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melt fractions that percolated pervasively throughout the massif andOn the basis of their structural and compositional characteristics,
had a refractory, calc-alkaline character. Locally, these melts weremafic rocks in the Ronda peridotite are classified into four groups:
tapped into cracks forming intrusive dykes.group A (garnet-bearing rocks) occurring in the spinel tectonite

domain; group B (spinel websterites) along the recrystallization
front; group C (Ti-rich spinel pyroxenites) in the granular tectonite
and plagioclase tectonite domains; and group D (Cr-rich pyroxenites)
as composite layers along the recrystallization front, dykes in the

KEY WORDS: Ronda peridotite; mafic layers; pyroxenites; subcontinentalspinel tectonites, and single layers in the other domains. The spinel
lithospheric mantletectonite domain and group A layers represent the vestiges of an old,

veined subcontinental lithosphere. The other mafic groups were
formed during a later magmatic event that originated the present
petrological zoning of the massif, and, in most cases, have replaced
older mafic layers (groups B and D) or peridotites (group C). The INTRODUCTION
magmatic event that led to the diversity and zoning of mafic layers Layers, irregular bodies and dykes of mafic rocks, mainly
was caused by melting of the base of thinned subcontinental pyroxenites, commonly occur in orogenic peridotite mas-
lithosphere by upwelling asthenosphere, followed by infiltration of sifs. Mafic rocks crop out roughly parallel to the foliation
asthenospheric melts. The different groups of mafic layers record of the host peridotites (e.g. Kornprobst, 1969, 1970;
several stages of this event: (1) in the thermal climax, group B was Dickey, 1970; Conquéré, 1977; Shervais, 1979) or, rarely,
formed at the expense of group A by melt–rock reactions at increasing as cross-cutting dykes or veins (Conquéré, 1971; Wilshire
melt mass. This stage was coeval with partial melting of the host et al., 1980; Bodinier et al., 1987a). Whereas most in-
lithospheric peridotites and the development of the recrystallization vestigators agree on the magmatic origin of dykes and
front; (2) upon cooling of the lithosphere, group C was formed by veins, there is some controversy about the origin and
near-solidus, melt-consuming reactions between melt and peridotite significance of the concordant mafic layers. They are
at high melt/rock ratios. Group C parental melts were mixtures of often interpreted as high-pressure mineral segregates in
partial melts of lithospheric peridotites and garnet pyroxenites, and magma conduits, with primary mineralogy and textures
alkaline melts infiltrated from the underlying asthenosphere; (3) in partly obscured by subsequent deformation and meta-
the waning stages of this magmatic event, group D was formed by morphism. This interpretation is similar to the one pro-

posed for mafic mantle xenoliths, and is generallymagmatic replacement of group A, B and C layers by small-volume
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Montpellier Cedex 05, France. Telephone: 33 467 143943. Fax: 33
467 143603. e-mail: garrido@babouin.dstu.univ-montp2.fr.  Oxford University Press 1999

 by guest on S
eptem

ber 7, 2011
petrology.oxfordjournals.org

D
ow

nloaded from
 

http://petrology.oxfordjournals.org/


JOURNAL OF PETROLOGY VOLUME 40 NUMBER 5 MAY 1999

supported by experimental and geochemical evidence Morocco, is the westernmost segment of the Alpine belt
in Europe (Fig. 1). Comprehensive reviews of the regional(Yoder & Tilley, 1962; O’Hara & Yoder, 1967; Frey &

Prinz, 1978; Irving, 1980; Bodinier et al., 1987b; Suen & geology of the Ronda massif have been presented by
Tubia (1994) and Vissers et al. (1995) among many others.Frey, 1987; Pearson et al., 1993). As such, mafic layers

have been used to investigate the geochemical com- Van der Wal & Vissers (1996) have discussed the different
models proposed for the crustal emplacement of theposition of primary mantle melts and the mechanisms of

melt segregation from partially molten peridotites (Obata massif.
A distinctive feature of the Ronda peridotite is theet al., 1980; Loubet & Allègre, 1982; Obata & Nagahara,

1987; Suen & Frey, 1987; Pearson et al., 1993; Reisberg existence of a kilometre-scale petrological zoning (Dickey,
& Lorand, 1995). Together with pyroxenite dykes, they 1970; Obata, 1980) (Fig. 1). Obata (1980) mapped the
were also studied to constrain high-pressure fractional massif into four domains based on metamorphic facies
crystallization and/or reaction of upwelling melts with and subfacies defined by the mineral assemblages of
lithospheric peridotites (Bodinier et al., 1987a, 1990; peridotites and mafic layers. From the northwestern
Downes et al., 1991; Kumar et al., 1996). to the southern and eastern parts of the massif, he

Alternatively, Allègre & Turcotte (1986) have in- distinguished a garnet lherzolite, a spinel lherzolite—
terpreted the mafic layers as subducted oceanic crust, divided into ariegite and seiland subfacies—and a pla-
stretched and metamorphosed in the convective mantle. gioclase lherzolite domain (Fig. 1).
This hypothesis is based on the extreme diversity of Van der Wal & Vissers (1996) distinguished three
their radiogenic isotopic compositions and the isotopic structural domains:
differences between pyroxenites and peridotites (Polvé & (1) The spinel tectonite domain is the oldest. It is
Allègre, 1980; Hamelin & Allègre, 1988). In a few cases, located in the NW of the massif, in the area attributed
this hypothesis is supported by the trace element signature by Obata to the garnet lherzolite facies and the ariegite
of pyroxenites, suggesting a low-pressure magmatic his- subfacies (Fig. 1). This domain is composed of intensely
tory (Pearson et al., 1989; Kornprobst et al., 1990). In foliated porphyroclastic spinel peridotites and mylonitic
this model, the orogenic massifs are considered as ana- garnet–spinel peridotites, and includes minor amounts
logues for the source region of oceanic basalts, and the of garnet-bearing mafic layers.
mafic layers the cause of the recycling isotopic and trace (2) The younger granular peridotite domain roughly
element signature in oceanic basalts (e.g. Prinzhofer et coincides with Obata’s seiland subfacies. It is essentially
al., 1989; Hauri, 1996; Hirschman & Stolper, 1996). composed of undeformed granular spinel peridotites and

We present a combined field and geochemical study spinel-bearing mafic layers. This domain is well exposed
of mafic rocks from the Ronda massif which complements in the central part of the Ronda peridotite and occupies
recent structural and geochemical investigations of the most of the western part of the massif around the locality
peridotites (Gervilla & Remaı̈di, 1993; Remaı̈di, 1993; of Monte de los Reales (Fig. 1). On the basis of structural
Van der Wal & Vissers, 1993, 1996; Van der Wal & and petrological criteria, the granular domain can be
Bodinier, 1996). The Ronda peridotite (Southern Spain) further subdivided into three subdomains (Van der Wal
contains a petrologically and geochemically diverse group & Bodinier, 1996). From NW to SE—and with decreasing
of mafic rocks (Obata, 1980; Frey et al., 1985; Suen relative age indicated by overprinting field relationships—
& Frey, 1987). This diversity largely overlaps that of these subdomains are: (a) coarse-grained granular peri-
pyroxenite xenoliths in basalts (Wilshire & Shervais, 1975; dotites, with abundant harzburgites; (b) fine-granular
Frey & Prinz, 1978; Kornprobst et al., 1987). Our aim peridotites, mainly olivine-rich lherzolites; (c) a layered
is to clarify the relationships between the different groups sequence of lherzolites, olivine-rich lherzolites, harz-
of mafic rocks and the structural and magmatic events burgites and dunites.
recorded by the peridotites in this massif. These ob- (3) The plagioclase tectonite domain is the youngest
servations, together with the relative timing of em- of the three structural domains. This domain basically
placement, allow us to put constraints on the origin and corresponds to Obata’s plagioclase lherzolite facies
meaning of Ronda mafic rocks. (Fig. 1), and is composed of moderately foliated, por-

phyroclastic plagioclase peridotites. The development of
the plagioclase tectonite domain is related to the crustal
emplacement of the massif and overprints older magmatic

GENERAL FEATURES OF THE and deformation structures observed in the other tectonic
RONDA PERIDOTITE domains (Van der Wal & Vissers, 1996).

One of the most remarkable features of the RondaThe Ronda peridotite is the largest (~300 km2) of several
massif is the transition from the spinel tectonites to theultramafic massifs located in the Betic Cordillera (South-
granular peridotite domain. Field and microstructuralern Spain) (Fig. 1). The Betic–Rifean orogenic belt, which

also includes the Beni Bousera peridotite in Northern evidence indicates that recrystallization and grain growth

730
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GARRIDO & BODINIER MAFIC ROCKS OF RONDA PERIDOTITE

Fig. 1. Map of the western part of the Ronda peridotite massif showing the distribution of the different groups of mafic rocks distinguished in
this study (Table 1). The arrows indicate the relative position of the older rock type in the composite layers, as deduced from structural and
textural observations. Also shown are the tectonic and metamorphic domains and the recrystallization front mapped by Van der Wal & Vissers
(1996), and the petrological facies boundaries mapped by Obata (1980). GL, garnet lherzolite facies; Ar and Se, ariegite and seiland subfacies,
respectively, of the spinel lherzolite facies; PL, plagioclase lherzolite facies. Insets: location of the studied area within the realm of the Betic–Rifean
orogenic belt (Southern Spain and Northern Morocco—left) and in the western Betic orogenic belt (Southern Spain—right).

occurred within a narrow transition zone, about 200 m CLASSIFICATION, FIELD
wide, interpreted as a recrystallization front (Van der

OCCURRENCE AND PETROGRAPHYWal & Vissers, 1993) (Fig. 1). Garrido et al. (1993)
OF MAFIC ROCKSand Van der Wal & Bodinier (1996) argued that the

recrystallization was related to kilometre-scale pervasive Previous studies have classified Ronda mafic rocks into
melt porous flow through the granular peridotites. Van a ‘magmatic-type’ (Al-rich) and a ‘tectonic-type’ (Cr-
der Wal & Bodinier (1996) concluded that the re- rich) (Dickey, 1970; Obata et al., 1980). However, this
crystallization front was formed by feedback processes classification is somewhat misleading, especially for the
between grain growth, porosity, and incipient melting of spinel-bearing mafic rocks that commonly show trans-
peridotites, during heating of lithospheric peridotites by itional characteristics between these two types. On the
upwelling asthenosphere. They interpreted this sharp basis of their current mineral assemblages (Table 1),
front as a transition between a high melt-fraction domain structure (Fig. 2), texture (Fig. 3), chemical composition
(granular peridotite domain) pervasively equilibrated with (Fig. 4), and the peridotite domain in which they occur
basaltic melts, and a low melt-fraction domain (spinel (Fig. 1), we propose a classification of Ronda mafic rocks
tectonite domain) infiltrated by volatile-rich small volume in four groups (A, B, C and D) (Table 1; see this table

for mineral abbreviations and the mineral assemblage ofmelts.
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each mafic group). These groups are well discriminated front. Group B clinopyroxenes are Al2O3 rich, but have
by three chemical indices (all in mol %): mg-number higher MgO and Cr2O3, and lower Na2O contents than
[100×MgO/(MgO+RFeO)], cr-number [100 × group A clinopyroxenes (Table 2).
Cr2O3/(Cr2O3 + Al2O3)] and ti-number [200 × TiO2/ Group B mafic rocks occur as single layers or form
(2TiO2 + Al2O3)] (Fig. 4). composite layers with group D websterites. Similar to

group A, group B layers show strongly deformed field
structures, such as boudinage and isoclinal folding. Al-
though generally hosted by non-foliated peridotites, theGroup A
layers are parallel to foliation and layering of the spinel

This group comprises greyish, garnet mafic granulites tectonite domain (Van der Wal & Vissers, 1996). In
(subgroup A1) and dark grey garnet pyroxenite layers contrast with field structures, the microstructures are
(subgroup A2), occurring exclusively in the spinel tectonite seemingly undeformed. They are typically granular, with
domain (Fig. 1). Group A includes the most differentiated large pyroxenes (up to 3 cm) and coarse cpx–opx–sp–pl
rocks in Ronda, with mg-number displaying a wide range clusters (Fig. 3d). Several observations indicate that these
of values (55–80) (Fig. 4) similar to that found for Ronda clusters result from breakdown of former garnets. For
mafic layers by Suen & Frey (1987). There is no cor- instance, in group B spinel–garnet websterites, relics of
relation between mg-number and the spatial distribution garnet (now replaced by kelyphite) are rimmed by coarseof the samples in the spinel tectonite domain. Group A

cpx–opx–sp–pl aggregates produced by garnet break-is also characterized by a restricted range of ti-number
down (Fig. 3c). These rim aggregates are comparable(3–15), negatively correlated with mg-number (Fig. 4).
with the clusters found in group B spinel websteritesThe clinopyroxenes have intermediate TiO2 contents
(Fig. 3d). In both rock types, the cpx–opx–sp–pl ag-and the highest Al2O3 (especially subgroup A1) and Na2O gregates are aligned parallel to the foliation of the spinelcontents among Ronda mafic rocks (Table 2). Though
tectonite domain and mimic the structure observed forextremely rare, graphite occurs as a subordinate phase
garnet in group A layers (Fig. 3c and d). This indicates(Obata, 1980). Graphite pseudomorphs after diamond
that group B pyroxenites were formed at the expense ofhave been reported in garnet pyroxenites from Ronda
former group A layers, a process that was associated(Davies et al., 1993).
with substantial grain growth, annealing of the formerMost often, group A mafic rocks occur as single layers
deformation microstructures and whole-rock chemical(up to 5 m thick) with sharp contacts with wall-rock
changes. These changes are comparable with those re-peridotites. The layers are straight and parallel to the
gistered by the peridotites across the recrystallizationfoliation of the spinel tectonites, isoclinally folded, and/
front (Van der Wal & Bodinier, 1996). These observationsor boudinaged (Fig. 2a). The modal layering described
point to an open-system process whereby group A layersin Beni Bousera garnet pyroxenites is rare, yet the garnet
were replaced by spinel–plagioclase-bearing assemblagesmafic granulites have a gneissic layered appearance as a
(group B) during the magmatic event inferred for theresult of plagioclase seams (Fig. 3a). Rarely, near the
development of the recrystallization front.recrystallization front (Fig. 1), they occur as part of

composite layers with group D mafic rocks (Fig. 2c
and d). Group A mineralogy, mineral compositions and Group C
textures are of metamorphic origin (Fig. 3a and b). The This group comprises layers of brownish spinel web-
rocks display microstructural evidence for substantial sterites and olivine–spinel websterites (Table 1), which
plastic deformation, such as lattice preferred orientation were classified as olivine gabbros in previous studies
(LPO) and dynamic recrystallization of pyroxenes (Obata, 1980; Suen & Frey, 1987). As plagioclase is
(Fig. 3b), and flattening of garnets parallel to the spinel of metamorphic origin, we prefer to classify them astectonite foliation (Fig. 3a and b).

websterites. They mostly occur in the layered-granular
subdomain (Remaı̈di, 1993) and throughout the plagio-
clase tectonite domain (Fig. 1). They are characterized

Group B by high mg-number, with a narrow variation range (77–
87), and are clearly distinguished from the other RondaThis group is composed of dark greenish spinel web-
mafic rocks by their higher ti-number for a given mg-sterites and, rarely, spinel–garnet websterites. They
number value (Fig. 4). The clinopyroxenes display highmainly occur along the recrystallization front and spor-
MgO content and the highest TiO2 contents amongadically in the coarse-granular subdomain (Fig. 1). Group
Ronda mafic layers (Table 2).B mafic rocks generally have higher mg-number (77–90)

In the field, group C layers are distinguished from alland cr-number (up to 7) than group A (Fig. 4). This
the other Ronda mafic layers by the lack of significantobservation indicates that significant changes in the com-

position of mafic layers occur across the recrystallization deformation, except for some open folds coeval with the
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Fig. 2. Representative outcrops of mafic rocks in the Ronda peridotite. (a) Isoclinal folds of garnet pyroxenites and garnet mafic granulites
(group A) interlayered with spinel peridotite mylonites from the spinel tectonite domain. (b) Typical outcrop of layered spinel websterites (group
C)—enclosed by harzburgites and dunites—in the plagioclase tectonite domain. Spinel websterite layers grade along strike into olivine websterites
(ow), harzburgites and/or dunites. The olivine websterites contain elongated, millimetre-thick olivine flames interpreted as relics of the host
peridotite. (c and d) Details of a composite layer (~5 m thick) near the locality of Puerto de Peñas Blancas (see Fig. 1), slightly to the north of
the recrystallization front. This layer is composed of two distinct rock types: one side (the left side in both figures) is composed of highly deformed,
garnet mafic granulite (group A) with large garnet porphyroclasts (g) aligned parallel (f ) to the foliation of the host peridotite; the other side (the
right side) is composed of chromium websterites (group D) with coarse, seemingly undeformed, ‘cumulate’-like textures. The latter rock type
contains ‘xenoliths’ (x) of garnet mafic granulites, partially replaced by orthopyroxenite. The relic foliation in these xenoliths can be traced back
into the garnet granulite side of the composite layer. This structure indicates that the garnet mafic granulite protolith was metasomatically
replaced by chromium websterite. It should be noted that the transition between the two rock types (outlined by a white line) is sharp and
oblique to the foliation of the garnet granulite. (e) Isoclinal folds of seemingly undeformed, very coarse-grained chromium websterite (subgroup
D1) within coarse-grained harzburgites from the granular peridotite domain. (f ) Intrusive dyke (d) of chromium websterite (group D) cutting the
foliation of the spinel tectonites (f ) at high angle.
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Fig. 3. Microphotographs of representative microstructures of Ronda mafic rocks. (a) Highly deformed garnet mafic granulite (subgroup A1) in
the spinel tectonite domain. This rock shows a porphyroclastic microstructure made up of garnet porphyroclasts (grt-p), partially replaced by
kelyphite (black coronas around garnet), in a fine-grained matrix of plagioclase (pl-n), clinopyroxene (cpx-n), and garnet (grt-n) neoblasts. Garnet
generally contains inclusions of undeformed clinopyroxene (cpx-i). Garnet porphyroclasts and seams of plagioclase neoblasts define a foliation
parallel to that of the host peridotite (plane-polarized light; PPL). (b) Highly deformed garnet clinopyroxenite (subgroup A2) in the spinel tectonite
domain. This rock displays a porphyroclastic microstructure made up of large porphyroclasts of clinopyroxene (cpx-p) [with exsolved orthopyroxenes
(opx-e) ± garnets] and garnet (grt-p), in a fine-grained matrix of clinopyroxene (cpx-n) and garnet (grt-n) neoblasts (crossed-polarized light;
XPL). (c) Granular microstructure in a garnet–spinel websterite (group B) near the recrystallization front. Relics of garnet, now totally replaced
by kelyphite (ke), are aligned parallel to the foliation of the spinel tectonites. Garnet is surrounded by coarse-grained aggregates of Al-spinel (sp),
clinopyroxene and orthopyroxene (both marked as ‘px’). This assemblage is interpreted as a transient assemblage produced by magmatic
breakdown of garnet during melt–rock reactions (PPL). (d) Granular microstructure in a spinel websterite (group B) of the granular domain.
This rocks is devoid of garnet (or kelyphite), which has been completely transformed into coarse-grained clusters of Al-spinel (sp), orthopyroxene
(opx) and clinopyroxene (cpx). The matrix is composed of coarse-grained clinopyroxene (cpx). Clusters are aligned parallel to the foliation of
the spinel tectonites [see (b)]. This assemblage is interpreted as the result of complete magmatic breakdown of previous garnet-bearing rocks
(PPL). (e) Coarse-grained, cumulate-like microstructure in an orthopyroxenite (subgroup D3) of the granular peridotite domain (XPL). (f ) Coarse
granular microstructure in a spinel websterite (group C) of the plagioclase tectonite domain. The microstructure is defined by coarse clinopyroxenes
(cpx), orthopyroxenes (opx), and Al-spinel (sp) partly transformed into plagioclase. Some static recrystallization of clinopyroxene (cpx-n) and
orthopyroxene occurred along grain boundaries (XPL). Scale bar represents 1 mm; all micrographs are from sections perpendicular to the
foliation—and parallel to the lineation—of the spinel tectonite domain.
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seams derive from the host peridotite. These features
demonstrate that group C layers do not represent ‘sill-
cumulates’ precipitated in open magma conduits, but
they were formed by replacement of peridotites via
pyroxene-forming melt–rock reactions. Burg et al. (1998)
proposed a similar process for the origin of mantle
websterites at the base of the obducted Kohistan arc
(Northern Pakistan).

Group D
This group is composed of bright green clinopyroxenites,
websterites and olivine websterites (subgroup D1), spinel
websterites (subgroup D2), and scarce, light brown
orthopyroxenites (subgroup D3) (Table 1). These rocks
have been referred to as ‘tectonic-type’ in previous studies
(Dickey, 1970). They are characterized by high and
relatively constant mg-number values (85–94) and are
distinguished from the other Ronda mafic rocks by higher
cr-number (3–25) (Fig. 4). They contain bright green
clinopyroxenes with very low Al2O3 and TiO2, and very
high Cr2O3 and MgO contents (Table 2).

Detailed mapping shows that group D pyroxenites are
more common in Ronda than suggested by earlier works
(Obata, 1980). Their abundance and field structure vary
according to the tectonic domains (Fig. 1):

(a) The plagioclase tectonites and the fine- and layered-
granular subdomains contain about 90% of group D
occurrences (single layers; ~3 cm to 6 m thick). Similar
to group A and B, group D layers display deformed field
structures, such as isoclinal folding (Fig. 2e), and theirFig. 4. Plots of cr-number {= 100× [Cr2O3/(Cr2O3+Al2O3)] mol

%} and ti-number {= 200× [TiO2/(2×TiO2+Al2O3)] mol %} vs orientation is concordant with the spinel tectonite struc-
mg-number {= 100× [MgO/(MgO+ FeO)] mol %} for the Ronda tures. However, they have coarse-grained granular tex-
mafic rocks. Compositional fields are shown for the main mafic rock

tures comparable with that of magmatic cumulatesgroups (A, B, C and D). The symbols identify the subgroups of mafic
layers (see Table 1). (Fig. 3e), with clinopyroxenes (up to 5 cm) showing

pervasive exsolution of orthopyroxene. Plastic de-
formation microstructures are rarely observed.

(b) Along the recrystallization front, group D py-development of the plagioclase tectonite domain (Van
roxenites form ‘composite layers’ together with group Ader Wal & Vissers, 1996). They typically occur as swarms
and B mafic rocks (Fig. 1). The most typical compositeof straight layers, or elongated lenses, hosted by harz-
layers are characterized by an asymmetrical mineralogicalburgites and dunites (Fig. 2b) (Remaı̈di, 1993). In that
and compositional zoning, with garnet-bearing rocks onsense, group C outcrops resemble sill-complexes de-
one side and group D rock types on the other. Anscribed in the transition zone of some ophiolites (e.g.
exceptional occurrence (6 m thick) is observed near theBoudier & Nicolas, 1995). Individual layers and lenses
locality of Puerto de Peñas Blancas (Fig. 2c and d). Thisdisplay a poor to well-developed modal banding defined
composite layer of garnet mafic granulite (subgroup A1)by variations of the olivine/pyroxene ratio at different
and websterite (subgroup D1) shows a sharp, irregularscales (from a few millimetres to several centimetres)
transition between these two rock types. The transition(Fig. 2b). The outcrops show gradual transitions—both

across layering and along strike—from peridotites con- is marked by disappearance of garnet and plagioclase,
and a substantial increase of pyroxene grain size (fromtaining thin and rather diffuse pyroxene layers (<1 cm)

to thick websterite lenses (>1 m) containing thin olivine a few millimetres up to 4 cm). The garnet granulite side
is similar to the single layers of mafic granulites (subgroupseams. Field observations, as well as petrographic ob-

servations showing development of secondary pyroxene A1) in the spinel tectonite domain. It is characterized
by a fine-grained, porphyroclastic texture indicative ofafter olivine (Remaı̈di, 1993), indicate that the olivine
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extensive plastic deformation. In contrast, the websterite Leeds (UK) and Granada (Spain). Selected samples were
analysed for rare earth elements (REE) and other traceshows undeformed, coarse-grained microstructure com-

parable with that of other group D websterites in the elements (Rb, Ba, Sr, Zr, Hf, Nb, Ta, Th, U, Pb) by
inductively coupled plasma mass spectrometry (ICP-MS)granular domain. Embedded in the undeformed, coarse-

grained websterite, there are irregular ‘xenoliths’ (1– at the University of Montpellier (France). The ICP-MS
procedure, precision and accuracy have been reported20 cm) of deformed garnet granulite, locally replaced by

orthopyroxenite (Fig. 2c and d). Foliation within the by Ionov et al. (1992) and Garrido (1995). Representative
analyses are given in Table 3. The entire dataset can bexenoliths is parallel to that of the garnet granulite side of

the layer (Fig. 2c and d). Other outcrops show isoclinally found in the Journal of Petrology on-line electronic database,
at http://www.oup.co.uk/petroj/?f8.folded layers of garnet-bearing rocks irregularly replaced

by group D websterites. This observation indicates the
magmatic replacement of group A layers in a late evol-
utionary stage of Ronda, after the deformation event Major elements
recorded in the spinel tectonites. The Ronda mafic rocks display a wide range of mg-

(c) In the spinel tectonite domain, group D mafic rocks number values (57–94) which includes almost the entire
are scarce. They occur as intrusive websterites dykes range of pyroxenites from lherzolite massifs and ophi-
(displaying only subgroup D1 assemblages) up to 10 cm olites, and that of basalt-borne, mafic mantle xenoliths
thick, cross-cutting the foliation of the spinel tectonites (Fig. 5). As a group, the Ronda mafic rocks show a large
at high angle (Fig. 2f ). Less often, they occur as seams dispersion of major element abundances vs mg-number
or narrow rims at the edge of group A layers (mostly (Fig. 5). This dispersion has been previously noted in
subgroups D1 and D3). pyroxenites from massifs and xenoliths (Frey, 1980; Bod-

inier et al., 1987b; Suen & Frey, 1987; Pearson et al.,
1993). Compared with basalts, they are strongly depleted
in P2O5 and K2O, whose concentrations are mostly belowWHOLE-ROCK AND TRACE
the XRF detection limit (0·02 wt %; Table 3).

ELEMENT CHEMISTRY Group A samples have relatively high Al2O3 and Na2O,
Sampling and analytical procedures and low MgO contents (Fig. 5), especially subgroup A1,

which contains 13–17·5 wt % Al2O3, 0·9–1·9 wt % Na2OLarge samples of mafic layers were crushed and ground
in an agate mill. X-ray fluorescence (XRF) analyses of and 9–13 wt % MgO. Group A includes the most

differentiated mafic rocks, with five samples having mg-major elements and minor transition elements (V, Cr,
Co, Ni, Cu, Zn) were performed at the Universities of number Ζ65. Similar evolved compositions are found

Table 2: Electron microprobe analyses of clinopyroxenes from mafic rocks

Group: A B C D

Subgroup: A1 A2 B C1 C2 D1 D1 D2

Sample: RC51 RC159 RO314 RO102 RO122 RC75 RC28E RO138

wt %

SiO2 50·19 51·94 48·86 48·93 48·52 52·38 51·25 51·23

TiO2 0·37 0·90 0·62 1·20 1·99 0·09 0·07 0·20

Al2O3 10·14 8·38 8·14 7·46 8·91 4·59 5·51 5·89

Cr2O3 0·10 0·07 0·35 0·21 0·47 2·33 0·82 0·98

MgO 12·30 12·25 14·07 15·20 13·85 15·39 15·65 15·69

RFeO 4·34 6·20 4·63 4·86 3·45 1·96 2·70 2·49

MnO 0·1 0·1 0·2 0·1 0·1 0·1 0·1 0·2

CaO 20·91 17·36 22·17 21·36 20·83 21·93 23·34 22·22

Na2O 1·67 2·72 0·92 0·54 1·20 1·48 0·65 0·77

R 100·08 99·93 99·92 99·90 99·34 100·22 100·12 99·64

See Table 1 for classification of mafic rocks. Analyses are for averaged core compositions. Analyses conducted at ISTEEM
(Université de Montpellier II, France) electron probe regional facility.
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Table 3: Representative whole-rock major and trace element analyses of Ronda mafic layers

Group A (A1) Group A (A2) Group B

Sample RC104 RC100 RC149 RC157A RC159 RO175 RO312B1 RC153–4/2 CAC2C RC137C2

wt %

SiO2 47·09 48·57 48·48 46·48 46·74 47·98 51·79 47·90 51·11 41·90

TiO2 0·80 0·95 0·89 0·46 0·77 0·31 0·13 0·18 0·18 0·16

Al2O3 13·83 14·40 14·18 14·36 12·26 14·75 6·95 10·89 6·31 9·68

Fe2O3 13·92 12·52 10·00 12·78 12·35 7·39 6·27 7·92 6·00 10·68

MnO 0·24 0·19 0·15 0·30 0·22 0·09 0·14 0·14 0·13 0·15

MgO 9·48 9·14 10·16 13·04 14·81 14·31 23·82 20·61 16·98 25·45

CaO 12·66 12·42 14·45 11·65 10·71 13·37 9·76 11·28 16·70 7·80

Na2O 1·62 1·88 1·67 1·52 1·37 1·08 0·38 0·55 0·95 0·31

K2O 0·02 <0·02 <0·02 <0·02 <0·02 0·04 <0·02 <0·02 <0·02 <0·02

P2O5 0·02 0·02 0·02 <0·02 0·02 0·04 <0·02 <0·02 <0·02 <0·02

LOI 0·00 0·00 0·00 0·00 0·25 0·00 0·00 0·12 0·92 2·85

R 99·68 100·10 100·01 100·60 99·51 99·36 99·24 99·59 99·28 98·99

mg-no. 57·43 59·12 66·81 66·90 70·37 79·32 88·27 83·75 84·86 82·52

ppm

Sc 51 44 37 46 42 31 36 20 33 24

V 490 341 250 302 316 118 128 102 242 104

Cr 252 312 557 458 685 4593 2651 4082 3433

Co 56 51 43 59 62 79 51 73 39 104

Ni 83 119 198 306 437 328 616 608 409 1370

Cu 119 78 66 75 7 30

Zn 59 62 47 37 33 34

Rb 2·85 1·54 0·54 0·54 1·89 1·48 0·437 0·59 0·499 1·41

Sr 17·0 25·8 35·3 21·0 34·9 69·3 30·9 13·6 19·9 30·6

Zr 16 24 24 14 24 13 5·0 3·0 3·8 2·1

Nb 0·07 0·046 0·06 0·07 0·11 0·18 0·11 0·12 0·10 0·07

Ba 7·4 1·83 5·8 6·5 11·9 3·07 10·7 2·07 1·63 1·43

La <d.l. <d.l. <d.l. 0·146 0·67 0·58 0·364 0·203 0·234 0·0448

Ce 0·1 0·3 0·3 0·6 2·3 1·8 1·4 1·3 0·8 0·3

Pr 0·082 0·209 0·206 0·170 0·492 0·336 0·266 0·233 0·175 0·081

Nd 0·8 1·8 1·8 1·2 3·1 1·9 1·6 1·3 1·1 0·5

Sm 1·22 1·68 1·49 0·75 1·47 0·73 0·55 0·354 0·57 0·280

Eu 0·57 0·78 0·63 0·349 0·62 0·352 0·197 0·180 0·222 0·132

Gd 3·39 3·41 2·23 1·59 2·56 1·11 0·67 0·388 0·92 0·379

Tb 0·77 0·68 0·378 0·365 0·52 0·197 0·116 0·067 0·177 0·063

Dy 5·94 4·67 2·47 2·99 3·83 1·36 0·79 0·434 1·21 0·435

Ho 1·39 1·01 0·498 0·73 0·86 0·286 0·175 0·087 0·263 0·089

Er 4·33 2·94 1·45 2·40 2·65 0·79 0·475 0·246 0·69 0·260

Tm 0·67 0·433 0·204 0·371 0·398 0·117 0·074 0·0352 0·101 0·0394

Yb 4·39 2·78 1·31 2·55 2·64 0·73 0·436 0·218 0·57 0·240

Lu 0·73 0·449 0·205 0·418 0·424 0·118 0·073 0·0358 0·092 0·0421

Hf 0·77 0·96 0·99 0·464 0·86 0·440 0·201 0·117 0·177 0·103

Ta 0·0051 0·0033 0·0056 0·0035 0·0059 0·0096 0·0066 0·0065 0·0036 0·0025

Pb 6·5 0·88 0·43 <0·30 0·71 <0·30 0·31 <0·30 0·66

Th 0·008 0·0029 0·0029 0·0024 0·024 0·015 0·025 0·009 0·017 0·0041

U <0·0020 0·0021 <0·0020 <0·0020 0·0043 0·0053 0·0030 0·0029 0·0054 <0·0020
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Group C (C1) Group C (C2) Group D (D1) (D2) Group D (D3)

Sample: RO3 RC118 RO102 R0300 R0301 RC75 (dyke) RC68 RC71C RC150A RC161 RC176 RC170

wt %

SiO2 48·80 42·95 48·22 48·94 47·64 54·15 53·88 53·63 48·71 53·43 54·56 55·38

TiO2 1·02 0·95 0·58 0·71 0·69 0·10 0·08 0·08 0·18 0·04 0·07 0·06

Al2O3 10·24 15·31 9·80 5·92 5·84 4·08 3·87 3·49 6·27 5·23 3·18 2·65

Fe2O3 9·30 7·28 8·23 8·04 8·43 4·81 4·75 3·65 4·89 6·93 6·57 5·99

MnO 0·16 0·16 0·15 0·15 0·15 0·10 0·12 0·11 0·11 0·13 0·12 0·13

MgO 20·32 16·54 21·29 23·31 26·12 23·71 23·88 19·13 25·24 30·32 33·11 32·91

CaO 8·98 12·70 9·75 11·88 10·12 10·47 11·64 18·64 10·00 2·60 0·88 1·69

Na2O 1·02 0·99 0·74 0·59 0·51 0·61 0·36 0·42 0·63 0·06 0·05 <0·02

K2O <0·02 <0·02 <0·02 <0·02 <0·02 <0·02 <0·02 <0·02 <0·02 <0·02 <0·02 <0·02

P2O5 0·02 <0·02 0·02 <0·02 <0·02 <0·02 <0·02 <0·02 <0·02 <0·02 <0·02 <0·02

LOI 0·02 2·62 0·01 0·00 0·00 0·80 0·63 0·30 2·82 1·08 0·55 0·18

R 99·88 99·50 98·79 99·54 99·50 98·83 99·21 99·45 98·85 99·82 99·10 99·00

mg-no. 81·23 81·82 83·67 85·17 85·99 90·71 90·87 91·21 91·09 89·65 90·89 91·58

ppm

Sc 30 52 34 35 34 33 24 33 36 14 8 14

V 173 235 275 232 222 213 124 148 179 118 104 114

Cr 1525 968 1550 2118 2304 10196 7629 6518 10631 6354 3495 7591

Co 64 39 60 63 76 48 37 25 62 88 84 81

Ni 900 363 775 1145 1337 1386 686 495 1508 835 1489 887

Cu 86 51 128 114 36 8 7 145 13 2·0

Zn 64 58 47 47 62 31 25 36 44 48 34

Rb 0·215 2·43 0·097 0·214 0·090 1·17 0·125 0·167 0·493 0·85 0·147 0·055

Sr 54·1 30·5 22·0 53·0 45·0 18·3 6·3 8·9 20·7 21·4 1·26 0·452

Zr 50 24 14 13 12 8 0·9 1·1 8 0·6 1·1 0·20

Nb 0·06 0·043 0·09 0·013 0·012 0·031 0·08 0·08 0·11 0·06 0·026 0·025

Ba 0·81 7·0 <0·3 0·34 0·38 30·1 1·00 1·12 1·14 33·7 0·93 1·02

La 1·28 0·270 0·356 0·60 0·484 1·21 0·067 0·101 0·268 <d.l. <d.l. <d.l.

Ce 6·2 1·2 1·6 2·7 2·3 4·8 0·3 0·4 0·8 0·05 0·1 0·02

Pr 1·23 0·51 0·355 0·58 0·497 0·90 0·053 0·076 0·180 0·0102 0·0115 0·0052

Nd 7·1 4·1 2·4 3·7 3·1 5·0 0·3 0·5 1·2 0·1 0·1 0·03

Sm 2·35 2·44 1·09 1·45 1·25 1·59 0·167 0·226 0·53 0·0317 0·0310 0·0107

Eu 0·86 1·12 0·437 0·56 0·500 0·368 0·070 0·092 0·228 0·0138 0·0116 0·0056

Gd 2·91 4·13 1·73 1·93 1·71 1·17 0·274 0·365 0·85 0·052 0·0453 0·0280

Tb 0·480 0·72 0·320 0·313 0·278 0·130 0·055 0·073 0·158 0·0101 0·0087 0·0066

Dy 3·14 4·64 2·24 1·89 1·75 0·63 0·412 0·52 1·10 0·082 0·068 0·059

Ho 0·65 0·90 0·486 0·350 0·334 0·118 0·094 0·119 0·233 0·0182 0·0176 0·0164

Er 1·74 2·29 1·33 0·85 0·82 0·323 0·282 0·329 0·67 0·058 0·064 0·058

Tm 0·254 0·306 0·193 0·111 0·104 0·0449 0·0418 0·0489 0·097 0·0092 0·0116 0·0110

Yb 1·61 1·77 1·25 0·63 0·60 0·282 0·263 0·293 0·60 0·061 0·087 0·082

Lu 0·256 0·269 0·198 0·093 0·087 0·0427 0·0431 0·0477 0·099 0·0112 0·0172 0·0158

Hf 1·72 1·12 0·67 0·73 0·66 0·381 0·054 0·057 0·271 0·0235 0·0423 0·0095

Ta 0·0199 0·0037 0·0090 0·0024 0·0022 0·0010 0·0026 0·0020 0·0132 0·0043 0·0020 0·0019

Pb <0·30 <0·30 <0·30 <0·30 5·4 2·20 0·57 2·15 <0·30 <0·30 0·45 <0·30

Th 0·006 <d.l. 0·007 0·0011 0·0014 0·061 0·011 0·013 0·008 0·0037 0·007 0·005

U <0·0020 <0·0020 0·0025 <d.l. <d.l. 0·0276 0·002 0·0029 <0·0020 <0·0020 <0·0020 <0·0020

LOI, loss on ignition; <d.l., below detection limit; blank, non-analysed; mg-number = 100 × [MgO/(MgO + RFeO)] in mol
%. Major elements, V, Cr, Co, Ni, Cu and Zn analysed by XRF. Other trace elements analysed by ICP-MS. For ICP-MS analyses,
the number of significant digits is calculated after detection limits reported by Garrido (1995).
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in garnet pyroxenites from the Beni Bousera massif and
in some granulite xenoliths from alkali basalts (Fig. 5).

In contrast with group A, group D is characterized by
low Al2O3 (1·5–8·5 wt %), very low TiO2 (0·03–0·24 wt
%) and high MgO contents (18–35 wt %). This group is
also distinguished by high, and relatively constant, mg-
number values (87–94). CaO and SiO2 contents are
variable, reflecting modal variations of primary clino-
pyroxene, orthopyroxene and olivine. Compositions sim-
ilar to group D are observed in pyroxenites from the
mantle section of back-arc ophiolites (Fig. 5) and arc
complexes (e.g. DeBari & Sleep, 1991).

Except for TiO2, the compositions of groups B and C
are intermediate between those of groups A and D. Group
C is significantly more enriched in TiO2 (up to 1·2 wt
%) than is group B (up to 0·5 wt %) (Table 3). For most
elements, groups B and C are comparable with layered
pyroxenites from other lherzolite massifs (Fig. 5).

Minor transition elements
Group A mafic rocks have relatively low Cr abundances
(250–1200 ppm) and cr-number values (Ζ2), whereas
group D pyroxenites are enriched in Cr (2200–15 000
ppm), with cr-number in the range 3–25 (Table 3; Fig. 4).
Groups B and C are intermediate between these extremes
(Cr= 850–4600 ppm; cr-number= 1–6). Altogether, the
Ronda mafic rocks show a positive correlation between Cr
and mg-number.

Similar to Cr, the other minor transition elements
display large variations and, in some instances, are cor-
related with mg-number. Ni shows a positive correlation
with mg-number, especially marked for group A, whereas
Sc and V are negatively correlated with mg-number
(Fig. 6). The lowest Ni (<300 ppm) and highest Sc and
V concentrations (>40 and 250 ppm, respectively) occur
in the most differentiated garnet granulites (mg-number
< 65). Conversely, the highest Ni (>800 ppm) and lowest
Sc and V concentrations (<20 and 100 ppm, respectively)
are found in group D orthopyroxenites (mg-number
> 85). Co, Cu and Zn contents are scattered when plotted
vs mg-number, and their variations are unrelated to rock
types. This dispersion may indicate that these elements

Fig. 5. Variation diagrams of Na2O, CaO, Al2O3 and SiO2 (wt %) vs are mainly hosted by sulphides.
mg-number for the Ronda mafic rocks. Symbols of rock types as in
Fig. 4. The following compositional fields are shown for comparison:
1, 42 garnet pyroxenites from the Beni Bousera peridotite massif
(Northern Morocco; Pearson et al., 1993); 2, 20 garnet websterites and
ariegites from the Ariège peridotite massifs (Pyrenees, Southern France; Rare earth elements (REE)
Bodinier et al., 1987a); 3, 16 amphibole–garnet pyroxenites and ‘lher-

The Ronda mafic rocks show a wide range of REEzites’ (hornblendite veins) from the Ariège peridotite massifs (Bodinier
et al., 1987b); 4, four spinel websterites from the Lanzo peridotite massif abundances (Table 3) and variable chondrite-normalized
(Northern Italy; Bodinier, 1989); 5, 27 websterites from the mantle REE patterns (Fig. 7). The different rock types are
section of ophiolites from New Caledonia ( J. L. Bodinier et al., un-

generally characterized by distinct REE patterns. Wepublished data, 1998) and Thailand (Orberger et al., 1995); 6, 12
distinguish four main types that roughly coincide withxenoliths of garnet mafic granulites in alkaline basalts from Victoria

(Australia) (Griffin et al., 1985). the four groups of mafic rocks.
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Fig. 6. Variation diagrams of Ni, Sc and V (ppm) vs mg-number for
the Ronda mafic rocks. Symbols as in Fig. 4.

Fig. 7. Chondrite-normalized REE abundances in representative
The type 1 REE pattern is strongly fractionated with Ronda mafic rocks. Normalizing values after Sun & McDonough

(1989). Symbols as in Fig. 4.high contents of heavy REE (HREE) (YbN = 8–35) (N
indicates chondrite-normalized) and strongly depleted
light REE (LREE) [CeN <1 and (Ce/Yb)N <0·05]. Middle

(YbN= 1·5–5) and LREE (CeN= 0·5–3) concentrationsREE (MREE)/HREE ratios are extremely variable [e.g.
lower and higher, respectively, than in type 1 pattern(Gd/Yb)N in the range 0·3–1·4]. This pattern is observed
(Fig. 7). This REE pattern is also distinguished by ain most garnet mafic granulites (subgroup A1) and in
slight, but distinct, positive anomaly of Eu (Fig. 7). Theseveral garnet pyroxenites (subgroup A2). Suen & Frey
type 2 pattern is typical of group B mafic rocks (Fig. 7),(1987) have already reported such REE patterns for
where the highest HREE contents are found in samplesRonda mafic rocks.
with relics of garnet. It is also observed in two garnetThe type 2 REE pattern resembles type 1 in being
pyroxenites (subgroup A2) with relatively high mg-num-depleted in LREE relative to HREE. However, it is

less fractionated [(Ce/Yb)N = 0·25–0·95], with HREE bers (79–84).
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The type 3 REE pattern is convex-upward with de- (a) Most of subgroup A2, group C and D non-intrusive
pleted LREE and HREE relative to MREE. This pattern mafic rocks have SrN/Sr∗ and EuN/Eu∗ close to unity.
is characteristic of group C mafic rocks (Fig. 7). In These samples do not show—or show very subtle—Sr and
detail, the REE patterns of subgroup C2 are ‘bell-shaped’ Eu anomalies on primitive-mantle normalized diagrams
(Fig. 7), with a strong depletion of HREE relative to (Fig. 8). In these rocks, Sr is relatively well correlated
MREE [e.g. (Gd/Yb)N = 2·25–2·55], whereas those of with LREE.
subgroup C1 are less convex and less depleted in HREE (b) Intrusive dykes have SrN/Sr∗ and EuN/Eu∗ values
[(Gd/Yb)N = 0·95–2·0]. Despite the high plagioclase <1. These samples are distinguished by negative an-
content of some samples, group C mafic rocks do not omalies of Sr and Eu (Fig. 8). This feature suggests that
show positive Eu anomalies, which confirms the sub- plagioclase was involved in the evolution of their parental
solidus origin of plagioclase. melts.

The type 4 REE pattern, typical of group D, is char- (c) HREE-enriched garnet granulites (YbN > 10) are
acterized by very low HREE content (YbN = 0·25–4). distinguished from all the other samples by SrN/Sr∗
In subgroup D1, where the modal proportion of clino- values >1, whereas EuN/Eu∗ is <1. Some group C rocks
pyroxene is high, such low HREE abundance is re- have subtle negative Sr anomalies, but no significant Eu
markable. Otherwise, these REE patterns are extremely anomalies. This observation indicates that a process
variable in shape (Fig. 7) and show a wide range of (Ce/ other than plagioclase segregation was involved in the
Yb)N values (0·1–5·3). Non-intrusive clinopyroxenites and fractionation of Sr from LREE.
websterites are depleted in LREE relative to HREE. Th and U are positively correlated with each other
Some of the samples with the lowest HREE content are and, to some degree, with LREE. Th/U and Th–U/
selectively enriched either in LREE relative to MREE, LREE ratios display significant variations according to
with ‘spoon-shaped’ REE patterns [(La/Nd)N >1 and rock types. In particular, the majority of non-intrusive
(La/Yb)N <1] (not shown in Fig. 7) or in LREE and group D pyroxenites have (Th/U)N >1 (~1–3) whereas
MREE relative to HREE, with convex-upward REE group D intrusive dykes and group C rocks have (Th/
patterns [(La/Nd)N <1 and (La/Yb)N >1]. The latter U)N <1. The Th/La ratio discriminates group D [(Th/
REE pattern is typical of group D intrusive dykes, which La)N >0·25] from group C [(Th/La)N <0·25]. Groups A
have (Ce/Yb)N around five compared with 0·1–1·1 in and B have extremely variable (Th/U)N and (Th/La)N
the rest of group D pyroxenites. The orthopyroxenites ratios that encompass the range observed in group C
(subgroup D3) have the lowest REE abundances among and D.
the studied samples, with a steady decrease from HREE Previous geochemical studies of Ronda mafic layers
(YbN = 0·25–2) to LREE (CeN = 0·025–0·35). have suggested that their contents in Rb, Sr, and possibly

other LILE, were strongly affected by secondary al-
teration processes (Polvé & Allègre, 1980; Zindler et al.,
1983), yet these elements show several features suggestingOther trace elements
that their distribution is, overall, mostly governed by

Large ion lithophile elements (LILE; Rb, Ba, Sr, Th, and mantle processes. These features include correlations
U) between Rb and rock types, between Rb/Sr and mg-
Rb and Ba show a large variation, a weak positive number in group A, and between Sr and Eu—or
correlation with each other, but no significant correlation LREE—in several samples. In fact, recent Nd–Sr isotopic
with other incompatible elements. The highest Rb con- data on acid-leached cpx from the Beni Bousera massif
centrations (1–4 ppm) are observed in samples from (Northern Morocco) support contamination by a crustal
subgroup A1, C1 and group D intrusive dykes (Fig. 8). component, but indicate that this component was very
Lower Rb concentrations are found in most of group D probably introduced in mantle conditions ( J. Kornprobst,
samples (non-intrusive dykes) (0·1–1 ppm), and in some personal communication, 1998). Moreover, ICP-MS data
subgroup C2 and C1 samples (Fig. 8). Subgroup A2 and on separated and leached minerals from Ronda samples
group B samples have intermediate concentrations (0·5–2 indicate that Rb, Sr and other LILE are essentially
ppm). Ba concentrations are unrelated to rock types. hosted by minerals and/or mantle-derived fluid inclusions

Sr is not correlated with other incompatible elements (Bodinier et al., 1996; Garrido & Bodinier, 1998).
when the whole dataset is considered. Group A displays
a broad negative correlation between Rb/Sr and mg-

High field strength elements (HFSE; Nb, Ta, Zr, and Hf)number. Also, a broad correlation is observed between
Nb and Ta are broadly correlated with each other andSrN/Sr∗ and EuN/Eu∗ (Sr∗ = [(PrN+NdN)/2]; Eu∗ =
with LREE, but with significant Nb/Ta and Nb–Ta/[(SmN+GdN)/2]; N indicates primitive-mantle nor-
LREE variations according to rock types. Subgroup D2malized). Moreover, SrN/Sr∗ and EuN/Eu∗ vary ac-

cording to rock types: and most group B samples are characterized by relatively
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with LREE abundances. The intrusive dykes show the
lowest Nb–Ta/LREE ratios. Conversely, subgroup D3
is distinguished by relatively high Nb–Ta/LREE values
coupled with low LREE abundances.

Zr and Hf are strongly correlated with each other and
MREE. The Zr/Hf ratio is systematically lower than
primitive mantle values [(Zr/Hf )N = 0·4–0·9], without
significant variations according to rock types. The differ-
ent groups are well discriminated by ZrN/Zr∗ [Zr∗ =
(2×NdN+ SmN)/3]. Most of the samples show a posi-
tive correlation between ZrN/Zr∗ and MREE, from ZrN/
Zr∗ ~0·1 in the most MREE-depleted samples (non-
intrusive subgroup D1) up to values close to unity in the
most MREE-enriched samples (group A and several
samples of group C). In other words, the normalized
patterns of groups A, B, C and non-intrusive D1 and
D2 pyroxenites show a negative anomaly of Zr (±Hf ),
which is only very subtle in the MREE-enriched samples
(groups A and C), whereas it is well marked in the
MREE-poor samples (groups B and D) (Fig. 8). Two
exceptions are the orthopyroxenites (subgroup D3), which
have ZrN/Zr∗ close to unity despite their very low MREE
content, and the intrusive dykes, which have low ZrN/
Zr∗ ratios despite their high MREE content (Fig. 8).

DISCUSSION

Analogies with other mantle mafic rocks
and melts, and primary mineralogy of
Ronda mafic rocks
It has been demonstrated that the whole-rock com-
positions of mafic layers and veins in Ronda and other
lherzolite massifs are not similar to those of known
erupted magmas (Frey et al., 1985; Bodinier et al., 1987b;
Suen & Frey, 1987), yet there is a general consensus
that these rocks originated via open-system, magmatic
processes. Like equivalent rock types from mantle xeno-
liths (Irving, 1980), they are generally interpreted as high-
pressure cumulates and considered to represent mineral
segregates in magma conduits. However, their ‘primary’
mineralogy may be modified by later magmatic processes

Fig. 8. Primitive mantle-normalized trace element abundances in such as partial melting and metasomatism, and may
representative mafic rocks of the Ronda massif. Trace elements are therefore evolve through successive open-system stages.arranged according to the presumed order of decreasing incompatibility

Even when it has been obscured by metamorphic re-(from Rb to Lu) in the basalt–peridotite system (Sun et al., 1979).
Normalizing values after Sun & McDonough (1989). Symbols as in crystallization, the primary mineralogy associated with
Fig. 4 [except +, intrusive dyke (Group D)]. the last magmatic stages can be constrained by major

and trace element data, as discussed below.

high (Nb/Ta)N ratios (0·9–2·5), whereas group C is dis-
Group Atinguished by low (Nb/Ta)N (0·2–0·6). Groups A and

subgroups D1 and D3 have intermediate (Nb/Ta)N (0·5– Most of group A samples show strongly fractionated REE
patterns similar to those of garnet pyroxenites from Beni1). The Nb–Ta/LREE ratios are negatively correlated
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Bousera (Pearson et al., 1991, 1993) and the Pyrenean mafic rocks are aligned along the clinopyroxene pro-
jection in the FeO vs MgO diagram (Fig. 10c) indicateslherzolite massifs (Bodinier et al., 1987b) (Fig. 9a). In the
that this mineral was the predominant primary phase.Pyrenees, these REE patterns are observed in pyroxenites

The silica oversaturation of most subgroup A1 samplescontaining relics of magmatic garnet (Bodinier et al.,
(Fig. 10a) implies the presence of a primary silica-sat-1987b). Two subgroup A2 samples display REE nor-
urated mineral (e.g. quartz or/and plagioclase). As themalized patterns with flat MREE–HREE segments and
normalized REE patterns of subgroup A1 do not showslight, positive Eu anomalies (type 2 REE patterns), which
a Eu anomaly (Fig. 7), primary plagioclase is unlikely.may reflect the presence of primary plagioclase. These
On the other hand, relics of quartz have been found inREE patterns resemble those of corundum-bearing garnet
some samples (Obata, 1980). This mineral might havepyroxenites with positive Eu anomalies from the Beni

Bousera massif (Northern Morocco) (Fig. 9a; Kornprobst
et al., 1990; Pearson et al., 1993). In Beni Bousera, these
pyroxenites have been interpreted as recycled oceanic
gabbros recrystallized at high-pressure mantle conditions
(Kornprobst et al., 1990). From their low mg-number,
their silica oversaturation and the occurrence of Eu
anomalies in some samples, group A1 mafic layers and
equivalent rock types from Beni Bousera are clearly
distinguished from garnet-bearing mafic rocks in other
orogenic peridotites.

The following observations indicate that the primary
magmatic assemblage of group A was dominated by
clinopyroxene and garnet: (a) whole-rock compositions
plot on, or to the right of (i.e. above), the pyroxene–garnet
plane in the CMAS projection of Fig. 10a; (b) they have
high Al2O3 contents; (c) they show high contents of trace
elements compatible in garnet, such as HREE and Sc
(Figs 5 and 6); (d) their chondrite-normalized REE pat-
terns are strongly fractionated. The fact that group A

Fig. 9. (a and b) Chondrite-normalized REE diagrams comparing
representative samples of groups A, B and C mafic rocks from Ronda
with mafic rocks from other orogenic peridotites and mantle xenoliths.
Symbols as in Fig. 4. Normalizing values after Sun & McDonough
(1989). Data sources: corundum-bearing garnet pyroxenites from Beni
Bousera (Northern Morocco) after Pearson et al. (1993); garnet py-
roxenites from Beni Bousera with a positive Eu anomaly after
Kornprobst et al. (1990)—these rocks have been interpreted as oceanic
gabbros recycled into the mantle; garnet pyroxenites with primary
magmatic garnet from the Lherz massif (Pyrenees, Southern France)
after Bodinier et al. (1987b); spinel websterites from Lanzo (Northern
Italy) after Bodinier (1989); Ti-pargasite and clinopyroxene-rich lher-
zolites from the Caussou massif (Pyrenees, Southern France) after
Fabriès et al. (1989); lherzite (= hornblendite veins) from the Lherz
massif after Bodinier et al. (1987b); mantle xenoliths from continental
alkaline basalts after Irving (1980). (c) Selected chondrite-normalized
REE composition of melts in equilibrium with group D mafic rocks
(continuous lines, subgroup D1; dashed lines, subgroup D3). The modal
compositions are estimated by mass balance using the whole-rock major
composition and mineral composition of mafic rocks. Equilibrium melts
are then computed using these modes, the REE whole-rock composition
of mafic rocks, and experimental mineral–melt partition coefficients
[cpx–melt after Hart & Dunn (1993); opx–melt and ol–melt after
Kelemen et al. (1993)]. Where it was not available (e.g. Pr), the partition
coefficient was interpolated between coefficients of elements with similar
compatibility. The dark field is the chondrite-normalized REE com-
positional field of boninites using data of Hickey & Frey (1982),
Cameron et al. (1983) and Cameron (1989).
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been almost entirely consumed during the late eclogite-
to-garnet granulite metamorphic reactions that are char-
acteristic of this subgroup (Garrido, 1995). Alternatively,
the silica excess may be explained by solid-solution of a
non-stoichiometric (silica-oversaturated) component in
the primary clinopyroxene (e.g. ‘eskola’ component).

Group B

The REE normalized patterns of some group B samples
resemble those of Beni Bousera garnet pyroxenites with
positive Eu anomalies (Fig. 9a). However, group B py-
roxenites differ from the Beni Bousera samples by higher
mg-number and lower Na2O, Al2O3 and CaO contents
(Fig. 5). From their major element composition, group
B pyroxenites are more comparable with the spinel
websterites from Lanzo and Pyrenees (Figs 5 and 9a),
but they are distinguished by lower REE abundances.

Group B chemical compositions are consistent with
variable proportions of primary clinopyroxene, ortho-
pyroxene, spinel, plagioclase and, in some samples, ol-
ivine. This primary mineralogy is similar to their current
mineralogical composition. The presence of primary
spinel is suggested by the high Al2O3 content (Fig. 5) and
silica undersaturation (Fig. 10b). Also, high MgO, Ni
and Co contents (Fig. 6) are indicative of primary ortho-
pyroxene and, in some samples, olivine. Furthermore,
the slight positive Eu anomalies in most samples implies
the presence of primary plagioclase. This mineral occurs
in disequilibrium assemblages that resulted from break-
down of garnet in open system at relatively low pressure
(~1·2 GPa). This interpretation is supported by the fact
that group B samples with the higher HREE abundances
(Fig. 7b) still preserve textural evidence of garnet (Fig. 3c).
The samples devoid of garnet relics have lower HREE
abundances and more marked positive Eu anomalies.

Group C
Fig. 10. (a and b) Ol–Sp–An–Qtz quadrilaterals showing the projected Convex-upward REE patterns similar to those of groupcompositions of Ronda mafic rocks into the plane defined by the poles

C have been reported in pyroxenite xenoliths interpretedCatk (Ca-Tschermak), Ol (olivine) and Qtz (quartz), in the condensed
CaO–MgO–Al2O3–SiO2 (CMAS) system (oxide mol %). Diopside is as magmatic segregates crystallized from LREE-enriched
used as projection point (the Catk apex is not shown in the figure). alkaline melts (Frey, 1980; Irving, 1980) (Fig. 9b). Similar
The dotted line in the middle of the quadrilateral is the projection of

REE patterns are also observed in alkaline pyroxenitethe pyroxene–garnet plane (i.e. the silica saturation plane, in a normative
dykes and their wall rocks in Pyrenean peridotites (Bod-sense, at high pressure). This line divides the quadrilateral into two

parts: a silica-undersaturated domain to the left (i.e. below the pyroxene inier et al., 1987a, 1990) (Fig. 9b). The ‘bell-shaped’ REE
plane in the CMAS system) and a silica-oversaturated domain to the patterns of subgroup C2 are especially similar to thoseright (i.e. above the pyroxene plane in the CMAS system). The end-

observed in clinopyroxene-rich peridotites from Caussoumember components condensed into the phase poles are as follows:
Olivine (Ol: forsterite, fayalite); Spinel (Sp: spinel, hercynite, chromite); (Pyrenees; Fig. 9b), which have been ascribed to clino-
Ca-Tschermak (Catk; catk, jadeite, kosmochlore); Plagioclase (An: pyroxene-forming reactions between alkaline melts and
anorthite, albite); Garnet (Grt: almandine, pyrope); Diopside (Di: di- spinel peridotites (Bodinier et al., 1988; Fabriès et al.,opside, hedenbergite); Enstatite (En: enstatite, ferrosillite). (c) MgO vs

1989; Downes et al., 1991).FeO (wt %) variation diagram for the Ronda mafic rocks. Symbols as
in Fig. 4. Also projected are the mg-number isolines for several mg- We distinguish three primary magmatic assemblages
number values (dashed–dotted lines), and the projections onto the in this group. The first is composed of clinopyroxene
MgO–FeO plane of the binary solid-solution of clinopyroxene (Cpx:

and orthopyroxene, and corresponds to most of subgroupdiopside–hedenbergite), orthopyroxene (Opx: enstatite–ferrosillite) and
olivine (Ol: forsterite, fayalite) (dotted lines). C1 samples. These rocks plot on the pyroxene–garnet
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plane of Fig. 10a, and between the orthopyroxene and
clinopyroxene projections of Fig. 10c. The presence of
primary orthopyroxene is sustained by their relatively
low CaO contents compared with group A (Fig. 5). The
second primary assemblage is composed of ortho-
pyroxene, clinopyroxene and spinel, and corresponds to
the rest of subgroup C1. In Fig. 10a, these samples plot
well to the left of the pyroxene–garnet plane (i.e. silica
undersaturated), within the Sp–En–Mgtk triangle. The
third assemblage corresponds to subgroup C2 and is
composed of orthopyroxene, olivine, clinopyroxene and
spinel. These samples plot towards the olivine projection
in Fig. 10c, and within the Sp–En–Ol triangle in Fig. 10a.
Finally, the relatively low Al2O3, V, Sc and HREE
contents (Figs 5–7), and the fact that, for a similar Al2O3

content, this group has lower SiO2/MgO ratio than
group A, indicate that garnet was not a magmatic phase
in group C mafic rocks.

Group D

The REE patterns of theoretical melts in equilibrium
with subgroups D1 (except for intrusive dykes) and D3

Fig. 11. Primitive mantle-normalized diagram comparing the tracemafic rocks are characterized by low HREE abundances
element composition of a group D intrusive websterite from Ronda(Fig. 9c). These REE patterns are comparable with with other LILE-enriched, HFSE-depleted rock types of mantle origin:

those of boninites found in subduction settings (Fig. 9c) high-mg-number andesites from Mexico (Rogers & Saunders, 1989),
lower-crust xenoliths from the western USA [average of three samples[Crawford (1989) and references therein]. The boninite-
reported by Mattie et al. (1997)], and LILE-enriched mantle xenolithslike geochemical signature of group D samples is also
from the East African Rift [average of the deformed, apatite-bearingconsistent with their elevated mg-number, Cr and Ni xenoliths of Bedini et al. (1997)]. Normalizing values and trace element

abundances, and low ti-number. Mafic rocks with such arrangement after Sun & McDonough (1989).
low HREE abundances have been described from the
mantle section of some ophiolites (Varfalvy et al., 1996).

Whole-rock compositions of group D can be explainedMelts in equilibrium with intrusive dykes are very
similar to high-mg-number andesites with respect to trace by variable proportions of orthopyroxene, clinopyroxene,

olivine and subordinate amount of spinel. Such primaryelements (Fig. 11). The LILE-enriched, HFSE-depleted
pattern of these rocks cannot be solely explained by their assemblage is similar to the current mineralogy of the

samples, but modal proportions were modified by ex-modal composition. To our knowledge, this trace-element
signature has never been reported from orogenic peri- solution processes. In Fig. 10b, the samples plot between

opx and cpx projections. The orthopyroxenites (D3) anddotites. On the other hand, it has been observed in calc-
alkaline suites such as high-mg-number andesites (e.g. the clinopyroxenites (D1) project towards the cor-

responding end-members, whereas the websterites plotRogers & Saunders, 1989; Kelemen, 1995) and lower
continental crust granulites (e.g. Mattie et al., 1997) between them. Modal variations of primary or-

thopyroxene, clinopyroxene and olivine may account for(Fig. 11). This geochemical signature is rather similar to
that postulated for the average continental crust (e.g. the dispersion of SiO2, CaO, Ni and Sc contents in this

group (Figs 5 and 6). The high Zr–Hf/MREE valuesRudnick & Fountain, 1995). It is also commonly found
in mantle xenoliths of lithospheric peridotites me- typical of the orthopyroxenites may be explained by

preferential partitioning of these elements in ortho-tasomatized by LILE-enriched mantle melts (Hauri et al.,
1993; Rudnick et al., 1993; Bedini et al., 1997). Owing pyroxene (Rampone et al., 1991), confirming that this

mineral crystallized in open system. Group D mafic rocksto the presence of intrusive dykes with this geochemical
affinity, Ronda differs from other subcontinental orogenic plot at high, and relatively constant, mg-number values

(Figs 4 and 5) comparable with the peridotite values (~90).massifs such as Lherz, where intrusive dykes have an
alkaline signature (Bodinier et al., 1987a). In this respect, This indicates that changes in the solidus mineralogy took

place without significant changes in the mg-number ofRonda is more comparable with the mantle section of
back-arc ophiolites and arc complexes, where intrusive the melt, a feature that is characteristic of melts that

evolve via a melt–peridotite reaction process (Kelemen,dykes and websterites have a calc-alkaline signature (e.g.
Kelemen & Dick, 1995). 1986, 1990).
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layers with the spinel tectonite structures and/or otherRelative age constraints on the
mafic layers. However, several field observations indicateindividualization and chemical
that this group was formed after the development of thedifferentiation of mafic rocks
spinel tectonite domain and somewhat after the re-The sequence of structural events is well established in the
crystallization front. First, in contrast to groups A andRonda peridotite (Van der Wal & Bodinier, 1996; Van der
B, group C does not display the highly deformed fieldWal & Vissers, 1996). Combination of structural ob-
structures typical of the spinel tectonite domain, but occursservations and geochemical data of mafic rocks allows us
as almost undeformed ‘sill-complexes’ (Fig. 3b). Second,to compare the timing of their formation with the structural
mafic rocks with group C chemistry occur only well behindevents recognized in the host peridotites.
the recrystallization front (i.e. at >1 km to the SE: Fig. 1),Group A mafic rocks have been deformed by the tectonic
closely associated with harzburgites and dunites of theevent that originated the spinel tectonite domain (Figs 2a,
layered-granular subdomain, as well as with similar harz-3a and b). This observation implies that the layers are older
burgite–dunite sequences in the plagioclase tectonite do-than this tectonic event. Limited Re–Os isotopic data for
main. Field and petrographic observations indicate thatfour group A samples (Reisberg et al., 1991; L. Reisberg
the refractory layers (harzburgites and dunites) overprintpersonal communication, 1998) indicate model ages
the coarse-granular subdomain associated with the re-

around 1–2 Ga. This clearly shows that these mafic layers crystallization front and represent the last regions where
are old features, isolated in the lithospheric mantle a long porous flow was eventually focused in the massif (Remaı̈di,
time ago. On the other hand, the Nd systematics of one 1993; Van der Wal & Bodinier, 1996). Group C must be
sample of likely group A affinity (Zindler et al., 1983) shows somehow related to this magmatic stage. However, group
that its whole-rock 143Nd/144Nd is MORB like although its C pyroxenites are strongly affected—at least locally—by
Sm/Nd ratio is extremely high. This may suggest that the olivine-forming reactions that have generated the re-
LREE contents and/or Nd isotopes of group A were crypt- fractory peridotites (harzburgites and dunites). This im-
ically modified during the magmatic event that formed the plies that the pyroxenites are somewhat older that the
recrystallization front. In fact, the positive correlation of refractory peridotites (Remaı̈di, 1993). These observations
Ce vs mg-number may result from re-equilibration of low- constrain the formation of group C between the de-
mg-number, group A pyroxenites with small fractions of velopment of the recrystallization front and that of re-
LREE-enriched melts infiltrated in the spinel tectonite do- fractory layers in the granular peridotite and plagioclase
main during this event. Such a process was envisaged by tectonite domains.
Van der Wal & Bodinier (1996) to explain the distribution Field and microstructural observations indicate that
of LREE and other highly incompatible elements in the concordant group D mafic layers are younger than group
spinel tectonites. More isotopic work on group A layers A and B layers. In the field, group D layers display the
with variable mg-number and Ce/Sm values is needed to same deformation structures as the mafic layers of the
evaluate the extent to which the mafic rocks have been spinel tectonite domain but show undeformed, coarse-
affected by cryptic metasomatism. grained textures (Fig. 3e). This feature is ascribed to coeval

Group B mafic rocks display field structures comparable recrystallization and magmatic replacement of previous
with those of group A. However, group B usually shows group A and B mafic rocks, as demonstrated by the com-
coarse-grained microstructures without plastic de- posite layers. Concordant group D mafic rocks mostly
formation fabrics, except perhaps for an inherited LPO in occur throughout the granular domain and in composite
pyroxenes. These observations, as well as the presence of layers on both sides of the recrystallization front (Fig. 1).
relics of garnet, indicate that group B derives from the Hence, this facies is clearly younger than the re-
recrystallization of former group A, garnet-bearing pro- crystallization front. Group D locally replaces group C
toliths. Group B is therefore younger than group A. How- pyroxenites, but the replacement is incipient compared
ever, closed-system recrystallization at the expense of with that observed in group A and B layers. Only locally,
group A cannot account for the chemistry of group within the refractory peridotites of the layered-granular
B. Group A and B mafic rocks have distinct primary as- subdomain, is the replacement nearly complete. Overall,
semblages and trace-element compositions implying that field relationships indicate that the development of groups
group B was formed in open system, by magmatic re- C and D largely overlapped in time, but group D was
placement of group A. As group B layers are spatially somewhat later. The existence of intrusive group D dykes
confined to the coarse-grained granular subdomain (Fig. 2f ) confirms that group D records a very late mag-
(Fig. 1), this process was probably related to the porous flow matic stage in Ronda.
event inferred for the development of the recrystallization On the basis of these observations, we conclude that the
front (Van der Wal & Bodinier, 1996). generation and chemical differentiation of Ronda mafic

Relative age constraints on group C mafic rocks are layers took placeduring at least two separatemantle events.
Group A mafic layers are old. Their formation is unrelatedprecluded by the lack of cross-cutting relationships of these
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to the present petrological zoning of Ronda peridotites either to passive (Tubia & Cuevas, 1986; Tubia, 1994) or
and occurred before the development of the spinel tec- active (Platt & Vissers, 1989; Vissers et al., 1995; Van der
tonite domain. Group B, C and D mafic rocks are related Wal & Vissers, 1996) tectonic extension of the lithosphere.
to different stages of the magmatic event that led to the During this event, a piece of thinned, veined lithospheric
development of the recrystallization front and the granular mantle, vestiges of which are now represented by the spinel
domain. Therefore, their geochemical differentiation is tectonite domain in the Ronda massif, was partially melted
intimately associated with the development of the present and pervasively infiltrated by asthenospheric melts. The
tectonic and petrologic zoning of the massif. In addition, compositional and petrological diversity of Ronda mafic
the diversity of groups B, C and D reflects significant vari- layers was shaped during this major geodynamic event. In
ations in the petrogenetic processes involved in their for- this tectonic scenario, we discuss below the origin of groups
mation. Groups B and D layers have replaced former mafic B, C and D mafic layers as recording three distinct stages
layers (B replaced A and D replaced A, B or C), group C of thermal and magmatic ‘erosion’ of subcontinental litho-
layers have replaced peridotites, and group D dykes are sphere. The origin and chemical differentiation of group
mineral segregates in open melt conduits. A mafic layers will be addressed in a forthcoming paper.

Group B: replacement of garnet-bearing mafic layers via melt-Origin of the petrological and chemical
producing melt–rock reactions during the thermal climax ofzoning of Ronda mafic rocks
heating of the lithosphereOur results indicate that major textural, mineralogical and
Group B mafic rocks were formed after former group Achemical changes in Ronda mafic rocks occur in the trans-
layers during the development of the granular peridotites.ition between the structural, petrological and geochemical
We interpret this stage as the thermal climax of erosiondomains identified in the peridotites (Obata, 1980; Van
and melting of the thinned lithosphere. At this stage,der Wal & Bodinier, 1996; Van der Wal & Vissers, 1996).
the granular peridotites were partially melted in seilandIn particular, the transition from group A to group B at the
subfacies P–T conditions (~1·3 GPa, Van der Wal &recrystallization front represents not only distinct textural
Vissers, 1993; and >1280°C, Remaı̈di, 1993; see also Vanand mineralogical changes in the mafic layers, but also a
der Wal & Bodinier, 1996). However, the composition ofmajor discontinuity in their chemical composition. This
group B mafic layers cannot be explain by simple partialobservation indicates that the magmatic process re-
melting of group A mafic rocks. Compared with groupsponsible for the transition of group A to group B mafic
A, group B is more enriched in LREE, has higher Ce/layers was coeval with the magmatic event inferred for the
Sm ratios, and is depleted in Zr and Hf relative to MREEdevelopment of the recrystallization front and the granular
(Fig. 8). More likely, group B was formed by melt-peridotite domain (Van der Wal & Bodinier, 1996).
producing reactions between group A layers and partialThe model that emerges from our data differs from the
melts of the host peridotites that circulated pervasively byone proposed in previous studies. Suen & Frey (1987) hy-
porous flow through the granular domain. This scenariopothesized that the Ronda mafic layers were related to a
requires that the reacting melts had higher LREE/HREEsingle magmatic event whereby mineral segregates formed
ratios than the protolith (i.e. group A layers). As groupon the walls of magma conduits in a mantle diapir; how-
A is considerably depleted in LREE, with lower LREE/ever, they admitted several complexities in their data that
HREE ratio than the host spinel tectonite peridotitescould not be explained by a single stage model. For ex-
[see Frey et al. (1985) and Van der Wal & Bodinier (1996)ample, a single magmatic event does not account for the
for the REE content of the spinel tectonites], reaction ofrelative LREE depletion of the most differentiated mafic
these layers with melts percolating through—and equi-rocks (group A) compared with more primitive members
librated with—the granular peridotites resulted in LREE(group C) (Fig. 7), nor for the existence of two distinct
enrichment in reacted rocks (groups B) compared withgeochemical trends in the Ti–mg-number variation dia-
protoliths (group A).gram (Fig. 4). Our study establishes a temporal sequence

Petrographic observations suggest the following melt–for the formation of mafic layers and demonstrates the
rock reaction: grt+Al-cpx (± pl)+melt1= opx+ spimportance of successive melt–rock reactions to account
(± pl)+melt2. At these P–T conditions, reaction offor their diversity.
garnet-bearing mafic rocks with olivine-saturated meltsVan der Wal & Bodinier (1996) proposed that the Ronda
occurred at increasing melt mass (melt1 < melt2), andrecrystallization front and granular peridotite domains
produced reacted lithologies comparable with group B,were developed during a major heating and magmatic
garnet-free websterites. Group B garnet websterites areevent that affected previously thinned subcontinental
interpreted as transitional reactional assemblages.lithosphere. This event probably reflects thermal and com-

We emphasize that negative anomalies of Zr and Hfpositional modification of thinned subcontinental li-
thospheric mantle by upwelling asthenosphere, related characteristics of group B are seemingly a signature
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inherited from the melt–rock reaction process, as pre- stage of Ronda. In fact, isotopic and field data may
be reconciled by considering that the percolating meltsdicted by Kelemen et al. (1989). This is suggested by the

existence of a strong negative anomaly of Zr and Hf responsible for the individualization of group C layers
involved two distinct components: (1) an alkaline meltin Ronda refractory peridotites produced by melt–rock

reaction (Remaı̈di, 1993), as well as by the observation infiltrated from a deep-seated, asthenospheric source—
that the most reacted layers (i.e. group D; see below) this component is suggested by the convex-upward REE
show deeper negative anomalies of these elements than patterns typical of this group (Fig. 9a); (2) partial melts
any other mafic rock in Ronda. from old, veined lithospheric mantle similar to that

exposed in the spinel tectonite domain. A significant
contribution of the strongly radiogenic garnet pyroxenites

Group C: replacement of peridotites via near-solidus, melt- (group A) to the ‘lithospheric’ melt component would
consuming reactions upon thermal relaxation of the lithosphere account for relatively high 187Os/186Os ratios of group
As discussed above, this group was formed later than C. Such explanation is consistent with the scenario en-
group B and somewhat earlier than—or con- visioned here for the late evolution of Ronda massif. If
temporaneous with—group D pyroxenites. Therefore, confirmed by further isotopic data, it would indicate that
group C records a magmatic stage that probably occurred lithospheric mafic rocks may significantly contribute to
right after the thermal climax responsible for the de- partial melts produced during heating and melting of
velopment of the recrystallization front and the granular mantle lithosphere.
peridotite domain. The strong melt localization and high melt/rock ratio

In spite of its layered structure comparable with sill implied by the formation of group C layers may be
complexes, group C was formed by metasomatic re- accounted for by ‘refraction’ and channelling of per-
placement of peridotites, rather than by melt crys- colating melts below the freezing horizon represented by
tallization in magmatic sills. Field evidence for a the base of the thermal lithosphere (Sparks & Parmentier,
metasomatic origin includes the presence of interlayered 1991; Spiegelman, 1993; Xu et al., 1998). The suite of
flames of host peridotites within thick websterite layers group C layers found in the granular peridotite and
(Fig. 2b). This metasomatic origin can be accounted for plagioclase tectonite domains is thought to record the
by melt-consuming reaction at temperatures close to the retrograde evolution of the peridotite solidus isotherm,
anhydrous peridotite solidus, upon cooling of the porous during the thermal relaxation that followed the de-
flow domain responsible for the recrystallization front. velopment of the recrystallization front. The websterite
During this stage, interstitial melt became saturated in layers would represent successive positions of the solidus
pyroxene (± aluminous phases) and reacted with olivine isotherm—and hence of the permeability boundary of
from the host peridotites producing clinopyroxene, the basaltic porous flow domain—while the latter was
orthopyroxene and spinel (± amphibole, upon further receding down to gradually deeper mantle levels. A
cooling). Depending on the melt/rock ratio (i.e. pervasive similar melt–rock reaction origin was recently proposed
or channelled porous flow), the reaction resulted either for thick (>10 m) websterite layers in the base of the
in diffuse ‘fertilization’ of the peridotites (i.e. producing obducted Kohistan arc ( Jijal complex, Northern Pak-
secondary lherzolites) or in the formation of websterite istan) (Burg et al., 1998). The Jijal complex illustrates a
sequences. In Ronda, the first situation is represented by scenario whereby the websterite-forming, melt-con-
the ‘secondary’ lherzolites typical of the fine-granular suming reaction occurred during cooling associated with
subdomain (Van der Wal & Bodinier, 1996), whereas lithospheric thickening beneath an active island arc.
the second corresponds to group C layers. Websterites Ronda represents a situation where the reaction was
with olivine-rich relics of the host peridotites (group C2) associated with thermal relaxation of thinned sub-
record transitional reactional stages at moderate melt/ continental lithosphere.
rock ratio, whereas olivine-free websterites (group C1)
represent the final reaction products at high melt/rock

Group D: metasomatic replacement of mafic layers viaratio.
melt–rock reactions involving small fractions of Mg-rich, calc-Reisberg et al. (1991) studied the Re–Os systematics of
alkaline melts during the waning stages of melt porous flowtwo samples of type C affinity from the eastern part of
activitythe massif (L. Reisberg, personal communication, 1998).

The 187Os/186Os ratios of these samples are lower than Concordant group D pyroxenites were formed by meta-
somatic replacement of previous mafic layers by meltsthose of group A samples, but still distinctly higher than

typical mantle values. Reisberg et al. found ancient model percolating pervasively through the host peridotites. The
fact that this group overprints group C pyroxenites, asages for these samples. At first sight, these results are in

conflict with our field observations indicating that group well as the existence of group D cross-cutting dykes,
indicates that group D records a magmatic event thatC layers were individualized during a late evolutionary
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probably lasted until early emplacement of the massif small melt fractions were able to percolate beyond the
recrystallization front in regions where basaltic porousinto the crust. We think that group D mafic rocks resulted

from pervasive percolation of volatile-rich small melt flow receded upon cooling of the lithosphere.
Group D pyroxenites—cpx-rich samples—are en-fractions that were residual after olivine- and melt-con-

suming reactions such as those invoked for the de- riched in compatible elements such as Mg, Cr and Ni,
and depleted in moderately incompatible elements suchvelopment of group C mafic layers. These small melt

fractions were highly mobile and migrated throughout as Al, Ti and HREE. These compositions, as well as the
calculated melt (Fig. 9c), indicate that their parental meltsthe Ronda massif until late cooling stages, down to

lithospheric temperatures. Therefore, group D layers— had a boninitic affinity, markedly different from the
basaltic affinity of group B and C parental melts. Theand composite layers—would record the waning stages

of melt porous flow. composition of group D parental melts may be partly
explained by olivine- and melt-consuming reactions suchSeveral observations support the hypothesis that group

D records the evolution of volatile-rich small melt frac- as those inferred for the formation of secondary lherzolites
in the fine-grained subdomain and group C websterites.tions until the last stages of melt percolation activity.

First, field evidence indicates that the percolation event This reaction can produce volatile, Mg-rich residual
melts. However, its ability to generate the whole com-responsible for their development was active at least

until the temperatures recorded by harzburgite–dunite position spectrum of refractory melts depends on the
mass ratio of dissolved olivine to solidified melt. Forsequences in the granular peridotite and plagioclase tec-

tonite domains. These refractory peridotites are spatially moderate values of this ratio, the reaction does not
account for some geochemical characteristics of groupassociated with group D layers in these domains, where

they clearly overprint group C layers (Gervilla & Remaı̈di, D parental melts, such as their low Ti and HREE
contents. These characteristics may alternatively result1993). Therefore, they are late magmatic features in

the mantle history of Ronda (Remaı̈di, 1993). These from interaction of melts with refractory peridotites. This
scenario is consistent with the proposal by Kelemen andharzburgite–dunite sequences typically yield low tem-

peratures (1160°C) that are thought to record the recess coworkers that refractory peridotites and calc-alkaline
magmas may be genetically related through olivine-of melt porous flow activity (Remaı̈di, 1993). Fur-

thermore, the presence of amphibole-bearing peridotites forming melt–rock reaction in the upper mantle (Kele-
man, 1990, 1995). However, the genetic relationshipsin these sequences provides evidence for the circulation

of water-rich melts down to temperatures of ~1060°C between the parental melts of group D, group C web-
sterites and the refractory peridotites need to be further(Remaı̈di, 1993). Second, the pervasive character of the

percolation event recorded by the parental melts of constrained by numerical modelling of melt–rock re-
actions and isotopic data.group D is demonstrated by the fact that they invaded

lithospheric peridotites beyond the thermal ‘permeability Finally, the selective LILE enrichment and overall
trace-element signature of group D dykes is similar tobarrier’ for basaltic melts represented by the re-

crystallization front (Van der Wal & Bodinier, 1996). At that observed in lithospheric mantle xenoliths affected
by cryptic metasomatism (Fig. 11). This signature isfirst sight, this pervasive process may be in conflict with

the idea of progressive receding and channelling of melt generally ascribed to metasomatism by carbonatitic melts
(Dautria et al., 1992; Hauri et al., 1993; Rudnick et al.,porous flow upon thermal relaxation of the massif pro-

posed to account for the formation of group C layers. 1993). However, Bedini et al. (1997) have shown that it
may be also accounted for by small volumes of as-However, the two processes may be reconciled by as-

suming that two distinct magmatic percolation systems thenospheric basaltic melts migrating by porous flow
under a lithospheric conductive thermal gradient. Theexisted at this stage in Ronda. One system was responsible

for the recrystallization front, the granular domain (in- selective LILE enrichment results from coupled chro-
matographic effects related to melt percolation (Navoncluding the harzburgite–dunite sequences) and the related

group B and C pyroxenite layers. This porous flow system & Stolper, 1987; Bodinier et al., 1990) and source effects
related to solid–melts reactions at decreasing melt masswas associated with high fractions of basaltic melts that

were gradually channelled upon receding of the per- (Godard et al., 1995; Vernières et al., 1997). In this model,
the negative anomaly of Nb and Ta is explained bycolation domain. The other percolation system, re-

sponsible for the development of group D pyroxenites, buffering of these elements by very small amounts of Ti-
rich oxides (Bodinier et al., 1996; Van der Wal & Bodinier,was associated with residual volatile-rich melts produced

after melt-consuming reactions. Because of their low 1996). In Ronda, Van der Wal & Bodinier (1996) ob-
served a similar trace-element signature in a harzburgiteviscosity and solidification temperature, such melts are

able to migrate as small fractions and pervasively infiltrate of the spinel tectonite domain collected at some distance
(>1 km) from the recrystallization front. This observationlarge volumes of relatively cold, lithospheric peridotites

(Watson & Brenan, 1987; McKenzie, 1989). Hence, these may indicate that group D dykes tapped interstitial melts
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percolating through the spinel tectonite domain. This flow was refracted and channelled against the per-
meability barrier represented by the base of the litho-domain was probably the coldest part of the massif during
sphere. Group C layers materialize the successivemost of this late magmatic event recorded in Ronda.
positions of this barrier during the retrograde evolution
of the basaltic porous flow domain in the granular
peridotite and plagioclase tectonite domains. At this stage,

CONCLUSIONS interstitial melts incorporated a deep asthenospheric com-
The Ronda orogenic peridotite contains a wide diversity ponent and were transitional to alkaline in composition.
of mafic rocks, rarely encountered in other peridotite (c) Group D concordant mafic layers were formed by
massifs. Our results indicate that most of this diversity reaction of older mafic layers (groups A, B and C) with
was generated by multi-stage melt–rock reaction during volatile-rich small melt fractions with a refractory (Mg-
the magma percolation event invoked for the de- rich, Al-poor), calc-alkaline composition. This process
velopment of the recrystallization front and the struc- took place during the waning stages of porous melt flow
tural–geochemical zoning of the massif. The inferred in Ronda, upon final cooling of the eroded lithosphere
magmatic event possibly occurred during the late mantle below the anhydrous solidus of peridotites. The origin
evolution of Ronda, and records thermal and com- of group D parental melts is not fully understood. They
positional erosion of old subcontinental lithospheric must somehow derive from melt fractions residual after
mantle by upwelling asthenosphere in an extensional olivine- and melt-consuming reactions such as those
tectonic regime. invoked for group C layers—as well as for the secondary

Garnet-bearing mafic layers (group A) are restricted lherzolites of the fine-granular layers; yet their com-
to the spinel tectonite domain that represents the vestige position may have been somewhat modified by further
of subcontinental lithospheric mantle preserved from interaction with refractory peridotites (harzburgites and
thermal erosion. These layers are the oldest mafic rocks dunites). In contrast to channelled porous flow inferred
in Ronda. Os isotopes indicate that they have been for basaltic melts during thermal relaxation, the per-
isolated in the subcontinental lithospheric mantle for at colation of group D parental melts was pervasive and
least 1–2 billion years (Reisberg et al., 1991). Their extensive throughout the Ronda massif. This feature is
primary mineralogy and structure have been obscured ascribed to the low viscosity and solidification tem-
by metamorphism and deformation. Their primary origin perature of these melts, because of their volatile-rich
(recycled oceanic crust or cumulates in mantle conduits) composition. They migrated beyond the recrystallization
remains an open question. front and invaded most of the lithospheric domain which

The other mafic rocks, mainly garnet-free pyroxenites had not been affected by basaltic porous flow infiltration
occurring in the granular and plagioclase tectonite do- (i.e. the spinel tectonite domain). In this region, the small
mains, record various stages of the magmatic event melt fractions probably encountered a significant thermal
associated with different thermal stages of ‘erosion’ of gradient along which they gradually solidified. This evol-
thinned subcontinental lithosphere by upwelling as- ution is indicated by the LILE-enriched trace-element
thenospheric mantle: signature observed in group D intrusive dykes and harz-

burgites at some distance (>1 km) from the re-(a) Group B mafic layers were individualized during
crystallization front. In this domain, the last fractions ofthe earlier stages of this event, by open-system re-
interstitial melts were tapped by cross-cutting dykes,crystallization of former group A layers. Their formation
indicating a final melt migration stage into cracks inwas coeval with the prograde evolution of the basaltic
colder lithospheric mantle.percolation domain, while the peridotites were partially

molten and pervasively percolated by basaltic melts.
Metasomatic replacement of group A layers by group B
pyroxenites occurred at the recrystallization front—
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Kornprobst, J. (1970). Les péridotites et les pyroxénolites du massif the marble cake mantle: evidence from local study of the East Pacific
ultrabasique des Beni Bouchera: une étude expérimentale entre 1100 Ridge at 12° 50′. Earth and Planetary Science Letters 92, 189–206.
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