:
logical map of area 2 (the Guadiana Valley area) Withdicating the five sectors examined in detail.
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dotites (because of widespread serpentinization), but Criuto Geoldgico e Mineiro. In order to avoid possible conta-
spinels of slightly anomalous composition record chemical mination of the samples by mild steel mills, thin rock-slices
modifications at similar temperatures. Therefore, BAOC ob- produced with a diamond saw were wrapped in paper and
duction occurred at very high residual magmatic tempera-carefully hammer-crushed to a grain size of 1-2 mm. A
tures and caused extensive anisotropic recrystallization otungsten carbide mill was used for finer grinding, thus ren-
the lower and intermediate section of the ophiolite se-dering measured W concentrations meaningless and impart-
quence, but not of its upper basaltic layers, which lie suffi-ing possible Nb and Y contamination to the samples.
ciently far from the basal movement planes that no signifi- Whole-rock analyses were accomplished at the Activation
cant deviatoric stress was transmitted to them. The heat corl-aboratories Ltd (Canada) as follows: research grade geo-
tent of the obducted slab was too small for it to cause signif-chemical analyses of 69 elements were performed for non-
icant metamorphism of the underlying autochthonous rocksweathered and variably metasomatized rock samples by run-
The heat would have rapidly dissipated even if conductionning ICP, INAA, ICP/MS and XRF analytical methods; for
was the only cooling mechanism (Gongalves et al., 1998a). strongly carbonatized rocks, the “Au+47” analytical pack-
The strong tectonic fragmentation of the ophiolite can beage was used, combining INAA and total digestion ICP rou-
correlated with the collisional event through which the tines. Table 1 displays some of the most representative re-
South Portuguese Terrane was accreted to the Iberian Masults obtained; elements whose concentration is below de-
sif, enabling the development of major transcurrent WNW- tection limits were discarded. Estimated errors in precision
ESE shear zones (see, e.g., Quesada et al., 1994, for a comnd accuracy are usually better than 2% and 5-10% for ma-
prehensive review). An increasing amount of field and mi- jor and trace elements, respectively; errors may increase sig-
crostructural evidence (e.g., Gongalves et al.,1997; Mateusificantly for concentrations close to the detection limits of
et al., 1997) reveals that the main WNW-ESE shear zoneshe analytical methods employed.
now present in BAOC and bounding it to the North and  Mineral analyses were performed using a three-channel
South, were reactivated several times. JEOL-JCXA 733 electron microprobe routinely operated
In Portugal, the northern boundary of BAOC is common- with an accelerating voltage of 15 kV and beam currents of
ly obliterated by later intrusives belonging to the Beja Ig- 25 and 15 nA for silicates and carbonates, respectively.
neous Complex (BIC), emplaced under geodynamic condi-Quantitative analyses of sulphides were obtained using a
tions favourable to calc-alkaline magmatic activity which fully automated Cameca CAMEBAX electron microprobe
lasted until late Visean times (e.g., Andrade, 1983; Santos etvith an accelerating voltage of 15 kV and a beam current of
al., 1990; Dallmeyer et al., 1993). Within BIC, several 20 nA. Metallic, natural and synthetic mineral standards
strongly deformed metasedimentary relics of the Iberianwere used. In both cases, the quality of the analyses was
Autochthonous Terrane can be recognized. The latter arenonitored by analyzing as unknowns those same standards
usually elongate bodies that comprise three main lithostrati-before, during and after each analytical session; the estimat-
graphic sub-units and display an internal imbricated struc-ed error is less than 2% for all the analysed elements. Tables
ture, with older rocks on top of progressively younger ones:2 and 3 report representative data for different mineral
1) a dolomitic and/or calcitic marble sequence of Early Pa-species expressed as oxide wt% and cation proportions.
leozoic age (Cambrian?, Andrade et al., 1992); 2) an inter-
mediate sequence mainly composed of amphibole-bearing
gneisses (Late Proterozoic?, Fonseca, 1995); and 3) an het- STRUCTURAL CONTROL OF FLUID FLOW
erogeneous sequence comprising carbonate rocks, amphibo-
lites and biotite micaschists interbedded with lidites and The hydrothermal alteration domains of the ultramafic
black quartzites, presumably a lateral equivalent of Sérieand mafic rocks of BAOC are usually marked by a brownish
Negra, a well known stratigraphic horizon of Late Protero- to pale-yellow colour corresponding to the development of
zoic age very well exposed in a northern belt of the Iberianheterogeneous and polyphase, fine-grained, distinctly silici-
Autochthonous Terrane. It should be noted, however, that irfied, carbonate aggregates. In well exposed sectors, a con-
some of these metasedimentary bodies, several lens-shapéiduous trend between strongly carbonatized rocks and non-
mafic outcrops can be observed within the marble horizonscarbonatized protoliths can be seen, the former being miner-
These rocks, whose whole-rock geochemical signature isalogically similar to the common infillings of the major
similar to that of continental tholeiitic basalts, record a shear zones that bring into contact distinct sections of the
metamorphic path that evolves from eclogiticl@ kbar, = ophiolite and/or that constitute the main limits of BAOC.
550 °C) to transitional epidote-amphibolitic facies (ranging  Recently performed detailed mapping (e.g., Goncalves et
from 6 to 2 kbar, and from 500 to 400 °C); this is believed toal., 1997) shows that the major shear zones have irregular
represent the evolution of P-T conditions at depth in thegeometry, sometimes with numerous branches, and com-
continental platform prior to and during BAOC emplace- prise different structural corridors developed under distinct
ment (e.g., Fonseca et.,al993; Fonseca, 1995; Aradjo, deformation regimes. A synopsis of the available data re-
1995; Pedro, 1996). veals, moreover, that the main regional shear zones (N110-
120, dipping to the NNE) are relatively late structures, nu-
cleated in semi-brittle regimes and fully developed in brittle
SAMPLING, SAMPLE PREPARATION regimes. They have a poorly developed brittle N-S conju-
AND ANALYTICAL PROCEDURES gate system, and the local stress fields induced by their
propagation led to some subsidiary systems (particularly a
The sampling program was carried out in four represen-N65-70 family). The ductile - semi-ductile earlier shear
tative sectors of the Portuguese segment of BAOC whichzones strike N140-145, are conjugated to an N-S, ill-devel-
were previously mapped in detail; samples were taken fromoped, subvertical, ductile system, have poor cartographic
characteristic outcrops and, in one sector, from drill-cores ofexpression and can be seen to be locally reworked during
three different boreholes drilled some years ago by the Instithe development of the prevailing N110-120 shears. Both
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main families of structures are mainly left-lateral shear by later veinlets of dolomite-magnesite or magnesite.
(fault) zones, but those striking N110-120 have an important The mineralogical and textural changes that record the
thrust component towards the south. polyphase metasomatism of the ultramafic and mafic rocks
On a regional scale, significant carbonatization is re-can best be determined, however, by examination of slightly
stricted to the immediate vicinity of the N110-120 shear to moderately carbonatized rocks.
zones and, whenever reliable data exist, it can be seen that Usually, peridotites form discontinuous outcrops in tec-
serpentinization increases towards these tectonic featuregonic contact with the adjoining gabbros. Relics of primary
Several common features can be pointed out, irrespective ofminerals indicate a predominantly harzburgitic composition,
the type, tectonic style and lateral continuity of the shearsomewhat clinopyroxene-enriched in a few places; former
zones: (1) the presence of hydrothermal polyphase carbondunites and wehrlites are also present. When present, pyrox-
ate aggregates (usually silicified) and/or quartz precipitatesene relics are usually immed by Mg-hornblende; this min-
within some domains of the shear corridors, wherein relicseral may also be interstitial and its presence records the
of dynamically incorporated fragments of the adjoining al- Variscan peak metamorphism, under amphibolite facies
tered host rocks can also be identified; (2) development ofconditions. Serpentinization is generally relatively intense
alteration haloes with variable extension and intensity alongand post-dates talc formation in some specimens. It com-
the tectonic features, leading to significant carbonatizationmonly has a characteristic mesh texture, typical of lizardite
and silicification of the ultramafic-mafic rocks; and (3) es- aggregates. Late serpentinization allowed the development
tablishment of complex, late, brittle deformation patterns, of antigoritic precipitates along irregular veinlets, which al-
which, in some locations, are clearly ascribable to hydraulicso contain micrometric aggregates of Mg-chlorite and
brecciation processes. scarce carbonates (dolomite-magnesite). In addition to ser-
pentine and relics of primary olivine and enstatite, micro-
metric grains of more or less altered spinel, pyrrhotite,
PETROGRAPHICAL RECORD pyrite, and pentlandite and its alteration products are com-
OF THE HYDROTHERMAL ALTERATION monly disseminated in these rocks, irrespective of their de-
gree of serpentinization. Spinel crystals typically are
Petrographic examination of representative metasomatiaimmed by subsolidus reequilibration products, composed
rocks reveals that, irrespective of the parent rock, the carof ferritchromite and ferritchromite magnetite. Dispersed
bonate matrix comprises isotropic fine- to medium grained decimillimetric rods of magnetite, sometimes alongside cen-
dolomite-ankerite aggregates. Various amounts of quartztimillimetric crystals of awaruite and heazlewoodite (repre-
(commonly corroded and of micrometric size) are alwayssenting products of primary sulphide alteration), are also
present and, even in completely carbonatized rocks, relics oEommon within strongly serpentinized rock domains. Pro-
the most refractory primary minerals (spinels, ilmenite, gressive replacement of serpentine and of primary silicates
magnetite) can be found, sometimes along with corrodedby fine-grained dolomite-ankerite aggregates with isotropic
pre-existing silicate aggregates; late micrometric pyrite, fabrics, coupled with and/or followed by sulphide minerals
usually partially altered to hematite, is disseminated in someoxidation, records interaction with late G@ch fluids in
samples. The assemblage dolomite + ankeriteagnesite +  domains relatively close to the main WNW-ESE shear
quartz+ serpentinet Mg-chlorite £+ spinel+ magnetitet+ zones. In moderately carbonatized rocks, significant
pyrite + hematite indicates an ultramafic protolith; textural amounts of micrometric (often corroded) quartz, probably
relationships show also that carbonatization took place aftereflecting advanced stages of serpentine breakdown are pre-
the serpentinization process. A carbonatized gabbro issent. Magnetite and primary spinels are commonly pre-

chiefly composed of ankerite + dolomite + quattplagio- served in these rocks. Oxide minerals are typically the only
clasex Fe(Mg)-chloritex sericitex ilmenite + magnetitex remnant of the parent peridotite, but they are extensively
pyrite + hematite + leucoxene. corroded in strongly carbonatized samples. Late silica en-

The mineralogy of the veins that regularly cut the car- richment, as documented by the presence of millimetric in-
bonatized rocks typically differs according to different host terstitial vugs of microcrystalline quartz and by the develop-
lithologies. For instance, carbonatized gabbros generallyment of band textured quartz-dolomite veinlets, can also be
present complex networks of veinlets sealed by ankerite +observed in moderately to strongly carbonatized peridotites.
microcrystalline quartz and siderite + pyrite + microcrys-  Non-carbonatized gabbros consist mainly of variable
talline quartz aggregates; veinlets with a banded texture aramounts of plagioclase, diopsidic clinopyroxene, brown Ti-
rare (when found, their earlier infillings are sideritic), and and Na-rich hornblende and, sometimes olivine. Minor and
those filled with coarse calcite aggregates represent the finavariable amounts of V-rich ilmenite and Ti-rich magnetite,
stages of hydrothermal fluid circulation in these rocks. Con-are the main accessory minerals. These are accompanied by
versely, carbonatized peridotites commonly have veins withsubordinate, although ubiquitous, amounts of primary, inter-
banded textures, where the following succession may be tostitial, micrometric sulphide grains (mainly pyrrhotite,
tally or partially observed from center to margin: (1) white pyrite and sparse chalcopyrite). The early metasomatic
quartz with large crystals and limpid dolomite aggregatesevents experienced by these rocks resulted from Variscan
within millimetric vugs; (2) white quartz-dolomite bands or metamorphism under amphibolite facies conditions, and are
dolomite-magnesite bands; (3) green fine-grained quartzyrecorded by partial destruction of primary pyroxene and am-
and (4) dolomite-ankerite aggregates containing relics ofphibole, by quartz deposition and by late plagioclase zona-
serpentinet chlorite and randomly distributed late aggre- tion. Hence, the green Mg-hornblende and actinolite aggre-
gates of pyrite£ chalcopyrite) and Fe-chlorite. In some cas- gates formed before the partial saussuritization of plagio-
es, the carbonatized peridotites are cut only by irregularclase and the interstitial deposition of Fe(Mg)-chloritic ag-
veins sealed by relatively coarse-grained dolomite-ankeritegregates. Subsequent hydrothermal alteration was apparent-
aggregates containing abundant centimetric relics of exdy restricted to intensely fractured rock domains near the
tremely altered parent rock; these structures are usually cllVNW-ESE shear zones, and began by conversion of pyrox-



273

ene relics and amphiboles to chloritic aggregates; thesdions in slightly to moderately altered samples, but are obvi-
phyllosilicates often fill arrays of microfractures whose di- ously depleted in strongly carbonatized specimens (Fig. 2b,
rection and geometric characteristics indicate that they aral). Whenever Y concentrations are high enough not to be
coeval with the tectonic events responsible for the develop-significantly affected by mill contamination, it can be seen
ment of the major carbonatized infillings. Increasing alter- that Sc and Y distributions are roughly covariant for peri-
ation led usually to partial corrosion of plagioclase and todotites, in spite of the differences in Sc/Y for some samples
the precipitation of significant amounts of interstitial quartz, (Fig. 3e). The lack of correlation of these elements with
ankerite and dolomite. This corresponds to the initial stageAl O, (Figs. 3d, f) suggests that Al (or possibly Sc and Y)
of carbonatization which produced extensive isotropic andwere mobile during some stages of the hydrothermal alter-
fine-grained aggregates of ankerite + dolomitsiderite in ation of the analysed rocks. Although Al contents prior to
moderately to strongly altered samples. Significant amountscarbonatization is difficult to assess (especially for chlorite-
of microcrystalline quartz and relics of different types of rich serpentinites), the mineralogical record supports Al re-
phyllosilicates (chloritet sericite) can also be recognized, moval from the system in variable amounts.
along with partially preserved grains of magnetite and il- A comparison of whole-rock analyses of non-carbona-
menite. However, in zones of intense alteration these oxidesized ultramafic and mafic rocks of BAOC and their metaso-
were partially replaced by hematite + leucoxene aggregatesmatized lateral equivalents, suggests that the common minor
Pre-existing sulphide grains, were also replaced in this fashand trace elements were not extensively homogenized dur-
ion, giving rise to randomly distributed aggregates of ing metasomatism. Thus, with some exceptions, the minor
hematite, some of which contain relics of pyrite. Gabbrosand trace element geochemistry can be used to infer pro-
that underwent strong hydrothermal alteration also have &olith compositions. However, these data provide no infor-
variety of veinlets filled with ankerite + microcrystalline mation on the sources of the metasomatizing fluids, because
quartz, siderite + pyrite + microcrystalline quartz and by no contributions from the fluids can be discerned.
coarse calcite aggregates, formed during the final stages of Interesting additional information is given by the exami-
fluid circulation in the system. nation of the chondrite-normalized REE patterns if the rela-
tive gains or losses of the whole-rock REE are evaluated as
a function of: (1) the original REE abundance, their distribu-
WHOLE-ROCK GEOCHEMISTRY tion and sites of concentration in the mineral phases within
the protolith, and the relative stability of the mineral phases;
The bulk-rock geochemistry (Table 1) is complex be- (2) the REE concentrations in the fluid, the partitioning be-
cause of extensive redistribution of many of major, minor haviour of the REE between the mineral phases and the flu-
and trace elements during alteration. There is, however, ad, and the ability of the fluid to transport the REE out of the
relatively continuous gradation between fresh and hy-system; and (3) the ability of metasomatic minerals to ac-
drothermally altered samples and three main groups ofcommodate the REE released from the original minerals.
metasomatized rocks can be recognized. The relative importance of these parameters is comprehen-
The first group comprises strongy carbonatized rockssively reviewed by Humphris (1986) and Henderson (1986).
whith CaO > 20 wt% and MgO < 15 wt%, and that typically ~ Another important factor is the relative immobility of the
have ALO, abundances below 8 wt%. The second group REE in silicate rock systems, even under metamorphic con-
consists essentially of moderately carbonatized peridotitedlitions, in the absence of a suitable fluid phase. This stabili-
with variable ALO, and MgO contents (below 15 wt% and ty allows REE patterns of metamorphic rocks to be used to
in the range 10-39 wt%, respectively), and relatively low identify the nature of the protolith. This is particularly im-
CaO (10-17.5 wt%). The third group comprises mainly car- portant in the present case because we are dealing with
bonatized metagabbros with relatively constanfOAl(15- rocks that underwent complex metamorphism and metaso-
18 wt%), MgO €& 5 wt%) and CaO (6-11 wt%) contents matism. There is no reason to believe that significant REE
(Fig. 2a, c). The latter two groups can also be distinguishecexchanges occurred during Variscan amphibolite facies
on the basis of their Siontents, which are around 45-50 metamorphism (e.g., Quesada et al., 1994, Figueiras et al.,
wt% for carbonatized gabbros and between 22.5 and 42.9998). However, large-scale redistribution of primary REE
wt% for carbonatized peridotites (Fig. 2e); silica was not whole-rock contents may have taken place during carbonati-
analysed in the first group of metasomatic rocks, but itzation, due to extensive introduction of Ciliids into the
should be relatively high due to widespread micrometric system, leading to REE complexing.
(often corroded) quartz in their matrix. All of the hydrother- Normalized REE patterns of serpentinized and fresh
mally altered rocks are strongly depleted in alkalis, with dunites and harzburgites are similar to one another, since the
Na,O always above O, suggesting that both elements are REE concentrations in both olivine and orthopyroxene are
contained in the plagioclase relics. very low. Thus, the relative and variable REE enrichment
Not surprisingly, the bulk minor and trace-element geo- obtained for the carbonatized dunites and harzburgites of
chemistry of metasomatized rocks correlates reasonab\BAOC is ascribable to the widespread deposition of
well with the inferred protolith composition. A gabbroic ankerite-dolomite in equilibrium with REE-bearing carbonic
protolith is indicated by relatively high Ti and V concentra- fluids (Fig. 4a-c). The presence of these trace elements
tions, covariant with Fe and, typically, similar to those (some LREE and Eu, in particular) in metasomatic carbon-
found in the surrounding non-carbonatized rocks (usuallyates, suggests a reducing environment in order to maintain
above 3000 and 200 ppm, respectively - Fig. 3a, c). HighEu in a divalent state. This interpretation is also compatible
concentrations of Cr, Ni, Co and, in many cases, Cu (abovevith the presence of sulphides (presently represented by
1000, 800, 130, 110 ppm, respectively), indicate an ultra-poorly preserved pyrite relics).
mafic protolith (Fig. 3b). Ba and Sr distributions are, on the  The metasomatized clinopyroxene-enriched peridotites
contrary, highly variable, since their concentrations are sim-display two different normalized REE patterns (Fig. 4a). A
ilar to or somewhat enriched relative to protolith concentra-relative depletion of whole-rock REE characterizes the
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Fig. 3 - Scatter plots for the analysed carbonatized and non-carbonatized rocks of BAOC. Symbols are the same as in Fig. 2.
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Fig. 4 - Variation ranges of chondrite-normalized REE patterns for peridotite and gabbroic rocks from BAI@@d lethe light-grey areas represent the
ranges obtained for slightly to moderately carbonatized rocks; the sanferithe area that contains the pattern for the sample of mylonite. The remaining
light-grey areas o, band ccorrespond to the ranges shown by strongly carbonatized rocks.

slightly to moderately carbonatized samples, including thosegabbros, for which a selective mobility of the HREE can be
that exhibit strong deformation (such as the analysed my-demonstrated for slightly to moderately carbonatized sam-
lonite sample). However, strong carbonatization of the ples (Fig. 4d). There is also a general tendency for REE de-
clinopyroxene-enriched harzburgites restores the overallpletion in metasomatized, but not extensively carbonatized,
REE contents. Similar conclusions may be drawn from theequivalents of primitive gabbros (Fig. 4e); these normalized
normalized REE patterns obtained for the differentiated REE patterns are compatible with the preservation of signif-
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icant amounts of plagioclase. position strongly depends on local wall-rock lithology.

From the above discussion (in particular from Figs. 4a  Significant fluid circulation began immediately after the
and 4e) it may be suggested that REE were efficiently mobi-peak of regional metamorphism (itself unrelated to ophiolite
lized by CQ-rich fluids during the initial stages of the meta- emplacement) and affected large rock bands near the main
somatism experienced by the ultramafic and mafic rocks ofshear zones, then evolving in a transitional semi-brittle/brit-
BAOC. Slight relative REE enrichment, or an overall tle regime. The mineralogical record left by these initial flu-
restoration of the primary REE levels, characterizes theids is a pervasive serpentinization followed by carbonatiza-
strongly carbonatized samples, illustrating the ability of the tion of the host rocks, with decomposition of primary mafic
late carbonate aggregates to accommodate the REE avaitninerals and deposition of carbonates incorporating the
able in the circulating fluid. As is also the case for the re- metals released. Further evolution of the system led simulta-
maining minor and trace elements, it is not totally impossi- neously to a transition to the brittle regime and to elimina-
ble that unchanged but shifted REE patterns simply reflecttion of primary mafic minerals. This resulted in carbonate
volume change or shifts in the concentration of anotherdeposition being restricted to the newly opened veins and
chemical component of the rock during metasomatism. Anyveinlets and to a dependence of carbonate compaosition on
guantitative assessment of the chemical exchanges occuthe locally available metals, leading to dolomite and/or
ring during hydrothermal alteration needs data normalizedmagnesite precipitation in peridotite-hosted veins and to
to some constant factor or evaluated by other means, sincankerite/siderite precipitation in gabbro-hosted veins. The
in whole-rock analysis no single component is independentfinal metasomatic stage involved generalized precipitation
of the others. While showing that in the case of BAOC no of calcite together with plagioclase breakdown in gabbros
such reliable constant factor can be found, Gongalves et aland other basic rocks adjoining the shear zones.

(1998hb) performed several tentative mass balance estimates The overall geochemical evidence collected in BAOC
of the major intervening elements in the carbonatization andmetasomatized rocks indicates that carbonatization occurred
silicification processes, according to the method proposedogether with slight silica depletion and strong alumina solu-
by Gresens (1967). tion and removal. This very unusual situation poses several
geochemical problems.
The general reaction involving silica dissolution is:
DISCUSSION SiO, (s) + 2 HO H,SiO, + H*, which is favoured by
high pH values, given the dissociation of$#O, for pH val-

Rocks belonging to BAOC were affected by prominent ues well above 7. Together with the observed carbonate de-
and polyphase metasomatism whose extent is strongly deposition, this might, at first glance, be taken to indicate that
pendent on the geometry and tectonic activity of the sheailkaline conditions prevailed during metasomatism. Howev-
zones formed during the late stages of continental collision. er, despite the enhancing effect of the presence of alkali-

The assemblage dolomite + ankeritenagnesite +  earth elements in solution (Berger et al., 1994), silica disso-
quartzt serpentinet chlorite + spinel+ magnetitet pyrite lution was not very intense, probable explanations for this
+ hematite indicates an ultramafic protolith, and shows tex-being (Dove and Rimstidt, 1994): 1),$10, dissociation
turally that carbonatization took place after serpentinization.bufferspH at values not significantly above neutrality, but
A gabbroic-derived carbonatized rock is chiefly composedstill compatible with both carbonate precipitation and Al
of ankerite + dolomite + quartz plagioclaset chlorite + complexing and removal in solution by QHand 2) the
sericitex ilmenite + magnetitet pyrite + hematite + leucox-  presence of &t in solution would further inhibit silica solu-
ene. Serpentinization of the peridotites occurred at relativelybility, because of its adverse action on silica dissolution ki-
low temperatures (being coeval with the metamorphic retro-netics.
grade path recorded in gabbros,, 400-500°C — e.g., Que- The overall geochemical evidence also shows that, chem-
sada et al., 1994, Figueiras et al., 1998) and producedcally, the fluid must have been dominated by water and
pseudomorphic-textured lizardite serpentinites in which theCO, and remained very low in other chemical components
minor-element compositions of the primary phases wereduring the whole metasomatic process. In fact, metals for
preserved in the lizardite grains. Olivine was almost com-carbonate precipitation seem to have been extracted from
pletely serpentinized before orthopyroxene was hydratedthe metasomatized rocks at all stages, and even to be locally
(Table 2). Concomitant marginal alteration of Cr-spinel, derived in the intermediate stage between complete ferro-
during serpentinization of orthopyroxene, caused release ofmagnesian mineral decomposition and the onset of plagio-
Cr and Al cations which were incorporated into very fine- clase hydrolysis. Due to the presence of,@Owater, such
grained Mg-chlorite intergrown with serpentine (Table 3). a fluid would be slightly acidic, not alkaline, and able to

Carbonatization of BAOC rocks postdates serpentiniza-partially leach the rocks it percolates through. Accordingly,
tion and was essentially controlled by the circulation of besides carbonates, whose presence in slightly acidic envi-
CO,-rich fluids along regional WNW-ESE shear zones un- ronments can be expected if the acidity is caused by large
der temperature conditions roughly below 300 °C. The amounts of CQ some silica was left behind but no alumina
whole carbonate precipitation sequence seems to reflect eemained.
complex interplay between the primary fluid composition  Permanent Al hydroxyl complexing would need an alka-
and the progressive whole-rock alteration it induced in linizing agent whose identity and source are not easy to de-
BAOC rocks. A closer look on this hydrothermal system re- duce in the absence of any mineralogical record of its pas-
veals a rather unusual nature, which needs explanation. Theage. However, OHs not the only ligand able to form solu-
main features are the almost complete lack of minerals otheble complexes with Al. If conditions are slightly acidic,
than carbonates (and some quartz) deposited along the shequite soluble complexes such as Al®)* and
zones and a gradual evolution of the carbonate composition&l(OH)(H,0).> may form (Cotton and Wilkinson, 1972).
from early widespread ankerite/dolomite to late widespreadThus, a possible overall scenario for the observed behaviour
calcite through an intermediate stage, where carbonate conis: 1) hydrolysis of primary minerals, favoured by 0
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duced acidity; 2) Al mobilization and extraction as aqueouscroanalytical studies show that, after initial serpentinization,
complexes; and 3) precipitation of the liberated metals ashe wall rocks were corroded and replaced by ankerite-
carbonates, excess silica being left behind as corroded intedolomite masses; later, carbonate deposition became sensi-
stitial quartz. Of course, this does not coincide with the gen-tive to wall rock composition, dolomite and/or magnesite
eral geochemical behaviour of Al under slightly acidic con- precipitating in ultramafic domains and ankerite and/or
ditions, for in normal geochemical systems, spehcondi- siderite in gabbroic domains. The last stage of carbonate
tions coincide with minimum Al mobility. Our interpreta- precipitation was characterized by overall calcite deposition.
tion is that, in the case of BAOC shear zones, aqueous comcomprehensive comparison of carbonate deposition history
plexes of Al were stabilized relative to insoluble Al-bearing with the primary mineral decomposition sequence shows
minerals such as phyllosilicates, because the chemical equihat cations for carbonate precipitation were derived from
libria involving the available cations were extremely shifted BAOC rocks at all stages of evolution. Also, introduction of
to the carbonate side due to overabundance gf CO chemical elements is not detectable at any stage of this

Late co-precipitation of microcrystalline quartz and cal- process. On the contrary, mass balance calculations indicate
cite also needs an explanation, because silica and carbonatbgavy losses of several major elements, particularly alu-
have opposite solubility gradients with temperature (e.g.,minium. Thus, the fluids circulating through the shear zones
Fyfe et al., 1978). However, the problem does not exist in amust have been slightly acidic&-CO, mixtures quite poor
brittle deformation regime, since seismic failure may causein other chemical components. This scarcity in metals pro-
sudden depressurization of the system leading to suddemoted the hydrolysis of primary minerals and the removal
huge losses of C{and consequent carbonate precipitation. of Al as aqueous-complexes. The ultimate origin of the flu-

A final word on the origin of the metasomatizing fluids is ids must have been metamorphic degassing occurring dur-
warranted. According to the numerical modelling performed ing orogenic collision, since numerical modelling shows
by Gongalves et al. (1998a), it is very unlikely that BAOC that the heat input related to BAOC emplacement is grossly
hot emplacement could have generated the fluids responsinadequate for the amount of autochthonous heating re-
ble for the several carbonate (and silica) hydrothermal pre-quired for such large amounts of fluid generation.
cipitates along the major WNW-ESE shear zones, because
temperatures high enough to promote degassing of the au-
tochthonous carbonate sequence cannot be maintained for
the time interval spanning the ophiolite emplacement and The authors gratefully acknowledge Profs. José Munha
shear zones development. Therefore, fluid genesis shouldnd W. S. Fyfe for stimulating discussions on the subject.
mainly be related to later degassing mechanisms of the auMany thanks are also due to the Instituto Geoldgico e
tochthonous carbonate/schist units accomplished duringMineiro through the geologists Mr Luis Martins and Mr Vi-
Variscan metamorphism and BIC intrusion. tor de Oliveira for providing drill-core sampling, and

Quesada et al. (1994) and Figueiras et al. (1998) havehrough Dr Mario Machado Leite for facilities in using the
shown that Variscan metamorphism, BIC intrusion and microprobe at the I1.G.M. Laboratory. They also express
shear zones development within BAOC (and BIC), are all their appreciation to Mr Fernando Santos and to Mr Octavio
closely related in space and time, thus providing the ade-Chaveiro for the analytical work carried out, respectively,
quate heat source. Autochthonous carbonate rock units showith Cameca CAMEBAX and with JEOL JCXA 733 equip-
ample evidence of metamorphic reactions that led to silicatement (the latter at Centro de Geologia - Fac. Ciéncias Univ.
precipitation (forsterite, diopside, flogopite, wollastonite, Lisboa). The authors acknowledge the improvements
tremolite/actinolite, epidote and plagioclase), but detailedbrought in by Dr. Jeff Alt, Dr. Paul Robinson and Dr. Eero
studies are still lacking. However, the observed metamor-Hanski, while peer reviewing the manuscript. The research
phic mineral associations seem to be equivalent to thosevas supported by a JNICT grantlIZOMOR Project
found in many places around the world and experimentally(PBICT/P/CTA/2112/95).
related to the release of huge amount of water angflGO
ids (e.g., Metz and Trommsdorff, 1968; Greenwood, 1975;

Fyfe et al., 1978; Ferry and Burt, 1982; Flowers and Helge- REFERENCES
son, 1983; Glassley, 1983; and Ferry, 1991).
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