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The Ronda orogenic peridotite (southern Spain) contains a variety of

pyroxene-rich rocks ranging from high-pressure garnet granulites and

pyroxenites to low-pressure plagioclase^spinel websterites. The

‘asthenospherized’ part of the Ronda peridotite contains abundant

layered websterites (‘group C’pyroxenites), without significant defor-

mation, that occur as swarms of layers showing gradual modal transi-

tionstowardstheirhost peridotites.Previousstudieshavesuggested that

these layered pyroxenites formed by the replacement of refractory spinel

peridotites.Here,wepresent amajor- and trace-element, andnumerical

modellingstudyofa layeredoutcropofgroupCpyroxenite near the local-

ity ofTolox aimed at constraining the origin of these pyroxenites after

host peridotites by pervasive pyroxene-producing, refertilization melt^

rock reactions. Mg-number [¼Mg/(MgþFe) cationic ratio]

numerical modelling shows that decreasingMg-number with increas-

ing pyroxene proportion, characteristic of Ronda group C pyroxenites,

can be accounted for by a melt-consuming reaction resulting in the for-

mation of mildly evolved, relatively low Mg-number melts (�0�65)

provided that the melt fraction during reaction and the time-integrated

melt/rock ratio are high enough (40�1and41, respectively) to balance

Mg^Fe buffering by peridotite minerals. This implies strong melt

focusing caused bymelt channelling in high-porosity domains resulting

from compaction processes in a partial melted lithospheric domain

below a solidus isotherm represented by the Ronda peridotite recrystal-

lization front.The chondrite-normalized rare earth element (REE)

patterns of group C whole-rocks and clinopyroxenes are convex-

upward. Numerical modeling of REE variations in clinopyroxene

produced by a pyroxene-forming, melt-consuming reaction results in

curved trajectories in the (Ce/Nd)N vs (Sm/Yb)N diagram (where

N indicates chondrite normalized). Based on (Ce/Nd)N values, two

transient, enriched domains between the light REE (LREE)-

depleted composition of the initial peridotite and that of the infiltrated

melt may be distinguished in the reaction column: (1) a lower domain

characterized by convex-upward REE patterns similar to those

observed in Ronda group C pyroxenite^peridotite; (2) an upper

domain characterizedbymeltswith stronglyLREE-enriched composi-

tions.The latterare probably volatile-rich, small-volumemelt fractions

residual after the refertilization reactionsthatgeneratedgroupCpyrox-

enites, whichmigrated throughout the massifçincluding the unmelted

lithospheric spinel-tectonite domain. The Ronda mantle domains

affected by pyroxenite- and dunite- or harzburgite-forming reactions

(the ‘layered granular’subdomain and ‘plagioclase-tectonite’domain)

areonaveragemorefertile than the residual,‘coarsegranular’subdomain

at the recrystallization front. This indicates that refertilization

traces the moving boundaries of receding cooling of a thinned and par-

tially melted subcontinental lithosphere. This refertilization process

may be widespread during transient thinning and melting of depleted

subcontinental lithospheric mantle above upwelling asthenospheric

mantle.
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I NTRODUCTION

Many studies have invoked small (less than kilometer)

scale heterogeneity of the Earth’s mantle to provide sources

for chemically and/or isotopically heterogeneous oceanic

basalts (Hofmann & White, 1982; Alle' gre & Turcotte,

1986; Prinzhofer et al., 1989; Hauri, 1996; Hirschmann &

Stolper, 1996; Sobolev et al., 2005; Herzberg, 2006).

Preferential melting of pyroxenite or eclogite layers or

veins would explain isotopic variations correlated with

melting degree in oceanic basalts, and might also account

for isotopic discrepancies between mid-ocean ridge basalt

(MORB) and abyssal residual peridotites (Salters & Dick,

2002). The information conveyed by orogenic peridotite

massifs is that mantle rocks may include a substantial

amount of pyroxenitic lithologies, in the form of layers,

veins and dykes (Bodinier & Godard, 2003, and references

therein). Studies of pyroxenites in orogenic massifs may

provide valuable information on the scale, distribution

and extent of geochemical heterogeneities in the convective

mantle. The origin of pyroxenitic and mafic lithologies in

orogenic peridotites is controversial, particularly whether

they are convective or lithospheric mantle features. The

hypothesis that predominates for the origin of orogenic

pyroxenite layers is that they are crystal segregates from

mantle melts in magma conduits emplaced in the subcon-

tinental lithospheric mantle and therefore they are not

straightforward evidence for a veined convective mantle

origin. Evidence for an igneous segregate origin is based

on field, textural, and trace-element arguments such as

cross-cutting relationships, igneous textures and heavy

rare earth element (HREE) fractionation indicative of

garnet fractionation (Shervais, 1979; Wilshire et al., 1980;

Bodinier et al., 1987a, 1987b; Takazawa et al., 1996; Garrido

& Bodinier, 1999).

On the basis of the isotopic differences between pyrox-

enites and their host peridotites, and the existence of garnet

pyroxenites with positive Eu anomalies, some orogenic

pyroxenites have been interpreted as remnants of sub-

ducted oceanic crust stretched and thinned in the convec-

tive mantle (the ‘marble cake’model of Alle' gre & Turcotte,

1986; see also Polve¤ & Alle' gre, 1980; Hamelin & Alle' gre,

1988; Kornprobst et al., 1990; Pearson et al., 1993; Blichert-

Toft et al., 1999; Morishita & Arai, 2001; Morishita et al.,

2001). This hypothesis is further supported by the detailed

isotopic characterization (Nd^Sr^Pb^Hf^Os^S) of the

ultrahigh-pressure (corundum- and diamond pseudo-

morph-bearing) garnet pyroxenites from Beni Bousera

and Ronda (Pearson et al., 1989, 1993; Davies et al., 1993;

Pearson & Nowell, 2004), which indicates a derivation

fromhydrothermallyalteredoceanic crust andhemi-pelagic

sediments. However, all these researchers proposed that

pyroxenites are segregates in vein conduits crystallized

from partial melts of altered subducted oceanic crust. A

similar origin has been proposed for pyroxenites in Lower

Austria garnet peridotites (Becker,1996; Becker et al., 2004).

All these pyroxenites are strongly deformed and underwent

a high-pressure metamorphic evolution, associated withç

or followed byçpartial melting and/or high-temperature

metasomatism (Loubet & Alle' gre, 1982; Pearson et al.,

1993; Becker, 1996; Garrido & Bodinier, 1999). These pro-

cesses have obscured the original relationships with the host

peridotites and modified their mineralogical and chemical

compositions. It is therefore difficult to establish the precise

origin of these rocks.

The Ronda peridotite also contains pyroxenites that

cannot be interpreted either as crystal segregates in litho-

spheric dykes or as recycled oceanic crust (Garrido &

Bodinier, 1999). These pyroxenites (spinel^plagioclase

� olivine websterites) occur only in the ‘asthenospherized’

part of the Ronda massif (Lenoir et al., 2001; Vauchez &

Garrido, 2001) [the ‘coarse granular’and ‘plagioclase-tecto-

nite’ domains of Van derWal & Vissers (1996)], where they

may locally predominate over the host lherzolites. They

lack significant deformation and metamorphic imprintç

except for some open folds and secondary plagioclase

developed during the early stages of the exhumation of

the massif, in the plagioclase^peridotite facies (Van der

Wal & Vissers, 1996). The structural and textural features

of these pyroxenites suggest an origin by pyroxene-

forming, melt^rock reaction at near peridotite solidus

conditions (Garrido & Bodinier, 1999). This resulted in

localized replacement of refractory peridotites by spinel

websterites. Based on recent observations in peridotite

massifs, replacive pyroxenites may be widespread in the

upper mantle (Bodinier & Godard, 2003). The mechanism

of their formation has major implications for melt migra-

tion processes in the shallow mantle, as well as for the

origin of veined and refertilized mantle. Because they

have Mg-number [¼ Mg/(MgþFe) cationic ratio] values

lower than ‘pristine’mantle values (50�89), the existence of

these pyroxenites also suggests that mantle melts can

undergo substantial differentiation during their migration

in the lithospheric mantle.

Further to constrain the formation of replacive pyrox-

enites in Ronda and better understand the reaction

mechanisms suggested for their origin, we collected new

samples for a detailed major- and trace-element study

coupled with numerical simulation of melt^rock reaction

processes. The interpretation that emerges from our data

is a mechanism whereby the pyroxenites record channel-

ling of uprising partial melts in (probably compaction-

driven) high-porosity layers along the walls and top of the

partial melting domain previously identified in the Ronda

peridotite (Lenoir et al., 2001).

GEOLOGICAL BACKGROUND

The Ronda orogenic peridotite

The Ronda massif (southern Spain; Fig. 1) is the largest

(c. 300 km2) of several orogenic peridotite massifs exposed
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Fig. 1. Simplified geological map of the Ronda peridotite massif (southern Spain) showing the location of the study area in the easternmost part of the massif near the village of Tolox. Also
shown are the different groups of pyroxenites mapped by Obata (1980) and Garrido & Bodinier (1999); the tectonic and metamorphic domains and the recrystallization front mapped byVan der
Wal & Vissers (1996) and Lenoir et al. (2001); and the petrological facies boundaries mapped by Obata (1980). Inset shows the location of the Ronda massif within the realm of the Betic^Rif
orogenic belt (southern Spain and northern Morocco).
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in the Betic and Rif (northern Morocco) mountain belts in

the westernmost part of the Alpine orogen. It was tectoni-

cally emplaced during early Miocene times in the internal

zones of the Betic Cordillera. Several investigators have

provided comprehensive reviews of the regional setting

of the massif (Platt et al., 2003; Booth-Rea et al., 2005;

Precigout et al., 2007).

A first-order feature of the Ronda peridotite massif is its

distinct kilometer-scale petrological, tectonic and geochem-

ical zoning. From the NNW to the SSE of the massif, Obata

(1980) mapped four metamorphic facies recording decreas-

ing equilibrium pressure: (1) a garnet-lherzolite domain;

(2) a spinel-lherzolite domain of the Ariegite sub-facies;

(3) a spinel-lherzolite domain of the Seiland sub-facies;

(4) a plagioclase-lherzolite domain. On the basis of over-

printing relationships, Van der Wal & Vissers (1993, 1996)

distinguished three tectonometamorphic domains of

decreasing relative ages (Fig.1), as follows.

(1) The spinel-tectonite domain corresponds to the

garnet-lherzolite facies and the Ariegite sub-facies of

Obata (1980). It is made of intensely foliated porphyroclas-

tic spinel peridotites and mylonitic garnet^spinel perido-

tites (Precigout et al., 2007), with subordinate amounts of

garnet-bearing granulite and pyroxenite layers. The spinel

tectonites represent an old lithospheric mantle, isolated

from the convective mantle at 1�36Ga (Reisberg &

Lorand, 1995).

(2) The coarse granular peridotite domain broadly coin-

cides with the Seiland sub-facies of Obata (1980). It is com-

posed of virtually undeformed spinel peridotites and

contains various types of pyroxenites, generally devoid of

garnet. This domain is well exposed in the central part of

the Ronda peridotite and occupies most of its western part.

On the basis of structural and petrological criteria,Van der

Wal & Bodinier (1996) subdivided the granular domain

into three subdomains, namely, from NW to SE: (a) the

‘coarse granular’ subdomain, composed of homogeneous,

coarse-grained harzburgites; (b) the ‘fine granular’ subdo-

main, dominated by less refractory, finer-grained, olivine-

rich lherzolites; (c) the ‘layered granular’ subdomain,

which shows a sequence of lherzolites, harzburgites,

dunites and garnet-free pyroxenites.

(3) The plagioclase-tectonite domain is the youngest of

the three tectonometamorphic domains recognized byVan

derWal & Vissers (1993, 1996). It is equivalent to the plagi-

oclase lherzolite domain of Obata (1980) and is composed

of porphyroclastic plagioclase peridotites, with subordi-

nate mylonites and layers of spinel^plagioclase^olivine

websterites. The development of this domain is related to

the crustal emplacement of the massif and, therefore, over-

prints all magmatic and deformation structures observed

in the other domains.

One of the most remarkable features of the Ronda massif

is the ‘recrystallization front’ that represents the transition

from the spinel-tectonite to the coarse granular peridotite

domain (Fig. 1). Field, microstructural, petrological and

geochemical evidence indicates that the recrystallization

front represents the narrow boundary of a partial melting

domainçcaused by thinning and coeval asthenospheric

upwellingçformed at the expense of former subcontinen-

tal lithospheric mantle and associated with melting and

kilometer-scale migration of melts by diffuse porous flow

through the ‘asthenospherized’ domain (Van der Wal &

Vissers, 1993, 1996; Van der Wal & Bodinier, 1996; Lenoir

et al., 2001; Vauchez & Garrido, 2001). The evolution of the

Ronda recrystallization front is considered as an example

of thermal erosion and partial melting of subcontinental

lithospheric mantle above upwelling asthenosphere.

Across the front, which can be followed over a distance of

almost 20 km in the massif (Fig. 1), all the structures of the

‘lithospheric’ spinel-tectonite domain were overprinted: the

strongly foliated spinel tectonites were converted into

coarse granular peridotites whereas garnet-bearing pyrox-

enite veins melted and recrystallized as garnet-free spinel

websterites (Garrido & Bodinier, 1999). A few hundred

meters ahead of the recrystallization^melting front, the

presence of a more diffuse and irregular fertilization

frontçrecorded by the precipitation of secondary clino-

pyroxene in the spinel tectonitesçdemonstrates that at

least a smooth thermal gradient existed across the Ronda

massif during the melting event. Therefore, the develop-

ment and shape of the recrystallization front was probably

thermally controlled. Differences in pyroxene composi-

tions on either side of the front suggest a rapid, transient

heating event at �12008C and �1�5GPa (Lenoir et al.,

2001). Behind the front, the strongly heterogeneous layered

granular subdomain is considered to record melt redistri-

bution and freezing while partial melting was receding

upon conductive cooling of the massif (Van der Wal &

Bodinier,1996; Garrido & Bodinier,1999). In this area, sec-

ondary lherzolites and layered spinel websterites formed by

refertilization reactions are intermingled with anasto-

mosed dunite bands interpreted as drainage channels for

the last, evolved melt fractions (Gervilla & Rema|« di,1993).

Pyroxenite types in the Ronda massif

On the basis of their structural and compositional charac-

teristics, Garrido & Bodinier (1999) classified the Ronda

pyroxenites into four groups. Group A comprises garnet-

bearing rocks, interpreted either as mantle segregates or

recycled oceanic crust, which occur only in the spinel-

tectonite domain (Fig. 1). They form layers, isoclinally

folded and/or boudinaged, parallel to the foliation of the

spinel tectonites. Based on the presence of graphite pseudo-

morphs after diamonds (Davies et al.,1993) and zircon ages

significantly older than the age of massif exhumation

(Sanchez-Rodriguez & Gebauer, 2000), these rocks are

considered to represent the oldest pyroxenites lithologies

recognized in Ronda. Group B is composed of strongly

JOURNAL OF PETROLOGY VOLUME 00 NUMBER 0 MAY 2008

4



deformed spinel websterites occurring along the recrystal-

lization front. These pyroxenites were considered by

Garrido & Bodinier (1999) to be formed at the expense of

group A by melt^rock reaction with percolating melt in

peridotites produced during the heating event. Group C

comprises spinel (� plagioclase, � olivine) websterites

occurring only in the coarse granular domain (mostly in

the layered subdomain; Gervilla & Rema|« di, 1993) and

throughout the plagioclase-tectonite domain. The struc-

tural and textural features of these pyroxenites suggest an

origin by metasomatic replacement of peridotites via a

pyroxene-forming melt^rock reaction (Garrido &

Bodinier, 1999). The waning stage of the melting event

recognized in Ronda is marked by the formation of group

D, Cr-rich pyroxenites. They occur mostly as composite

layers with group A and B pyroxenites along the recrystal-

lization front, and as single layers in the granular domain

and in the plagioclase tectonites. Group D pyroxenites

were formed by metasomatic replacement of previous

pyroxenite layers by small fractions of refractory melts

that percolated at a late stage throughout the massif. The

last melt fractions were eventually tapped by cross-cutting

dykes in the spinel-tectonite domain, indicating a final melt

migration stage into cracks.

SAMPL ING AND PETROGRAPHY

OF GROUP C PYROXENITES

This study is focused on the genesis of group C pyroxe-

nites, which comprise brownish spinel websterites and

olivine^spinel websterites that contain variable amounts of

plagioclase and were referred to as olivine gabbros in ear-

lier studies (Obata, 1980; Suen & Frey, 1987). They are

common throughout the Ronda layered granular subdo-

main and the plagioclase-tectonite domain (Fig. 1). In the

field, group C pyroxenites are distinguished from the other

Ronda pyroxenites by the lack of significant deformation,

except for some open folds and secondary foliation coeval

with the development of the plagioclase-tectonite domain.

The layered sequence sampled for this study is located in

the easternmost part of the Rondamassif, near the village of

Tolox (Fig.1).This is a remarkable outcrop characterized by

swarms of parallel layers or elongated lenses of spinel^

plagioclase (� olivine) websterite and plagioclase

lherzolite, a few centimeters to several tens of centimeters

thick, intercalated with thin seams of olivine and locally

minor dunite (Figs 2c and 3). The whole sequence is about

3m thick and canbe followed along-strike over several hun-

dred meters in the field. As for other Ronda type C pyrox-

enites, theTolox outcrop is characterized by gradual modal

transitionsçboth across layering (Fig. 2b) and along strike

(Fig. 2c)çfrom peridotites containing thin and rather

diffuse pyroxenite layers (51cm), to olivine websterites

(Fig. 2b), and to thick websterites lenses (41m) containing

olivine seams (Fig. 2d). These gradual variations translate

to a continuum of lithologies at outcrop scale ranging from

lherzolites, to olivine websterites, and to websterites (Fig. 4).

The websterites have coarse granular to porphyroclastic

textures, with brown clinopyroxene and orthopyroxene

characterized by deformation twins and exsolution of

counterpart pyroxenes. The lherzolites have coarse- to

medium-grained granular microstructures with unevenly

distributed and irregularly shaped clinopyroxene. Both in

websterites and in lherzolites, spinel is rimmed by plagio-

clase (þ olivine) coronae; this feature suggests a subsolidus

origin for plagioclase, associated with spinel breakdown

(Obata, 1980). The amount of modal plagioclase varies

from 5 to 25 vol.% in the studied samples.Where deforma-

tion and the metamorphic imprint are not pervasive, lher-

zolites and olivine-rich websterites show textures

characterized by interstitial clinopyroxene, spinel and

orthopyroxene armouring lobate olivine grains. These tex-

tures may be indicative of the precipitation of interstitial

pyroxeneþ spinel, coeval with olivine dissolution.

We carried out serial sampling of 14 pyroxenites and

peridotites (Fig. 3). Our main sampling goal was to retrieve

fresh material for chemical analyses while covering the

whole range of modal compositions available at the out-

crop. The igneous modes of the Tolox peridotites and

pyroxenites were reconstructed by mass balance of the

whole-rock and mineral major element composition, using

the total inversion method of Tarantola & Valette (1982).

As the compositions of theTolox pyroxenite minerals were

strongly re-equilibrated in the plagioclase stability field,

we used the compositions of minerals in other group C

pyroxenites equilibrated in the spinel facies (Rema|« di,

1993). The results are reported in Table 1. On the olivine^

orthopyroxene^clinopyroxene ternary diagram (Fig. 4), the

Tolox pyroxenites show a wider range of modal variations,

in term of pyroxene/olivine ratio, than previously reported

for group C pyroxenites in the Ronda massif (Rema|« di,

1993; Garrido & Bodinier, 1999). The samples define a con-

tinuous trend marked by increasing pyroxene proportions,

from 45^50% in lherzolites to 490% in the olivine-free

websterites. This variation is associated with significant

increase of the clinopyroxene/orthopyroxene ratio, from

about 0�75 in lherzolites to 1�35 in websterites. The modal

composition of the layeredTolox lherzolites approaches the

field of massive Ronda peridotites unrelated to pyroxenite

layering (Fig. 4). However, the Tolox lherzolites are distin-

guished by more fertile compositions, with 20^22wt%

clinopyroxene compared with �17wt% in the other

Ronda peridotites.

GEOCHEMISTRY

Analytical procedures

After crushing, sample aliquots were pulverized in

a Pulverisette� agate mortar for solution analyses.
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Major elements and Cr in whole-rocks were analyzed

by inductively coupled plasma atomic emission spectrom-

etry (ICP-AES) at CRPG (Nancy, France) following stan-

dard procedures. Minor and trace elements (Sc, V, Co,

Ni, Cu, Rb, Sr, Y, Zr, Nb, Ba, REE, Hf, Ta, Pb, Th

and U) in whole-rocks were analyzed by solution-

ICP-MS (mass spectrometry).We used for sample dissolu-

tion the HF^HClO4^HNO3 digestion procedure described

by Ionov et al. (1992). The analyses were run on aVG-PQ2

quadrupole instrument at Ge¤ osciences Montpellier

(CNRS-Universite¤ de Montpellier II, Montpellier,

France). Concentrations were determined by external cali-

bration for most elements except Nb and Ta, which were

calibrated by using Zr and Hf, respectively, as internal

standards. This technique is an adaptation for ICP-MS

analysis of the method described by Jochum et al. (1990)

for the determination of Nb by spark-source mass spectro-

metry. This method avoids memory effects caused

by the introduction of concentrated Nb^Ta solutions

into the instrument. Detection limits obtained by long-

term analyses of chemical blanks have been given by

Garrido et al. (2000). Whole-rock data are reported in

Table 1.

Major-element compositions of minerals were deter-

mined by electron probe microbeam analysis using a

CAMECA SX100 at ‘Microsonde Sud’ facility

(Montpellier, France). Analytical conditions were an accel-

erating voltage of 20 kV, a focused beam of 10 nA and

counting times of 20^30 s. Several grains of each mineral

were analysed to obtain representative averages and exam-

ine possible grain zoning. In situ trace element analyses of

clinopyroxene were performed by laser ablation-ICP-MS

on thick (c. 100 mm) sections with a VG-PQ2 ICP-MS

system at Ge¤ osciences Montpellier coupled with a 193 nm

Excimer laser ablation system (Compex 102). Primary

output laser power was 160mJ, pulse duration 25 ns and

spot size 77 mm. Representative mineral analyses are

reported inTables 2 and 3.

Fig. 2. Field photographs of the studied outcrop of layered spinel websterites near the village of Tolox. (a) Panoramic view of the outcrop
showing the layered structure of the pyroxenite outcrop hosted in residual harzburgite^dunites and made up of the alternation of pyroxenitic
and peridotitic lithologies. (b) Detailed view of the layered structure showing interbanded spinel websterite (wb), spinel^olivine websterite
(ol-wb) and lherzolite (lhz). (c) Close-up view of the along-strike, gradual transition (dotted white line) from spinel^olivine websterite
(ol-wb) to lherzolite (lhz). The red arrows point to coarse-grained spinel surrounded by sub-solidus plagioclase. (d) Detailed view of spinel^
olivine websterite showing patchy, olivine-rich zones within websterite.
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Whole-rock compositions
Major elements

The websterites fromTolox are roughly similar in composi-

tion to the group C pyroxenites reported by Rema|« di

(1993) and Garrido & Bodinier (1999), except for TiO2,

which is lower in the Tolox samples (Fig. 5). The studied

pyroxenites are nevertheless markedly enriched inTi com-

pared with ‘deformed’ Ronda pyroxenites with similar

mineralogical composition and MgO content (i.e. group

B spinel websterites) (Fig. 5). This confirms the geochem-

ical affinity of Tolox pyroxenites with Ronda group C

websterites, as Ti enrichment is a distinctive signature of

this pyroxenite group (Garrido & Bodinier, 1999).

As a whole, the Tolox section shows a wide range

of major-element variation (e.g. 19�5^35�1wt% MgO,

4�5^12�4wt% Al2O3 and 4�2^12�4wt% CaO) with

strong inter-element correlations coupled with modal evo-

lution. Al, Ca, Na andTi steadily increase with decreasing

Mg from lherzolites to olivine-free websterites (Fig. 5).

Such covariations are typical of peridotite suites worldwide

but are rarely observed in mantle pyroxenites (see, e.g.

Ronda groups A and B in Fig. 5) (Bodinier & Godard,

2003). The compositional array defined by the Tolox sam-

ples fills the gap between Ronda peridotites and group A

(garnet-bearing) pyroxenites, which represent the most

‘evolved’ type of pyroxenite in the massif in terms of SiO2

Fig. 3. Sketch of a cross-section of theTolox layered pyroxenite^peri-
dotite outcrop of Fig. 2, showing the alternation of peridotite and web-
sterites, as well as the location and lithology of the samples selected for
our study.

Fig. 4. Streckeisen triangular plot for the classification of ultramafic
rocks, showing the primarymodal composition of theTolox pyroxenites
and peridotites selected for this study.The primary composition of the
Tolox samples was reconstructed in the Seiland subfacies by mass-
balance computations using thewhole-rock andmineral major element
compositions (see text for further details on calculations). Also shown
are group C spinel websterites from the layered coarse peridotite
domain in the westernmost part of the Ronda peridotite (Rema|« di,
1993; Garrido & Bodinier,1999), and the compositional field of Ronda
peridotites (Rema|« di,1993;VanderWal & Bodinier,1996).
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Table 1: Whole-rock major and trace element composition ofTolox pyroxenite and peridotite

Rock type: Olivine websterites Websterites Lherzolites

Sample: TOL-0 TOL-0bis TOL-1 TOL-2B TOL-3A TOL-3B TOL-4B TOL-6 TOL-2 TOL-4A TOL-5 TOL-4bis TOL-5bis TOL-7

Ol (wt%): 38 25 29 21 36 21 32 20 — 2 7 50 49 48

Opx (wt%): 33 39 41 33 30 32 30 36 40 39 41 26 26 26

Cpx (wt%): 25 30 25 37 28 42 34 35 55 54 45 18 20 22

Sp (wt%): 5 6 5 8 6 5 5 10 5 5 8 5 5 4

wt%

SiO2 45�66 47�78 48�46 45�32 44�22 46�72 44�85 47�16 48�76 48�17 47�45 43�84 44�98 45�14

TiO2 0�38 0�48 0�43 0�47 0�35 0�52 0�37 0�56 0�64 0�58 0�54 0�27 0�35 0�36

Al2O3 7�12 9�09 7�54 9�69 7�30 7�70 6�64 11�06 10�55 10�22 12�35 4�51 5�37 6�01

FeO 8�23 6�89 7�63 7�95 9�23 7�67 9�31 6�08 6�26 6�95 6�15 10�36 8�31 7�55

MnO 0�14 0�14 0�15 0�14 0�14 0�14 0�14 0�14 0�15 0�15 0�17 0�14 0�11 0�13

MgO 31�32 27�30 28�40 26�08 30�79 26�09 29�41 25�70 19�52 20�14 21�58 35�07 34�76 34�41

CaO 5�65 6�78 5�78 8�43 6�31 9�39 7�56 7�72 12�35 12�02 10�10 4�22 4�67 4�98

Na2O 0�51 0�78 0�66 0�97 0�63 0�82 0�64 0�83 0�99 0�93 0�90 0�36 0�53 0�54

K2O 5b.d.l. 5b.d.l. 5b.d.l. 5b.d.l. 5b.d.l. 5b.d.l. 5b.d.l. 5b.d.l. 5b.d.l. 5b.d.l. 5b.d.l. 5b.d.l. 5b.d.l. 5b.d.l.

P2O5 0�07 5b.d.l. 0�11 0�06 5b.d.l. 0�08 0�05 0�07 0�08 0�07 0�07 0�08 5b.d.l. 0�05

LOI 0�64 0�35 0�21 0�72 1�08 0�74 0�61 0�50 0�34 0�24 0�48 1�51 1�61 1�47

Sum 100�37 100�39 100�12 100�72 100�69 100�44 100�10 100�99 100�30 100�00 100�49 101�01 101�60 101�37

Mg-no. 87�1 87�6 86�9 85�4 85�6 85�8 84�9 88�3 84�7 83�7 86�2 85�7 88�1 89�0

ppm

Sc 20�1 28�8 23�0 30�4 22�7 29�2 28�7 28�4 44�7 44�2 36�9 16�1 17�1 19�7

Ti 2801 2977 2798 3201 2447 3454 2840 3562 4426 4181 3723 1734 2390 2479

V 154 179 161 200 153 195 186 175 260 267 199 102 117 129

Cr 2220 2765 2575 3020 2160 1890 1805 4000 2230 1835 2390 2240 3130 2515

Ni 1776 1246 1099 1103 1719 1417 1595 1036 771 940 653 1286 1248 2168

Cu 65 61 36 10 72 131 67 49 82 108 48 39 40 44

Co 84 59 63 71 91 69 94 53 45 56 43 108 92 92

Rb 0�11 0�51 0�55 0�23 0�17 0�76 0�17 0�66 0�58 0�47 0�60 0�05 0�15 0�10

Sr 13�23 19�84 28�66 51�21 25�27 36�96 32�79 48�37 63�09 49�86 30�81 18�31 23�41 29�17

Y 11�72 13�56 9�54 11�42 9�65 12�85 7�53 11�42 17�46 12�91 11�87 5�47 6�41 6�49

Zr 18�23 21�17 16�50 21�62 15�72 28�35 15�39 26�56 31�19 25�62 20�45 10�86 13�91 17�80

Nb 0�028 0�032 0�039 0�068 0�032 0�054 0�070 0�070 0�112 0�135 0�057 0�033 0�034 0�040

Ba 0�51 2�91 0�50 0�13 0�45 0�39 0�49 0�50 0�15 0�26 0�70 0�04 0�16 0�23

La 0�214 0�283 0�361 0�71 0�427 0�78 0�69 0�80 1�10 0�96 0�448 0�375 0�356 0�492

Ce 1�29 1�57 1�63 2�78 1�81 3�35 2�57 3�24 4�33 3�84 2�10 1�35 1�54 2�11

Pr 0�36 0�42 0�36 0�55 0�39 0�67 0�52 0�63 0�87 0�76 0�49 0�30 0�32 0�43

Nd 2�47 2�82 2�30 3�22 2�31 3�99 2�96 3�63 5�09 4�39 3�25 1�77 1�95 2�48

Sm 1�10 1�26 0�97 1�21 0�91 1�44 0�99 1�23 1�90 1�56 1�32 0�61 0�75 0�85

Eu 0�439 0�508 0�392 0�484 0�372 0�555 0�381 0�495 0�744 0�614 0�535 0�244 0�306 0�322

Gd 1�71 2�05 1�50 1�78 1�39 2�07 1�35 1�82 2�80 2�19 1�91 0�86 1�10 1�14

Tb 0�320 0�375 0�266 0�312 0�249 0�360 0�229 0�322 0�489 0�381 0�343 0�146 0�191 0�190

Dy 2�35 2�70 1�91 2�21 1�80 2�48 1�57 2�29 3�43 2�67 2�37 1�02 1�32 1�31

Ho 0�506 0�578 0�403 0�465 0�385 0�519 0�328 0�485 0�726 0�557 0�501 0�220 0�277 0�282

Er 1�42 1�61 1�14 1�28 1�08 1�43 0�90 1�39 2�04 1�60 1�45 0�64 0�78 0�79

Tm 0�212 0�237 0�168 0�180 0�156 0�206 0�127 0�201 0�296 0�229 0�213 0�091 0�111 0�116

(continued)
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and Al2O3 contents (Garrido & Bodinier, 1999). At the

most ‘depleted’ end of the Tolox array, the lherzolites plot

near the inferred composition of Primitive Upper Mantle,

which coincides with the composition of the most fertile

orogenic peridotites [e.g. sample R717 from Ronda of Frey

et al. (1985)]. At the most ‘fertile’ end of the array, olivine-

free websterites approach the composition of group A

mafic layers. In contrast with element abundances, the

Mg-number is poorly correlated with modal variations

(not shown), but the highest value (0�890) is nevertheless

observed in a lherzolite and the lowest one (0�837) in an

olivine-free websterite (Table 1).

Minor and trace elements

Similar to major elements, the minor transition elements

show covariations with MgO and modal compositions

comparable with those observed in several suites of

mantle peridotites worldwide (Fig. 6). Their compositional

range also covers the gap between Ronda peridotites and

group A mafic layers. LikeTi (Fig. 5), the incompatible ele-

ments Sc and V increase with decreasing MgO from lher-

zolites to olivine-free websterites whereas the compatible

elements Ni and Co decrease. The middle and heavy rare

earth elements (MREE and HREE; Sm and Yb, respec-

tively; Fig.7) are negatively correlated with MgO and stea-

dily increase from lherzolites to olivine-free websterites.

The light rare earth elements (LREE), Zr, Hf and Sr are

more dispersed when plotted versus MgO, but nevertheless

show significant increase from lherzolites to olivine-free

websterites (e.g. Ce and Zr in Fig. 7). In contrast, the

highly incompatible trace elements Cs, Rb, Ba, Th, U, Nb

and Ta (as well as Pb) are not correlated with MgO and

lack significant variations according to rock types.

As noted above, Garrido & Bodinier (1999) pointed toTi

enrichment as a distinctive feature of group C pyroxenites

compared with other types of Ronda pyroxenites (Fig. 5).

Group C pyroxenites are in fact strongly enriched in

all moderately incompatible minor and trace elements

compared with other mafic layers with similar MgO

content (Figs 5^7). Relative to the composition of group B

spinel websterites, the enrichment factor is a maximum

for Ti and MREE (e.g. a factor of three for Sm), as well

as for Zr and Hf, which have comparable peridotite/melt

partition coefficients (Figs 5^7). The less (HREE, Y, Sc,

and V) and more (LREE) incompatible elements are

less enriched. Both compatible and highly incompatible

elements are either comparable with group B in

composition (Ni, Nb, Ta, U, Rb) or more depleted

(Co,Th, Ba).

The Tolox samples have REE concentrations mostly in

the range of 1^10 times chondrite abundances (Fig. 8).

Similar to the vast majority of Ronda pyroxenites

and their host peridotites, they are impoverished in

normalized LREE relative to MREE and HREE

(LaN/YbN¼ 0�14^0�5). However, like other group C pyrox-

enites (Rema|« di, 1993; Garrido & Bodinier, 1999), theTolox

websterites (and the associated lherzolites) are distin-

guished from the other Ronda pyroxenites by convex-

upward normalized REE patterns. This feature further

illustrates the selective enrichment of Tolox samples and

group C pyroxenites in the moderately incompatible

elements MREE, Ti, Zr and Hf, compared with less and

more incompatible elements. This signature is reflected in

MREE/LREE and MREE/HREE ratios both higher than

one (e.g. SmN/LaN¼ 2�2^7�7 and GdN/YbN¼1�03^1�4).

Finally, it should be noted that the Tolox samples do not

Table 1: Continued

Rock type: Olivine websterites Websterites Lherzolites

Sample: TOL-0 TOL-0bis TOL-1 TOL-2B TOL-3A TOL-3B TOL-4B TOL-6 TOL-2 TOL-4A TOL-5 TOL-4bis TOL-5bis TOL-7

Ol (wt%): 38 25 29 21 36 21 32 20 — 2 7 50 49 48

Opx (wt%): 33 39 41 33 30 32 30 36 40 39 41 26 26 26

Cpx (wt%): 25 30 25 37 28 42 34 35 55 54 45 18 20 22

Sp (wt%): 5 6 5 8 6 5 5 10 5 5 8 5 5 4

Yb 1�37 1�53 1�09 1�12 1�00 1�31 0�80 1�26 1�83 1�42 1�34 0�57 0�68 0�72

Lu 0�226 0�247 0�179 0�176 0�163 0�208 0�130 0�207 0�293 0�225 0�221 0�095 0�107 0�120

Hf 0�816 0�929 0�680 0�731 0�596 0�932 0�556 0�926 1�100 0�876 0�810 0�382 0�558 0�632

Ta 0�0006 0�0012 0�0030 0�0086 0�0033 0�0095 0�0063 0�0110 0�0136 0�0135 0�0052 0�0025 0�0031 0�0058

Pb 0�057 0�027 0�022 0�010 0�046 0�071 0�064 0�035 0�048 0�069 0�025 0�036 0�018 0�054

Th 0�0006 0�0006 0�0011 0�0041 0�0013 0�0033 0�0040 0�0042 0�0077 0�0091 0�0026 0�0012 0�0020 0�0026

U 0�0005 0�0009 0�0008 0�0014 0�0010 0�0015 0�0024 0�0014 0�0029 0�0030 0�0012 0�0010 0�0252 0�0013

Ol, olivine; Cpx, clinopyroxene; Opx, orthopyroxene; Sp, spinel; LOI, loss on ignition; b.d.l., below detection limit.
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exhibit positive Eu anomalies despite the presence of sub-

stantial amounts of plagioclase (5^25%) (Fig. 8). This

feature is consistent with textural evidence indicating a

subsolidus origin for plagioclase.

Normalized to Primitive Mantle (PM) abundances, the

minor and trace elements show subtle negative anomalies of

Y, Zr and Sr relative to neighbouring REE (Fig. 9).

The highly incompatible elements Ba,Th, U, Nb andTa are

stronglydepleted relative toLREE,withBa,ThandUvalues

mostly in the range 0�01^0�1�PM, and Nb^Ta in the

range 0�01^0�3�PM. Extremely low abundance of these

elements compared with LREE (e.g. ThN/LaN¼

0�02–0�04) is typical of Ronda group C pyroxenites

(Garrido & Bodinier, 1999). The alkaline elements Cs

and Rb are selectively enriched relative to other highly

incompatible elements, a feature that is shared by most

mafic layers and peridotites in Ronda. Concentrations of

Cs and Rb are comparable with PM values.

Mineral compositions

Significant variations of mineral compositions as a func-

tion of whole-rock modal and chemical compositions are

Table 2: Major element composition of minerals and REE contents in clinopyroxenes

TOL-0 (olivine websterite) TOL-4a (websterite) TOL-5 (websterite)

Ol Sp Opx Cpx (n¼ 9) Pg Ol Opx Cpx (n¼ 17) Pg Ol Sp Opx Cpx (n¼ 19) Pg

wt%

SiO2 40�5 54�29 51�22� 0�54 47�66 39�83 55�00 51�3� 0�39 49�74 40�42 55�33 49�85� 0�70 48�33

TiO2 1�91 0�42 1�32� 0�18 0�31 1�03� 0�13 0�218 0�441 1�55� 0�30

Al2O3 26�19 4�39 3�85� 0�48 33�1 2�47 3�74� 0�47 31�96 55�22 2�30 4�87� 0�77 32�56

Cr2O3 34�30 0�36 0�66� 0�08 0�214 0�407� 0�06 7�34 0�222 0�374� 0�11

FeO 13�71 26�61 8�98 3�81� 0�34 17�02 11�08 4�79� 0�41 13�89 18�02 9�24 4�05� 0�23

MnO 0�21 0�30 0�23 0�12� 0�01 0�26 0�29 0�15� 0�02 0�315 0�20 0�353 0�18� 0�02

MgO 45�11 10�52 30�43 15�72� 0�53 42�79 29�75 15�3� 0�35 45�26 17�72 31�05 15�16� 0�34

CaO 0�031 0�80 22�5� 0�6 16�34 0�03 0�75 22�5� 0�7 14�99 0�029 0�855 22�3� 0�8 15�71

Na2O 0�02 0�51� 0�04 2�37 0�013 0�52� 0�03 3�24 0�017 0�617� 0�09 2�79

NiO 0�375 0�191 0�09 0�04� 0�01 0�32 0�076 0�03� 0�02 0�188 0�225 0�041 0�02� 0�01

Total 99�97 99�77 99�74 99�47 100�28 99�88 99�74 100�25 100�13 99�06 99�84 99�14

Mg-no. 0�85 0�41 0�86 0�88� 0�01 0�82 0�83 0�85� 0�01 0�85 0�64 0�86 0�87� 0�01

Cr-no. 0�47 0�08

An 0�79 0�72 0�76

(n¼ 20) (n¼ 14) (n¼ 11)

ppm

La 0�37� 0�06 1�4� 0�17 0�512� 0�05

Ce 3�3� 0�6 5�3� 0�7 3�2� 0�4

Pr 1�41� 0�28 1�5� 0�19 1�2� 0�2

Nd 11� 2 8�8� 1 9�3� 1�5

Sm 5�1� 0�9 3�1� 0�4 4�4� 1�0

Eu 1�4� 0�3 1�07� 0�1 1�30� 0�2

Gd 7�4� 1�3 4�2� 0�5 6�7� 1�6

Tb 1�30� 0�25 0�69� 0�09 1�2� 0�3

Dy 9�5� 1�9 4�8� 0�6 8�5� 1�9

Ho 2�0� 0�4 0�96� 0�14 1�8� 0�4

Er 5�4� 1�1 2�7� 0�4 5�2� 1�2

Tm 0�76� 0�15 0�37� 0�05 0�73� 0�17

Yb 4�8� 0�9 2�4� 0�4 4�7� 1�0

Lu 0�64� 0�1 0�34� 0�06 0�7� 0�1

(continued)
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observed only for the Mg-number in silicates and the

Cr content of pyroxenes (Table 2). The olivine forsterite

content (Fo), for instance, decreases from 0�88 in the

analyzed lherzolite to 0�85^0�88 in olivine websterites and

0�82^0�85 in olivine-free websterites. Similarly, the clino-

pyroxene Cr2O3 content decreases from 0�9wt% in the

lherzolite to 0�59^0�66wt% in olivine websterites, and

0�37^0�41wt % in olivine-free websterites (Table 2). Some

mineral compositions, however, do not vary according to

rock type, but rather as a function of plagioclase proportion,

thus reflecting the degree of mineral re-equilibration in

the plagioclase stability field. This is typically the case for

Cr-number [¼Cr/(CrþAl) cationic ratio] in spinel, which

shows a wide variation (0�08^0�47) irrespective of modal

composition (Table 2), but to a lesser extent also for Al in

pyroxenes (e.g. Al2O3 in orthopyroxene¼ 2�3^4�4wt%)

and HREE in clinopyroxene. Finally, some elements do not

show significant variations, either according to rock type or

as a function of plagioclase proportion (e.g. Na in clinopy-

roxene andTi in ortho- and clinopyroxene).

The chondrite-normalized REE patterns of clino-

pyroxene (Fig. 10) resemble those of the whole-rocks

(Fig. 8). However, the clinopyroxenes are distinguished

by higher MREE/LREE and MREE/HREE ratios

Table 2: Continued

TOL-5bis (lherzolite) TOL-6 (olivine websterite)

Ol Sp Opx Cpx (n¼ 8) Ol Opx Cpx (n¼ 6) Pg

wt%

SiO2 40�51 55�57 50�33� 0�80 40�46 54�99 49�79� 1�28 47�93

TiO2 0�279 0�411 1�54� 0�27 0�496 1�63� 0�31

Al2O3 45�99 2�28 4�74� 0�90 2�8 4�67� 0�95 32�65

Cr2O3 17�11 0�431 0�895� 0�10 0�412 0�594� 0�10

FeO 11�85 17�76 7�82 3�34� 0�21 11�66 7�77 3�27� 0�34

MnO 0�19 0�18 0�19 0�09� 0�02 0�237 0�224 0�12� 0�02

MgO 47�2 16�53 32�0 15�31� 0�51 47�09 32�16 15�23� 0�57

CaO 0�02 0�68 22�7� 0�4 0�035 0�702 22�8� 0�5 16�03

Na2O 0�01 0�629� 0�07 0�008 0�628� 0�13 2�75

NiO 0�373 0�252 0�073 0�03� 0�02 0�368 0�104 0�04� 0�01

Total 100�19 98�21 99�99 99�57 99�90 99�67 99�36 99�57

Mg-no. 0�88 0�62 0�88 0�89� 0�01 0�88 0�88 0�89� 0�01

Cr-no. 0�20

An 0�76

(n¼ 14) (n¼ 10)

ppm

La 1�3� 0�3 1�4� 0�4

Ce 6�1� 1�5 7�8� 1�5

Pr 1�9� 0�5 2�5� 0�4

Nd 13� 3 16� 2

Sm 5�1� 1�1 6�2� 0�9

Eu 1�6� 0�3 1�8� 0�3

Gd 7� 2 8�4� 1�1

Tb 1�2� 0�3 1�4� 0�2

Dy 8� 2 10�3� 1�6

Ho 1�7� 0�4 2�1� 0�3

Er 4�5� 1�1 5�6� 0�8

Tm 0�61� 0�15 0�7� 0�1

Yb 3�8� 0�8 4�8� 0�7

Lu 0�5� 0�1 0�7� 0�1
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(SmN/LaN¼ 3�4^22�2 and GdN/YbN¼1�1^1�5). Their nor-

malized REE patterns are therefore even more convex in

shape than those of the whole-rocks. The LREE and

HREE contents and the LREE/HREE and LREE/

MREE ratios may significantly vary between two samples

from a given rock type (e.g. LaN/YbN¼ 0�078�0�003 and

0�42�0�09, respectively in the two websterite samples), but

no significant difference is observed between rock types.

Some clinopyroxenes from websterites (and one clinopyr-

oxene in an olivine websterite) are devoid of a Eu anomaly

but the majority display a negative anomaly. A point

worthy of note is that the HREE content of clinopyroxene

tends to be correlated with the amplitude of the negative

Eu anomaly. YbN does not exceed 20 in clinopyroxenes

without significant Eu anomaly [(EuN/Eu
� in the range

0�9^1�1; Eu�¼ (SmNþGdN)/2] but increases up to 40 in

those showing an Eu negative anomaly. This feature may

reflect the subsolidus re-equilibration of clinopyroxene

with metamorphic plagioclase.

DISCUSS ION

Genesis of group C pyroxenites

Magmatic, metamorphic and metasomatic origins have

been successively postulated for the origin of Ronda

group C pyroxenites. Similar to other Ronda pyroxenites,

they were first interpreted as igneous crystal segregates

crystallized in magma conduits (Suen & Frey, 1987).

Parental picritic melts were ascribed to high degrees of

partial melting in the inner part of a mantle diapir in the

model envisioned by Obata (1980). In this scenario, group

A and B pyroxenites were interpreted as crystal segregates

from more evolved melts that migrated from the inside

towards the colder outside of the mantle diapir.

Thereafter, on the basis of the structural overprinting rela-

tionships observed in the host peridotites, Van der Wal &

Vissers (1996) considered group C mafic layers as the

result of metamorphic re-equilibration of group A and B

garnet pyroxenites in the plagioclase stability field.

Finally, on the basis of field, structural and geochemical

evidence, Garrido & Bodinier (1999) showed that group C

pyroxenites are not cogenetic with group A and B layers

and suggested their formation by metasomatic replace-

ment of peridotites via a melt-consuming, melt^peridotite

reaction. This process was ascribed to the receding stages

of the melting domain bounded by the Ronda recrystalli-

zation front.

Our new geochemical data confirm that Tolox layered

pyroxenites belong to group C pyroxenites. Especially

striking in theTolox outcrop is the wide range of composi-

tions observed in a single swarm of layers, with modal and

chemical compositions varying between two end-members

(Figs 4^7): (1) lherzolites only slightly more fertile than

Primitive Mantle and the most fertile lherzolites unrelated

to layering in Ronda; (2) olivine-free websterites approach-

ing the composition of the ‘evolved’ group A mafic layers

(Figs 5^7). Three mechanisms may potentially account for

this variability, as follows.

(1) Variable degrees of mechanical dispersion of pyroxe-

nite (olivine-free websterite) in peridotite (host harzbur-

gite or dunite) (Alle' gre & Turcotte, 1986; Becker, 1996).

This process can be ruled out inTolox (as well as in most

of the granular and plagioclase-tectonite domains in

Ronda), as the pyroxenites and peridotites are virtually

undeformed.

(2) Variable degrees of partial melting and melt extrac-

tion from a former pyroxenite protolith (olivine-free web-

sterite). This mechanism is suggested by the similarity of

the Tolox element covariations trends with those observed

in peridotite suites worldwide, which are classically

ascribed to partial melting (e.g. Frey et al., 1985, for

Ronda). However, partial melting is not consistent with

the constant Ti and Na values observed in pyroxenes from

various lithologies (Table 2), as well as with the lack of cor-

relation between several inter-element ratios (e.g. LREE/

HREE) and modal compositions. Moreover, the observed

textures are at odds with the melting model, as they

indicate precipitation of interstitial pyroxeneþ spinel.

Group C pyroxenites affected by partial melting

Table 3: Selected LA-ICP-MS analyses of the REE content

(ppm) of clinopyroxenes lacking Eu anomalies

Sample: TOL-

4a

TOL-

4a

TOL-

4a

TOL-

4a

TOL-

4a

TOL-

4a

TOL-

4a

TOL-

5

TOL-

5

TOL-

6

La 1�43 1�26 1�40 1�61 1�66 1�61 1�48 0�51 0�58 1�82

Ce 5�35 4�80 5�22 5�96 6�59 5�77 5�11 3�00 3�15 8�7

Pr 1�46 1�30 1�27 1�51 1�89 1�63 1�41 0�95 1�11 2�30

Nd 8�8 7�6 8�3 8�8 10�5 10�0 7�9 7�5 7�2 12�9

Sm 3�20 2�66 2�69 2�87 3�59 3�20 2�48 2�99 2�78 4�33

Eu 1�10 0�95 1�04 1�04 1�43 1�24 1�09 1�12 1�21 1�46

Gd 4�36 3�59 4�06 3�50 5�24 4�36 3�64 4�79 4�04 5�46

Tb 6�56 5�36 6�16 6�21 8�7 8�2 6�09 8�5 6�64 8�8

Dy 4�72 3�83 4�16 4�29 5�94 5�73 3�94 5�91 5�52 6�43

Ho 0�99 0�73 0�89 0�81 1�21 1�14 0�77 1�22 1�18 1�25

Er 2�67 2�02 2�29 2�24 3�36 3�09 2�45 3�66 3�49 3�49

Tm 0�38 0�28 0�34 0�32 0�48 0�42 0�37 0�46 0�54 0�56

Yb 2�67 1�75 2�16 2�08 3�05 2�87 2�70 3�40 3�52 3�82

Lu 0�38 0�25 0�29 0�31 0�46 0�42 0�35 0�49 0�58 0�50

EuN/Eu� 0�90 0�94 0�96 1�00 1�01 1�01 1�10 0�90 1�10 0�91

(Sm/Yb)N 1�33 1�70 1�38 1�53 1�31 1�24 1�02 0�98 0�88 1�26

(Ce/Nd)N 0�46 0�48 0�48 0�52 0�48 0�44 0�50 0�31 0�33 0�51

Eu�¼ 2� EuN/(SmþGd)N; N indicates chondrite normal-
ized after Sun & McDonough (1989).
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(or dunite-forming melt^rock reaction) have been identi-

fied in the southwestern part of Ronda (in the layered

granular subdomain; Gervilla & Rema|« di, 1993; Rema|« di,

1993) and were classified as group D layers by Garrido &

Bodinier (1999). However, these rocks are markedly differ-

ent from theTolox olivine websterites and lherzolites. Their

modal composition is dominated by orthopyroxene (up to

40%)þ olivine and their normalized REE patterns are

mostly U-shaped (Gervilla & Rema|« di, 1993).

(3) Variable degrees of refertilization of a peridotite pro-

tolith (host harzburgite or dunite) by percolating melt.

This process may occur via three mechanisms, although

all transitions are expected between these extremes:

(a) entrapment and in situ crystallization of interstitial

Fig. 5. Covariation diagrams of MgO concentration (wt%) vs concentration of selected major elements (Al2O3, CaO, Na2O and TiO2,
in wt%) in Tolox pyroxenites and peridotites, compared with the compositional field of Ronda garnet pyroxenites and deformed spinel
websterites, corresponding to pyroxenite groups A and B, respectively, of Garrido & Bodinier (1999). Also shown are group C spinel
websterites from the layered coarse peridotite domain in the westernmost part of the Ronda peridotite (Rema|« di, 1993; Garrido & Bodinier,
1999), and the compositional field of Ronda peridotites (Rema|« di, 1993; Van derWal & Bodinier, 1996). PUM, Primitive Upper Mantle (Palme
& Jones, 2003).
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melt [‘melt impregnation’ process of Obata & Nagahara

(1987) and Rampone et al. (1997)]; (b) interstitial crystalli-

zation of pyroxeneþ spinel segregates from percolating

melt [the ‘percolative fractional crystallization’ process of

Harte et al. (1993)]; (c) peritectic, melt-consuming reac-

tion between peridotite and percolating melt involving

olivine dissolution and precipitation of pyroxeneþ spinel

(Kelemen et al., 1992); in this last model, interstitial space

for pyroxeneþ spinel precipitation can be created, at least

partly, by olivine dissolution, whereas models (a) and (b)

require localized volume expansion, most probably driven

by concomitant compaction of partially molten peridotites

(Maal�e & Scheie, 1982; McKenzie, 1984; Obata &

Nagahara, 1987).

Although refertilization by melt entrapment [model (a)]

represents a viable mechanism under certain circum-

stances, it can be ruled out for Ronda group C pyroxenites

because of their strong depletion in Ba, Th and U relative

to LREE (Fig. 9). Because of their low concentrations, the

ratios of highly incompatible elements in mixtures of peri-

dotiteþ trapped melt are readily imposed by the melt

component (e.g. Sharma et al., 1995). Ratios such as Th/La

in the Tolox samples display values (0�0032^0�0095) that

are lower than most depleted mantle melts (0�048 for

Fig. 6. Covariation plots of MgO concentration (wt%) vs concentration of selected minor elements (Ni, Co,Vand Sc, in ppm) inTolox pyr-
oxenites and peridotites, compared with the compositional field of Ronda garnet pyroxenites and deformed spinel websterites, corresponding to
pyroxenite groups A and B, respectively, of Garrido & Bodinier (1999). Also shown are group C spinel websterites from the layered coarse
peridotite domain in the westernmost part of the Ronda peridotite (Rema|« di, 1993; Garrido & Bodinier, 1999), and the compositional field of
Ronda peridotites (Rema|« di, 1993; Van derWal & Bodinier, 1996). PUM, Primitive Upper Mantle (Palme & Jones, 2003).
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N-MORB; Sun & McDonough, 1989). This clearly indi-

cates that igneous refertilization inTolox did not occur via

melt entrapment. A similar conclusion was reached by

Koga et al. (2001) for peridotites ‘impregnated’ by clinopyr-

oxeneþplagioclase in the Oman ophiolite on the basis of

Eu distribution between these minerals. No such straight-

forward evidence allows us to discriminate between the

two other refertilization models. In addition, structural

and textural observations indicate that both mineral preci-

pitation in open spaces and olivine dissolution probably

occurred, suggesting that the actual process was transi-

tional between models (b) and (c).

Further constraints on refertilization mechanisms can

be retrieved from the Mg-number variation and the

trace-element signature of the Tolox samples. Because

significant Mg-number variations in mantle porous flow

Fig. 7. Covariation plots of MgO concentration (wt%) vs concentration of selected trace elements (Ce, Sm, Yb and Zr, in ppm), compared
with the compositional field of Ronda garnet pyroxenites and deformed spinel websterites, corresponding to pyroxenite groups A and B, respec-
tively, of Garrido & Bodinier (1999). Also shown are group C spinel websterites from the layered coarse peridotite domain in the westernmost
part of the Ronda peridotites (Rema|« di, 1993; Garrido & Bodinier, 1999), and the compositional field of Ronda peridotites (Rema|« di, 1993; Van
derWal & Bodinier, 1996). PUM, Primitive Upper Mantle (Palme & Jones, 2003).
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systems are hampered by Mg^Fe buffering by silicate

minerals, notably olivine (Bedini et al., 2002; Ionov et al.,

2005), decreasing Mg-number with increasing refertili-

zation (Fo¼ 0�88^0�83 from lherzolites to olivine-free web-

sterites) is a strong indication that the percolating

melt underwent substantial fractional crystallization,

olivine dissolution was limited and the layers were formed

at high melt/rock ratio. This favours the percolative

Fig. 10. Chondrite-normalized REE patterns of clinopyroxenes from
a lherzolite, two olivine websterites and two websterites from Tolox
(¨, lherzolite sample TOL-5bis; *, olivine websterite sample
TOL-0; grey circles, olivine websterite sample TOL-6; œ, websterite
sample TOL-4a; g, websterite sample TOL-5). Samples lacking
a significant Eu anomaly [EuN/Eu

� in the range 0�9^1�1;
Eu�¼ (SmNþGdN)/2] are distinguished by dashed lines.
Normalizing values after Sun & McDonough (1989).

Fig. 9. Primitive upper mantle-normalized patterns of
incompatible trace elements of Tolox lherzolites (upper panel) and
Tolox olivine spinel websterites and spinel websterites (lower panel).
Normalizing values after Sun & McDonough (1989). Symbols are as
in Fig. 3.

Fig. 8. Chondrite-normalized REE patterns of Tolox lherzolites
(upper panel) andTolox olivine spinel websterites and spinel webster-
ites (lower panel). Normalizing values after Sun & McDonough
(1989). Symbols are as in Fig. 3.
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fractional crystallization process [model (b)] rather than

a melt/rock reaction in a strict sense [model (c)]. This

conclusion at first sight conflicts with the trace-element

signature of the studied samples, as percolative fractional

crystallization is generally associated with extreme enrich-

ment of LREE and highly incompatible elements (Bedini

et al., 1997; Bodinier et al., 2004). In contrast, the studied

samples are depleted in LREE relative to HREE (Figs 8

and 10) and strongly impoverished in highly incompatible

elements (Ba toTa in Fig. 9).

The one-dimensional theoretical approach of Godard

et al. (1995) provides a key to solve the paradox of decreas-

ing Mg-number without concomitant increase of highly

incompatible element abundances. Those workers have

examined the coupled geochemical effects of melt trans-

port and melt^rock reaction in a porous flow column.

They showed that the amplitude and spatial location

(in the column) of trace-element anomalies resulting from

the sink or source effects of a reaction strongly depends, at

a given reaction rate, on chromatographic effects governed

by the peridotite/melt partition coefficients of the elements

and the Darcy flux in the column, hence of the time-

integrated melt/rock ratio. This effect was verified by

Vernie' res et al. (1997) with a numerical simulation of

trace-element redistribution associated with reactive

porous flow (the ‘Plate Model’). Of particular interest for

the genesis of Ronda group C pyroxenites is that the

enrichment of incompatible elements at low melt/rock

ratio (atop the percolation column) is displaced to the less

incompatible elementsçsuch as MREE andTiçat higher

melt/rock ratios (i.e. lower in the column; see Vernie' res

et al., 1997, fig. 9).

In the following, we first report the results of a numeri-

cal simulation using the Plate Model of Vernie' res et al.

(1997) applied to Mg-number variations. The aim is to

evaluate whether the observed covariation of Mg-number

and modal proportions can be explained by reactive

igneous refertilization. Then, the Plate Model is used to

reproduce the convex shape of the normalized REE pat-

terns in group C clinopyroxenes with the inferred refertili-

zation process. Our purpose is primarily to explain

the enrichment of moderately incompatible elements

coupled with a strong depletion of highly incompatible

elements in the studied samples.We used the REE compo-

sition of clinopyroxene as a proxy for the whole trace-

element signature. Although peridotite/melt partition

coefficients for REE vary within a narrower range than

those for an extended set of trace elements, REE

show convex-upward normalized patterns (i.e. enrichment

of MREE relative to both LREE and MREE) that we

assume to be representative of the whole trace-element

signature. However, the clinopyroxene REE composi-

tions potentially have been modified by subsolidus equilib-

ration with plagioclase. This effect is therefore evaluated

before modelling REE variations related to reactive

porous flow.

Numerical simulation of Mg-number
variations
Model setup

Our approach is based on the Plate Model proposed by

Vernie' res et al. (1997) for the simulation of trace-element

fractionation during partial melting and reactive porous

flow in the Earth’s upper mantle. This model was adapted

to the simulation of Fe^Mg redistribution in peridotite^

melt systems by Bedini et al. (2002). Details of the proce-

dure have been reported by Ionov et al. (2005). As dis-

cussed by Hanson & Langmuir (1978), Mg and Fe can be

considered as trace elements during melt^rock interaction

processesçhence a ‘Kd approach’can be applied for model-

lingças long as the stoichiometry of the solid phases is

respected (e.g. the sum MgOþFeO must be kept constant

at 66�67mol% in olivine). In turn, the mineral stoichiome-

try imposes strong limitations on the extent of Mg^Fe

exchange between solid and liquid phases. To avoid

mineral stoichiometry violation, the total inverse method

of Tarantola & Valette (1982) is used to constrain Mg^Fe

redistribution between solid and liquid phases after each

reaction increment. The model parameters are a priori

values for the inversion; they are fixed within variable con-

fidence intervals, depending on how well they are con-

strained by experimental and/or analytical data.

The model was applied to a reaction process involving

precipitation of clinopyroxene (cpx)þ orthopyroxene

(opx) at the expense of interstitial meltþolivine (ol).

Spinel is not taken into account for Mg-number modelling.

The mechanism of percolative fractional crystallization is

considered as a limiting case of this reaction scheme where

no olivine is dissolved. Mg and Fe mineral/melt partitions

coefficients were fixed after Ulmer (1989) for a pressure of

1�5GPa and a temperature of 12508C.They are allowed to

vary during numerical experiments to account for Mg and

Fe variations in the melt, based on experimental con-

straints (Ulmer, 1989). For the ‘parallel approach’ of

Vernie' res et al. (1997), the reaction takes the general form

fLiq0 þ Fð1� fÞOl ! ffþ Fð1� fÞ
� �

Liqr

þ ð1� f Þf qopxOpx

þ ð1� f Þf qcpxCpx ð1Þ

where Liq0 and Liqr stand for the infiltrated and residual

(¼ ‘reacted’) melts, respectively, f for residual fraction of

infiltrated melt at the onset of a reaction increment (for

simplicity f is referred to as ‘porosity’ in the following),

F for the mass fraction of dissolved olivine (relative to the

initial solid matrix), f for the mass fraction of residual melt

(relative to the initial porosity) and qopx and qcpx for the

crystallized mass fractions of opx and cpx. Reactions at
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decreasing melt mass require that ffþF(1 ^ f)5f,

which implies

F

ð1þ F � f Þ
5f: ð2Þ

Based on the average composition of the coarse granular

domain (Lenoir et al., 2001), the protolith affected by the

reaction is considered to be an olivine-rich lherzolite

(70�6 wt% olivine, 21�4wt% opx and 8�0wt% cpx).

Provided that a sufficient amount of melt is available for

the reaction, the formation of olivine-free websterite from

a harzburgite protolith may be accounted for by multiple

combinations of f, F and f in reaction (1). We performed

several experiments to evaluate the effect of the model

parameters and found that the covariations of Mg-

number and modal compositions are best monitored by

the melt/rock ratio, that is, the porosity (f) values inte-

grated over the range of increments for a given reaction

run, and the mass ratio of crystallized minerals to infil-

trated melt (R). For the parallel reaction scheme of

Vernie' res et al. (1997), R is simply given by

R ¼ 1� f : ð3Þ

f and F were arbitrarily fixed at 0�1 and 0�001, respec-

tively, whereas f was adjusted to allow variations of R.

The qopx and qcpx values were constrained by modal pro-

portions in the olivine-free websterites and fixed at 0�4

and 0�6, respectively. With the fixed f and F values, the

olivine-free websterite modal composition can be obtained

within a single run after 51000 reaction increments.

Other sets of parameters (e.g. involving lower porosity

values: f50�1) may require several runs to produce the

olivine-free websterite because the porosity will close as a

result of interstitial melt crystallization. However, as long

as the infiltrated melt composition is kept constant, the

results obtained with these approaches do not significantly

differ from those obtained with a single run.

Model results

The numerical experiment 1 shown in Fig. 11a

involves continuous infiltration of ‘primitive’ melt

(Mg-number¼ 0�745) in equilibrium with the harzburgite

protolith.This model produces only a slight decrease of the

Mg-number towards the pyroxenite (0�89 in the olivine-

free websterite, compared with 0�904 in the harzburgite).

This result is not surprising as Mg^Fe variations in this

model are strongly buffered by both the host peridotite

minerals and the continuous infiltration of primitive melt.

At high melt/rock ratios (41) the effect of the reaction is

counterbalanced by that of melt infiltration, resulting in

roughly constant Mg-number values. However, this first

model involving continuous infiltration of primitive melt

is clearly unrealistic. Whatever the main direction of

melt transport during the formation of the Tolox

layersçperpendicular to layering as in the compaction

models of Obata & Nagahara (1987), or mostly along

strike as in the channelling model of Garrido & Bodinier

(1999)çthe reaction probably involved melts that were

already differentiated as a result of earlier reaction stages.

However, the composition of melt fractions involved

during the formation of a given layer is unknown.We can

Fig. 11. Variation of the whole-rock Mg-number [Mg-number¼Mg/
(MgþFe) atomic ratio] vs modal content of olivine (wt%) forTolox
peridotites and pyroxenites, compared with the results of different
numerical experiments of Mg-number variations produced by inter-
action of a refractory harzburgite (star, Mg-number¼ 0�9043; olivine
wt%¼ 0�70) with different types of incoming melt in two sets of
numericalsimulations. (a) Set of numerical experiments where
experiment 1 shown involves continuous infiltration of ‘primitive’
melt (Mg-number¼ 0�745) in equilibrium with the harzburgite proto-
lith. The numbers on the curves refer to different numerical experi-
ments. For experiments 2^4, we modelled a multi-stage process
whereby the protolith is successively infiltrated and reacted with the
evolved melt resulting from previous, pyroxene-forming reaction
stages. In experiment 2 (curve 2), the original harzburgite protolith
is infiltrated by reacted melt in equilibrium with the final olivine-free
websterite of experiment 1. Similarly, the infiltrated melt of experi-
ments 3 and 4a are the reacted melts of experiments 2 and 3, respec-
tively. (b) Set of numerical experiments where the composition of the
infiltrated melt of stage nþ1 is calculated by mixing reacted melt
from stage n with melt in equilibrium with the harzburgite protolith
(¼ infiltrated melt of stage 1). The numbers on the curves refer to the
consecutive nth runs. In both sets of numerical models the m/r values
on the vertical lines indicate the melt/rock ratio. (See text for further
details on the significance of the numerical model parameters.)
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only guess that it lies in the interval between the value of

primitive melt in equilibrium with the harzburgite proto-

lith (0�745) and that of melt in equilibrium with the most

differentiated pyroxenite (�0�68).

To evaluate the effect of reaction with evolved melts, we

used a simplified multi-stage approach whereby the proto-

lith is successively infiltrated by (and reacts with) evolved

melt resulting from previous, pyroxene-forming reaction

stages. In run 2 (Fig. 11a), the unmodified, original harz-

burgite protolith is infiltrated by reacted melt in equili-

brium with the final olivine-free websterite of experiment

1. Similarly, the infiltrated melts of experiments 3 and 4a

are the reacted melts of experiments 2 and 3, respectively.

With this model, most of the Tolox compositions may be

accounted for by melt/rock ratios in the range 0�5^1�7 and

R values around 0�5 (f¼ 0�5). A few samples characterized

by low Mg-number values at relatively high olivine pro-

portions can be fitted either by increasing the number of

runs in the model (44) or by decreasing R (i.e. the crystal-

lization rate). Experiment 4b, for instance, was run with

the same parameters as experiment 4a, except for a lower

R value (¼ 0�1). Experiment 4c shows the result of a pure

percolation model (R¼ 0). We also ran experiments start-

ing from modally and chemically modified peridotites

(as a result of previous reaction stages) rather than from

the original, unmodified harzburgite. However, this

approach (not shown in Fig. 11) does not significantly

change our results in terms of melt/rock ratios and R values.

Between the extreme situations depicted in Fig. 11a by

experiment 1 (infiltration of primitive melt) and experi-

ments 2^4 (infiltration of evolved melt), transitional situa-

tions may involve infiltration of mixed, primary and

evolved melts. Garrido & Bodinier (1999) suggested the

formation of group C pyroxenites by refraction and chan-

nelling of upwelling partial melt atop a partial melting

domain (Sparks & Parmentier, 1991; Spiegelman, 1993;

Rabinowicz & Ceuleneer, 2005). In this model, melt chan-

nels are continuously supplied by new fractions of partial

melt from a molten peridotite source. Inspired by this

model, we ran a second set of numerical experiments

where the composition of the infiltrated melt of stage nþ1

is calculated by mixing reacted melt from stage nwith melt

in equilibrium with the harzburgite protolith (¼ infiltrated

melt of stage 1).The result of this model is shown in Fig. 11b.

In this model the contribution of reacted melt to the infil-

trated melt composition increases by steps of 10%, from

0% at stage 1 to 90% at stage 10. The results are similar

to those obtained with the model involving the infiltration

of pure reacted melts (runs 2^4 in Fig. 11a), except for the

number of runs, which must be greater to reach the lower

Mg-number values observed in theTolox samples.

The models shown in Fig. 11a and b involve melt compo-

sitions that are variable between runs but constant within a

single run. More sophisticated models involving variable

compositions of infiltrated melt during a single run are

beyond the scope of this study, mostly because variations

of melt composition cannot be constrained. In addition,

this approach would merely result in different shapes of

the Mg-number vs modal olivine covariation curves

(Fig. 11), but it would hardly change our results in terms of

melt/rock ratios and R values. Our results confirm that the

genesis of Ronda group C pyroxenites implies high melt/

rock ratios and substantial fractional crystallization of the

percolating melt. Above all, Mg-number modelling indi-

cates that most of the studied samples were formed at the

expense of melts that were already differentiated as a result

of previous reaction stages. This indicates that melt flow

probably occurred mostly parallel to layering. Altogether,

these results are consistent with formation of group C

layers in high-porosity porous-flow channels.

Subsolidus REE redistribution in
clinopyroxene

Although they may contain large amount of plagioclase

(up to 25%), Tolox pyroxenites are devoid of positive Eu

anomalies in whole-rock REE patterns (Fig. 8). Combined

with the existence of negative Eu anomalies in clinopyrox-

enes (Fig. 10), this feature may be explained either by: (1)

entrapment of interstitial melt crystallized as plagiocla-

seþpyroxene� olivine (Rampone et al.,1997); or (2) subso-

lidus crystallization of plagioclase (þ olivine) at the

expense of spinelþpyroxene (Rampone et al., 1993). In

contrast to melt entrapment, percolative fractional crystal-

lization and reactive porous flow involving interstitial crys-

tallization of plagioclaseþpyroxene segregates are

expected to generate positive Eu anomalies in whole-rocks

(Bodinier, 1988), whereas pyroxenes should be character-

ized by only minor or no negative Eu anomaly (Koga

et al., 2001). However, as discussed above, the scenario

involving refertilization by melt entrapment can be ruled

out for the studied samples because of their strong deple-

tion in highly incompatible elements (Fig. 9). In agreement

with textural evidence, this implies that plagioclase is of

subsolidus origin in theTolox pyroxenites.

Previous studies have shown that subsolidus

re-equilibration of mantle rocks in the plagioclase stability

field may greatly affect the REE composition of primary

minerals (Rampone et al., 1993). InTolox, the effect of pla-

gioclase crystallization on the REE composition of clino-

pyroxene is illustrated by the negative correlation between

EuN/Eu
� and YbN (Fig. 12) showing that plagioclase crys-

tallization causes not only Eu depletion but also HREE

enrichment in clinopyroxene. This feature is consistent

with plagioclase/clinopyroxene partition coefficients indi-

cating that Eu is selectively partitioned into plagioclaseç

compared with other MREEçwhereas HREE are more

readily concentrated in clinopyroxene (McKay et al.,

1986). Similar to the HREE, the MREE are negatively

correlated with EuN/Eu
� (not shown). However, the
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MREE/HREE ratios do not show the positive correlations

with EuN/Eu
� that would be expected from plagioclase/

clinopyroxene partitioning, indicating that ‘primary’clino-

pyroxenes had variable MREE/HREE ratios before subso-

lidus re-equilibration.

As noted above, the clinopyroxenes devoid of a significant

Eu negative anomaly (Eu/Eu� in the range 0�9^1�1) are

mostly found in websterites (notably in sample TOL-4a).

However, the websterites also contain the clinopyroxenes

showing the most pronounced negative Eu anomalies

(Eu/Eu� 50�7: sample TOL-5). The wider composition

range of websterite clinopyroxene, compared with other

rock types, reflects the highest proportion of both clinopy-

roxene and plagioclase in this facies. Primary clinopyroxene

compositions are better preserved in the core of clinopy-

roxene aggregates, whereas the most re-equilibrated com-

positions are found where clinopyroxene is dispersed

within plagioclase. In fact, all samples show a wide range

of clinopyroxene compositions that may sometimes encom-

pass the whole composition range of theTolox section. Such

small-scale inhomogeneities are more readily explained by

subsolidus re-equilibration than by higher-temperature

igneous processes.

To constrain further the effect of plagioclase crystalliza-

tion on the REE composition of clinopyroxene, we calcu-

lated the redistribution of these elements between mineral

phases resulting from the following plagioclase-forming

reaction (Takazawa et al., 1996):

0�634 Cpxþ 0�291 Opxþ 0�075 Sp !

0�6 Pgþ 0�4Ol ð4Þ

where Sp stands for spinel and Pg for plagioclase.

This reaction is applicable to lherzolite and silica-

undersaturated pyroxenite compositions such as Ronda

group C layers (Obata, 1980; Garrido & Bodinier, 1999).

The concentration of a given trace element in clinopyrox-

ene (Cr
cpx) after reaction (4) is given by

Cr
cpx¼

C0
cpxðX

0
cpxþX0

opx�K
opx=cpxþX0

ol�K
ol=cpxþX0

sp�K
sp=cpxÞ

Xr
cpxþXr

opx�K
opx=cpxþXr

ol�K
ol=cpxþXr

pg�K
pg=cpx

ð5Þ

where C0
j and Cr

j represent the initial and final concentra-

tions of a given trace element in mineral j (i.e. in the

spinel- and plagioclase-peridotite facies, respectively), X0
j

and Xr
j the initial and final modal proportions of mineral

j, with
P

X0
j ¼

P

Xr
j ¼ 1, and Kj/cpx the partition coeffi-

cient of the trace element between phase j and clinopyrox-

ene. Because of its low REE content, spinel is neglected

in these calculations. The initial concentration of REE

in clinopyroxene (C0
cpx) can be evaluated from single ana-

lyses of clinopyroxene devoid of a Eu anomaly, or showing

only subtle anomalies (0�9�EuN/Eu
��1�1; Table 3;

Fig. 10b). This approach yields an average EuN/Eu
� ratio

of 0�98 andYbN¼10 in ‘primary’clinopyroxene, consistent

with a graphical extrapolation of clinopyroxene data at

EuN/Eu
�¼1 on the EuN/Eu

� vsYbN diagram (Fig. 12).

The change in clinopyroxene composition as a result of

subsolidus plagioclase crystallization was calculated with

equation (5) for different sets of Kj/cpx values. Experiments

A and B were computed using Kj/cpx values established by

combining experimental mineral/melt partition coefficient

values compiled by Niu et al. (1996) and Be¤ dard (1994). For

experiment C, we used Kj/cpx values obtained byTakazawa

et al. (1996) from ion probe analyses of minerals in subsoli-

dus plagioclase lherzolites from the Horoman orogenic

peridotite (Hokkaido, Japan). Experiment D was

performed with Kj/cpx values obtained from LA-ICP-MS

analyses of mineral pairs in textural equilibrium in the

Tolox samples. As an initial mode, we took that of an oli-

vine^spinel websterite characterized by X0
cpx ¼ 0�35,

X0
opx ¼ 0�34, X0

ol ¼0�22 and X0
sp ¼ 0�09.

Fig. 12. EuN/Eu
� vs YbN [Eu�¼ 2�EuN/(SmNþGdN)] for clino-

pyroxene analyzed by LA-ICP-MS for a lherzolite, two olivine web-
sterites and two websterites from Tolox (symbols as in Fig. 10). The
dot^dash curves show the effect of the formation of variable percen-
tages of subsolidus plagioclase (‘pg’ labels, dashed lines) on the EuN/
Eu� and YbN of coexisting clinopyroxene. The curves are calculated
using the mass-balance subsolidus reaction determined by Takazawa
et al. (1996) and are shown for different available values of the clino-
pyroxene^plagioclase partition coefficient for Eu, Sm, Gd and Yb.
Curve A: Kd values reported by Niu et al. (1996); curve B: Kd values
reported by Be¤ dard (1994); curve C: Kd values reported by
Takazawa et al. (1996); curve D: Kd values from our study. The initial
EuN/Eu

� and YbN values of clinopyroxene before subsolidus
re-equilibration (C0,Yb¼10; black star) was obtained by graphical
extrapolation. N indicates chondrite normalized; normalizing values
after Sun & McDonough (1989). (See text for further details.)
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Each numerical experiment was run up to the formation

of 25wt% plagioclase, which is the maximum amount

of modal plagioclase observed in the Tolox pyroxenites.

The results obtained with the different sets of partition

coefficients are comparable in terms of YbN values. For

Xr
pg ¼ 0�25, for instance, all experiments show an increase

of Cr
cpx by a factor of 2�5^3�0 relative to C0

cpx. However, the

different results are variable with respect to Eu/Eu�,

depending mainly on the K
pg=cpx
Eu values used in the experi-

ments. TheTolox data are best fitted by experiments C and

D, which yield EuN/Eu
� values around 0�75 in clinopyrox-

ene at Xr
pg ¼ 0�25. These experiments use low K

pg=cpx
Eu

values (0�22 and 0�17, respectively). Experiments A and B

use higher K
pg=cpx
Eu values (1�32 and 0�67, respectively) and

generate more pronounced negative Eu anomalies in clin-

opyroxene, with EuN/Eu
�¼ 0�3^0�5 at Xr

pg ¼ 0�25.

It is worth noting that low K
pg=cpx
Eu values (50�3) are

characteristic of natural plagioclase^clinopyroxene pairs

equilibrated under subsolidus conditions. In addition to

the Horoman and Tolox examples (K
pg=cpx
Eu �0�2), this is

confirmed by the data reported by Rampone et al. (1993)

for Ligurian plagioclase lherzolites (K
pg=cpx
Eu �0�2^0�3).

The K
pg=cpx
Eu values obtained by combining experimental

mineral/melt partition coefficients are variable, mostly in

response to the variations of K
pg=melt
Eu as a function of

oxygen fugacity (Philpotts, 1970; Drake & Weill, 1975;

Wilke & Behrens, 1999). However, the accepted values for

igneous mantle processes are generally much higher that

those recorded for subsolidus re-equilibration (e.g. 0�65^

1�35; Be¤ dard, 1994; Niu et al., 1996). Interestingly, these

values are confirmed by mineral compositions in gabbro

veinlets in the Lanzo plagioclase lherzolite (Italian Alps).

These veinlets record melt extraction or/and refertilization

processes in shallow, MORB-type mantle (Boudier &

Nicolas, 1977; Bodinier et al., 1986, 1991; Piccardo et al.,

2007). The Piccardo et al. (2007) data yield K
pg=cpx
Eu values

in the range 0�7^1�5, comparable with experimental values.

The observed difference in K
pg=cpx
Eu values suggests that

the subsolidus spinel^plagioclase phase transition recorded

by orogenic peridotites occurred in more oxidizing condi-

tions than the igneous mantle processes recorded by the

same massifs. This view is supported by the oxygen ther-

mobarometry performed byWoodland et al. (1992) on the

Ronda lherzolites, showing that the plagioclase-bearing

samples are more oxidized than most of their plagioclase-

free counterparts. The fO2 variations recorded by single

samples suggest progressive oxidation during the crystalli-

zation of plagioclase. However, on the basis of larger-scale

fO2 variations,Woodland et al. considered the mild oxida-

tion attending the crystallization of plagioclase as inher-

ited from some earlier event. They noted that the

occurrence of amphibole also coincides with more oxidiz-

ing conditions and is independent of the presence of plagi-

oclase. Based on this observation and on isotope

geochemistry (Reisberg & Zindler, 1986^1987; Reisberg

et al., 1989, 1991), Woodland et al. (1992) ascribed the fO2

variations in Ronda to the percolation of an oxidizing

(and isotopically enriched) component (presumably a

fluid phase) through a reduced (and isotopically depleted)

peridotite protolith. In the light of recent works on the late,

high-temperature evolution of the Ronda massif, it seems

logical to relate this oxidizing component to the evolution

of volatile-rich, small melt fractions that percolated at a

late stage through the massif, shortly before its partial

re-equilibration in the plagioclase peridotite facies. These

melts are considered to be residual after melt-consuming

reactions developed during the receding stages of the par-

tial melting event recognized in Ronda (Van der Wal &

Bodinier, 1996; Garrido & Bodinier, 1999; Garrido et al.,

2000; Lenoir et al., 2001). These refertilization reactions

occurred mostly in the granular domainçat the expense

of which the plagioclase tectonites were developedçand

might therefore explain the oxidized character of the plagi-

oclase lherzolites. In this scheme, the possibility evoked by

Woodland et al. (1992) that evolved fluids locally fluxed the

plagioclase-forming reaction cannot be excluded.

On the same grounds, it is worth noting that the

Horoman plagioclase lherzolites, which yield low K
pg=cpx
Eu

values similar to the Tolox samples (Takazawa et al., 1996),

were also possibly formed by igneous refertilization before

their subsolidus re-equilibration in the plagioclase stability

field (Saal et al., 2001). Hence the relationships between

oxygen fugacity and mantle refertilization probably

deserves further investigation. In this frame, the distribu-

tion of Eu between plagioclase and clinopyroxene might

prove to be useful as a tool to monitor reaction processes

in orogenic peridotites, from partial melting to refertiliza-

tion and subsolidus recrystallization.

Finally, a caveat raised by our results is that the

re-equilibration of spinel peridotites and pyroxenites in the

plagioclase stability field leads to substantial HREE enrich-

ment in clinopyroxene. This enrichment largely exceeds in

amplitude the negative Eu anomaly caused by plagioclase.

Yb in cpx, for instance, is increased by a factor of three

when EuN/Eu
� decreases by about 30% (Fig. 12). Using the

REE composition of clinopyroxene to constrain melt^rock

reactions therefore requires selecting undisturbed primary

clinopyroxene compositions, devoid of significant Eu

anomalies (EuN/Eu
� in the range 0�9^1�1;Table 3).

Numerical simulation of convex-upward
REE patterns in clinopyroxene

The selected ‘primary’clinopyroxenes are characterized by

convex-upward normalized REE patterns and therefore

plot in the lower-right quadrant of the (Ce/Nd) vs (Sm/

Yb) diagram in Fig. 13. It is worth noting that some clino-

pyroxenes with significant negative Eu anomalies also

show convex-upward REE patterns (Fig. 10) and have

MREE/HREE ratios comparable with those of the

BODINIER et al. PYROXENITE^PERIDOTITEVEINEDMANTLE

21



selected, ‘primary’ clinopyroxenes, or even greater (e.g.

SmN/YbN¼ 0�9^2�0 for the whole clinopyroxene dataset,

compared with 0�9^1�7 for the ‘primary’ clinopyroxenes).

However, as noted above, subsolidus re-equilibration with

plagioclase increases HREE in clinopyroxene relative to

MREE and therefore should decrease the SmN/YbN ratio

in this mineral. Hence, one cannot exclude the possibility

that the actual composition of the primary clinopyroxenes

in theTolox section was somewhat more variable than that

recorded by the few, preserved clinopyroxenes that lack a

negative Eu anomaly (Table 3). The whole range of pri-

mary clinopyroxenes probably included compositions char-

acterized by even more convex normalized REE patterns

than those selected on the basis of Eu fractionation.

This ‘hump-shaped’ REE distribution is considered as a

proxy for the entire trace-element distribution in group C

pyroxenites, marked by selective enrichment of moderately

incompatible elements (notablyTi and MREE) relative to

more incompatible and less incompatible elements.

Cpx-rich crystal segregates and megacrysts crystallized

from enriched (alkaline) mantle melts generally display

convex-upward REE patterns (e.g. Irving, 1980; Irving &

Frey, 1984; Bodinier et al., 1987b). However, they are less

depleted in LREE than the Tolox clinopyroxenes; they

would plot in the upper part of the lower-right quadrant in

Fig.13, for (Ce/Nd)N values�0�6. Above all, alkaline crystal

segregates do not show the strong depletion in highly incom-

patible elements relative to LREE that is typical of Ronda

group C pyroxenites (Fig. 9). Melting of an enriched mantle

componentçplotting well inside the upper-right quadrant

in Fig.13çmay theoretically generate convex REEpatterns

in residual clinopyroxene. However, as discussed above,

the melting scenario is ruled out in Tolox by structural

and mineralogical evidence. In contrast, the suggestion

by Hellebrand et al. (2002) that ‘hump-shaped’ REE

patterns can record refertilization by depleted melt is con-

sistent with the structural and mineralogical arguments.

We therefore evaluated this hypothesis with a simulation of

melt-consuming, reactive porous flow aiming to reproduce

themodal andREE compositions of Ronda group C layers.

We used for modelling the Plate Model of Vernie' res et al.

(1997) in a configuration where infiltrated melts percolate

through, and react with, a peridotite column composed of

discrete ‘reaction cells’.We took the average composition of

the coarse granular subdomain as the initial composition

for the peridotite column (open star in Fig. 13). This subdo-

main has a homogeneous, mildly refractory composition

(cpx-poor lherzolite). It is considered to be residual after

the passage of the melting front (Lenoir et al., 2001) and to

represent the protolith of the layered granular subdomain

before refertilization (Van der Wal & Bodinier, 1996). As

infiltrated melt, we took the composition of aggregated

melts produced by 15% incremental melting of a mantle

source with the average composition of the spinel-tectonite

domain (closed star in Fig. 13). This region is considered as

the lithospheric protolith of the Ronda massif before the

passage of the melting front (Van der Wal & Bodinier,

1996; Lenoir et al., 2001). Modelling was performed with a

100-cell column affected by the pyroxene-forming, melt-

consuming reaction (1) previously used for Mg-number

modelling. Several experiments were run with R values

(mass ratio of precipitated pyroxenes to infiltrated melt)

ranging from 0�1 to 0�6. All experiments show similar var-

iation of the melt/rock ratio, marked by a rapid increase

from 50�1 in the upper cells to a ‘plateau’ at 1�30^1�35 in

the lower half of the column (Fig. 14a). These values are

within the range of the melt^rock ratios used for

Mg-number modelling (0�0^1�5) (see Fig. 11). Similarly,

the modal compositions vary from that of the protolith

(70�6wt% olivine, 21�4 wt% opx and 8�0wt% cpx) atop

the column to more fertile compositions, ranging from

lherzolite for R� 0�1 to olivine-free websterite for R� 0�6,

in the lower part of the column (Fig. 14b). REE contents in

clinopyroxene show markedly different evolutions from

HREE to LREE (Fig. 14c), as follows.

(1) HREE (Yb) are depleted in most parts of the

column, relative to both clinopyroxene in equilibrium

Fig. 13. Plot of (Ce/Nd)N vs (Sm/Yb)N in clinopyroxene showing the
results of numerical modelling of REE ratio variations of clinopyrox-
ene caused by reactive porous flow modelled with the ‘Plate Model’of
Vernie' res et al. (1997). N indicates chondrite normalized; normalizing
values after Sun & McDonough (1989).The curves indicate the results
of modelling for different R parameters (see text for further details).
The arrows on the curves indicate the bottom-to-top cell evolution of
melts in the reaction column. The composition of clinopyroxene for
the reactant peridotites (open star) is the average composition of the
clinopyroxene in the coarse granular peridotites of Lenoir et al. (2001).
The composition of clinopyroxene in trace element exchange equilib-
rium with the incoming melts was calculated from the composition of
aggregated melts produced by 15% incremental melting of the aver-
age composition of Ronda spinel tectonites reported by Lenoir et al.
(2001) andVan derWall & Bodinier (1996).s, Tolox pyroxenite^peri-
dotite clinopyroxene devoid of Eu anomalies (see Fig. 10b).
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with the infiltrated melt, at the base of the column, and

that in the initial peridotite, atop the column.

(2) MREE and LREE (Sm, Nd, Ce) are substantially

(Sm) to strongly (Ce) enriched in the upper part of the

column. Compared with clinopyroxene in equilibrium

with the infiltrated melt, the enrichment factor increases

with increasing incompatibility, from �3 for Sm to �50

for Ce. On the other hand, the enriched domain is increas-

ingly restricted to the upper part of the column with

increasing incompatibility of the elements. This feature

illustrates the combination of chromatographic fractiona-

tion caused by melt transport and of the source effect of

reaction in reactive porous flow systems (Godard et al.,

1995).

These REE variations result in curved trajectories in the

(Ce/Nd)N vs (Sm/Yb)N diagram (Fig. 13). Based on (Ce/

Nd)N values, two transient, enriched domains may be arbi-

trarily distinguished in the column, between the LREE-

depleted composition of the initial peridotite and that of

the infiltrated melt: (1) a lower domain characterized by

convex-upward REE patterns and (Ce/Nd)N and (Sm/

Yb)N values well inside the lower-right quadrant in

Fig. 13; (2) an upper domain characterized by strongly

LREE-enriched compositions and (Ce/Nd)N and (Sm/

Yb)N values in the upper-right quadrant. The REE com-

positions obtained in lower part of the column match the

compositions of most primary Tolox clinopyroxenes. Only

two samples distinguished by (Sm/Yb)N close to unity

and lower (Ce/Nd)N values would require a slightly more

LREE-depleted infiltrated melt composition, compared

with the other samples. In agreement with the constraints

retrieved from Mg-number modelling, this lower part of

the column is characterized by high melt/rock ratios (41)

and refertilized peridotite modes (lherzolite to websterite,

depending on R values).

In contrast, the upper part of the column is character-

ized by lower melt^rock ratios (51) and variable refertili-

zation modes (Fig. 14a and b). This domain illustrates the

segregation of residual, small melt fractions downstream of

the main, melt-consuming reaction domain. This mechan-

ism was advocated to explain strong enrichments in highly

incompatible elements observed in ‘cryptically’ metasoma-

tized mantle xenoliths (Bedini et al., 1997; Ionov et al.,

2002), as well as in the wall-rocks of alkaline dykes within

the Lherz peridotite, southern France (Bodinier et al.,

2004). In addition to highly incompatible elements, these

melts are probably enriched in volatiles. Because of their

low viscosity and solidification temperature, volatile-rich

small volume melts may migrate through relatively cold

mantle and infiltrate large volumes of lithospheric perido-

tites (McKenzie, 1989;Watson et al., 1990). Such small melt

fractions, residual after the refertilization reactions that

generated the group C layers, probably migrated through-

out the Ronda massifçincluding the preserved litho-

spheric spinel-tectonite domain (Van der Wal & Bodinier,

1996; Garrido et al., 2000). Rarely, they crystallized in the

Fig. 14. Variation of the melt/rock ratio (Fig. 14a), the total modal content of pyroxene in wt% (Fig. 14b), and the content of selected REEN in
the equilibrium clinopyroxenes (Fig.14c), from bottom to top cells of a reaction column of 100 cells obtained by modelling with the ‘Plate Model’
of Vernie' res et al. (1997) using the same input and reaction parameters as for the model shown in Fig. 13. (See text for further details.) N indicates
chondrites normalized; normalizing values after Sun & McDonough (1989).
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colder, outer part of the massif in the form of thin dykes of

LREE-enriched Cr-diopside pyroxenites (Garrido &

Bodinier, 1999). As noted above, the migration of these

small melt fractions throughout the Ronda peridotite is a

likely explanation for the fO2 variations observed in the

massif (Woodland et al., 1992).

CONCLUSIONS AND

GEODYNAMIC IMPL ICAT IONS

In the coarse-grained peridotite domain of the Ronda peri-

dotite, Garrido & Bodinier (1999) recognized a group of

Ti-rich layered pyroxenites (group C) characterized by

swarms of parallel layers of spinel^plagioclase (� olivine)

websterite and plagioclase lherzolite, intercalated with thin

peridotite layers. Group C pyroxenites occur only in

the Ronda layered coarse peridotite subdomain and the

plagioclase-tectonite domain, which is located about

100m beneath the recrystallization front. Our geochemical

data and numerical modelling indicate that layered group

C pyroxenites near the village of Tolox were formed by

replacement of peridotites by melt-consuming reactions at

pressure and temperature conditions close to the peridotite

solidus.

The field characteristics and modal variations of the

Ronda group C pyroxenites are reminiscent of those

observed in gabbro sills at the Moho transition zone of

the Oman ophiolite (Boudier & Nicolas, 1995; Korenaga

& Kelemen, 1997) and other ophiolites (Marchesi et al.,

2006), which are interpreted as segregates crystallized at

the thermal boundary layer represented by the oceanic

Moho. Garrido & Bodinier (1999) suggested the formation

of group C pyroxenites by refraction and channelling of

upwelling partial melt atop a partial melting domain

represented by the Ronda recrystallization front. Lenoir

et al. (2001) have shown that the recrystallization front cor-

responded to a thermal boundary layer. Numerical models

of oceanic spreading centres show that melt migration

beneath a thermal boundary layer generates a high-poros-

ity boundary layer as a result of dilation of the porous

matrix near the solidus, where melt is being accumulated

and/or frozen beneath the thermal boundary layer (Sparks

& Parmentier, 1991; Spiegelman, 1993). Rabinowicz &

Ceuleneer (2005) demonstrated that a decompaction chan-

nel located between the thermal boundary layer and the

mantle upwelling may cause magma accumulation if

there exists a dramatic drop in the amount of interstitial

liquid in this channel. A similar scenario could be envi-

saged for the formation of the Ronda group C pyroxenites

during rifting and thinning of subcontinental lithospheric

mantle.Thermal erosion and melting of the subcontinental

lithospheric mantle resulted in a thermal boundary layer

beneath which melt accumulation occurred in a decom-

paction zone. The strong melt localization and high

melt/rock ratios implied by the formation of the group C

pyroxenites are accounted for by refraction and channel-

ling of percolating melts below the freezing horizon repre-

sented by the recrystallization front constituting the base

of the eroded subcontinental lithosphere. In this scheme,

the group C layers would trace the position of the solidus

isotherm receding down to gradually deeper mantle levels

upon thermal relaxation and cooling. Although strongly

heterogeneous on a centimeter to tens of meter scale, the

Ronda ‘layered granular’ subdomain and the ‘plagioclase-

tectonite’ domains are, on average, significantly more fer-

tile than the residual ‘coarse granular’ subdomain. These

compositional differences suggest that such a process

induced refertilization of the melted lithosphere.

Finally, plagioclase in Tolox samples is of subsolidus

origin, demonstrating that melt^rock reaction processes

involved in the fertilization of Tolox peridotites occurred

in the spinel facies under P^T conditions roughly similar

to those recorded for the development of the Ronda recrys-

tallization melting front (Garrido & Bodinier,1999; Lenoir

et al., 2001). In Alpine orogenic peridotites, formation of

plagioclase peridotites has been ascribed either to sub-

solidus re-equilibration of spinel peridotites or to igneous

fertilization by basaltic melts of peridotites in the plagio-

clase lherzolite facies (Pognante et al., 1985; Bodinier, 1988;

Rampone et al., 1993, 1995, 1996, 1997; Bodinier & Godard,

2003; Piccardo et al., 2007). In Ronda, as in abyssal perido-

tites, igneous fertilization in the plagioclase lherzolite

facies (51�0GPa) would imply melt^peridotite reactions

involving igneous plagioclase in a thermally eroded and

extremely thinned lithosphere (533 km). Alternatively,

melt^rock reactions in Ronda occurred mostly in the

spinel facies and therefore in a thicker, though thinned,

continental lithosphere (1�5GPa, �50 km; Garrido &

Bodinier, 1999; Lenoir et al., 2001). These spinel-facies rocks

were subsequently equilibrated at subsolidus P^T condi-

tions in the plagioclase lherzolite field as originally pro-

posed by Obata (1980).
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