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Samenvatting (summary in Dutch)

Experimenteel werkgedurendede laatstedecennia Wijsterop datboven-mantelgesteenten
in vergelijking tot korst-gesteenten relatief sterk zijn (bijv. Carter en Tsenn 1987). Deze
sterkte van de boven-mantel heeft belangrijke implicaties voor het mechanisch gedrag
van de lithosfeer tijdens orogeneseen bekken-ontWikkeling, en rechtvaardigt geologische
onderzoek naar de geometrie en kinematiek van de deformatie zowel als naar de thermische
Tesponsen rheologischgedragvan boven-mantelgesteenten tijdens orogenese. Dit proefschrift
getiteld "Deformatie processen in mantel peridotieten" betrefteenin principeveldgerichte
studie naar zulke gegevens toegespitst op de ultramafische gesteenten van het westelijke
Middellandse zee gebied en de betekenis van de gesteenten in de context van de recente
geologische geschiedenis van het gebied. Ais rode draad door dit proefschift fungeren de
resultaten van een gedetailleerde struetureleen microstrueturele analysevan het westelijke
Ronda massief in de westelijke Betische Cordilleren van zuid-west Spanje.
In vergelijking met korst-gesteenten zljn er betrekkelijk weinig technieken beschikbaar
om de kinematiek van ductiele deformatie in boven-mantel gesteenten te onderzoeken.
In hoofstuk2 worden twee nieuwe technieken onderzocht, te weten een microstructurele
techniekgebaseerdopolivijnvorm-voorkeursmaakselseneenveldtechniekwelkevoortbouwt
op het strueturele concept van vergenties in een gelaagd gesteentepakket. Hetolivijn vorm
voorkeursmaaksel is een karakteristieke olivijn microstruetuur welke ontWikkeld is onder
een hoek met de dominante foliatie in peridotieten van de Emo-Tobbio peridotiet
(llgurische Alpen, NW Italie). Aangetoond wordt dat de monocliene symmetrie van deze
microstruetuur gebruikt kan worden om de bewegingszin tijdens de deformatie te
bepalen.Hetvergentie<:onceptgebruiktdeasymmetrievaneensamenstellingsgelaagdheid,
ten opzichte van de zich vormende foliatie, om onder een aantal gespecificeerde
voorwaarden uitspraken te kunnen doen over de beweginszin.
Deels met behulp van de technieken ontwikkeld in Hoofstuk 2 wordt in Hoofdstuk 3
de struetuur van de Ronda peridotiet bestudeerd. Het massief blijkt een drietal kilometer
schaal structurele domeinen te bevatten welke ontWikkelden gedurende verschillende, in
de tijd gescheiden stadia van het orogene proces. In volgorde van afnemende relatieve
ouderdom worden deze domeinen gekarakteriseerd door intens vervormde granaat
houdende peridotieten in het noord-westelijke deel van het massief, granulaire spinel
peridotieten in het centrale deel van het massief, en vervormde plagioclaas-houdende
peridotieten in het oostelijke en zUid-oostelijke deel. De granaat-houdende peridotieten
bestaan voomamelijk uit spinel tektonieten, relatief homogeen ontwikkeld op de schaal
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van hetdomein, welkedoorsnedenworden door sterkvervormdegranaat-spinel myloniten
ontwikkeld op 100 m schaal. Deze structurele overgang weerspiegelt een toenemende
graad van gelokaliseerde vervorming onder metamorfe condities welke geleidelijk
veranderden van de Ariegietfacies (d.L het diepere deel van de spinel-peridotiet facies,
O'Hara 1967) naar de granaat-peridotiet facies. De granulaire peridotieten ontwikkelden
ten koste van de eerder gevormde granaat-houdende peridotieten tijdens een latere fuse
van statische rekristallisatie in het Seiland veld van de spinel-peridotiet facies, derhalve
onder beduidend lagere drukken dan de granaat-houdende peridotieten. Dit stadium van
rekristallisatie leidde tot een zo goed als volledig uitwissen van de structuren en
mikrostructuren gerelateerd aan de granaat-houdende peridotieten. Het rekristallisatie
front is bewaard gebleven en vertegenwoordigt een abrupte structurele en petrologische,
en mogelijk ook een geochemische discontinui"teit in de Ronda peridotiet. De plagioclaas
peridotieten, in het verleden beschreven als een relatief homogeen vervormd domein
(Darot 1973, Obata 1980), beslaan in werkelijkheid twee verschillende schuifzone
structuren met een tegenovergesteld bewegingszin. De jongste structuur is geassocieerd
met tektonische lenzen afkomstig uit de midden-korst, hetgeen aangeeft dat de jongste
structuur in de plagioclaas peridotieten gerelateerd is aan het schuiven van het Ronda
boven-mantel fragment in de Betische korst.
De relatieve ouderdomsrelaties van de drie structurele en metamorfe domeinen in het
Ronda massief vormen de basis voor een thermisch gerichte studie in hoofstuk 4. Hierbij
wordt gebruik gemaakt van pyroxeen thermometrie om de heersende temperaturen
tijdens de ontwikkeling van de hierbovengeschreven domeinen te bepalen. De pyroxeen
thermometrie gegevens wijzen op een therrnische geschiedenis van de Ronda peridotiet
gekarakteriseerd door hoge temperaturen (>10000) gedurende een groot deel van de
opheffingsgeschiedenis ([ubia en Cuevas 1986), doch onderbroken door een belangrijke
fasevanafkoeling (~850OC) tijdens deontwikkeling vande granaat-houdendeperidotieten.
Bestaande microstructuur studies naar de mechanische eigenschappen van mantel
gesteentenbaseren zichveelal opempirische relatie tussenexperimenteelgerekristalliseerde
olivijn korrelgrootteen differentielespanning (piezometrie). Recentis echter gebleken dat
er groteonzekerhedenbestaan indegemetenspanningeninzgn. solid-mediumdeformatie
apparaten van het Griggs-type (Green en Borch 1990). Dit maakt de toepassing van de in
de literatuur gepubliceerde empirische relaties hoogst twijfelachtig. Met het oog op deze
onzekerheden worden in Hoofstuk 5 een tweetal nieuwe empirischerelaties afgeleid op
basis van een eerdere experimentele studie van Chopra en Paterson (1981, 1984) waarbij
natuurlijke peridotieten werden gedeformeerd in een zgn. gas-medium deformatie
apparaat van het Paterson-type (paterson 1970). In tegenstelling tot de eerdere solid
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medium experimenten vertonen deze experimenten, door de aard van de experimentele
opstelling, verwaarloosbare onzekerheden in de gemeten spanningen. Aan de hand van
een microstructureel georienteerde studie van het experimenteelgedeformeerde materiaal
worden nieuwe piezometers gecalibreerd, welke toepasbaar zijn op natuurlijke
gehydrateerde peridotieten. Hierbij wordt uitgebreid aandacht besteed aan mogelijke
beperkingen op de toepasbaarheid van deze piezometers ten gevolge van factoren als de
aanwezigheid van water in het gesteente, temperatuur en de deformatie geschiedenis. De
verkregen resultaten worden gebruikt in Hoofdstuk 6 om de rheologische betekenis van
de deformatie structuren in de Ronda peridotiet te bestuderen. Op basis van de
mikrostructurele gegevens wordt geconcludeerd, dat met name de structurele overgang
van spinel-tektoniet naar granaat-spinel myloniet, op dieptes waar de boven-mantel als
erg sterk verondersteld wordt, tot een belangrijke verzwakking van de mantel geleid kan
hebben.
Bovenstaandegegevensworden in Hoofdstuk 7gebruiktom bestaande werkhypothesen
voor het ontstaan van het hUidige W Middellandse zee gebied en de ontsluiting van
mantel peridotieten in de regio te evalueren. Dit leidt tot een tektonisch scenario,
consistent met zowel de interne karakteristieken van de Ronda peridotiet als met andere
geologische en geofysische gegevens waarbij de granaat-houdende peridotieten worden
geassocieerd met het bovenblok van een zone van significante onderschuiving en
mogelijk subductie. Het afbreken van koude en daardoor gravitatief onstabiele lithosfeer
(Platt en Vissers 1989, Blanco en Spakman 1993) heeft mogelijk geleid tot convectief
opwellen van heet asthenosferisch materiaal tot op de plaats van de eerder gevormde zone
van verdikte lithosfeer. Dit kan een verklaringvormen voor het statisch rekristalliseren en
ontwikkelen van granulair peridotieten in de overblijvende lithosferische boven-mantel
gesteenten in het bovenblok, voor het ontstaan van een lage-druk / hoge-temperatuur
metamorfe serie in de crustale eenheden naast en onder de Ronda peridotiet (Loomis
1972a), voor de recentelijke magmatische activiteit (forres Roldan et al. 1986, Rema"idi et
aI. 1991), alsmede voor het thermisch gedreven omhoogkomen (England en Houseman
1986) van mantel gesteenten door het Seilandveld tot in de plagioclaas peridotiet facies.
Vanuit deze, structureel hoge, positie konden fragmenten van de boven-mantel, nu
ontsloten in de ultramafische massieven van het W Middellandse zee gebied, verplaatst
wordenlangssubhorizontaleplagioclaas-houdendeductielebreuk-zonestijdensgravitatief
gedreven tectonische denudatie van de Betische lithosfeer in een stadium voorafgaand
aan het ontstaan van de Alboran zee door thermische daling.
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Introduction and summary

CHAPTER 1

Introduction and summary.

1.1 Aims and backgrounds of this study
Since the introduction ofplate tectonics it has becomeclear that tectonic activity is closely
associated with plate boundary processes, in response to the movement of relatively rigid
lithospheric plates. This implies that tectonic processes are at least in part controlled by
the mechanical properties of the lithosphere. The composition of the lithosphere is
strongly heterogeneous. The upper part, Le., the crust, is dominated by quartzite and
feldspathic compositions. The mechanical behaviour of the crust is therefore reasonably
approximated by quartz and feldspar dominated rheologies. The upper mantle is mainly
made up of peridotite, such that its mechanical behaviour can be approximated by that
of poly-crystalline olivine. Experimental rock deformation studies performed over the last
two decades indicate that for common continental geotherms the strength of the
lithosphere is concentrated in the peridotitic upper mantle (e.g. Goetze and Evans 1979,
Kirby 1985, Carter and Tsenn 1987). A typical strength profile across the lithosphere is
shown in Fig. l.lb.
The study of mountain building and basin development thus requires accurate
knowledge of deformation processes operating in the lithospheric upper mantle. This
motivates geological studies concerned with the geometry and kinematics of upper
mantle deformation and with the thermal evolution of the upper mantle in orogenic
areas. In addition, as any understanding of tectonic processes necessarily requires
consideration of the forces responsible for tectonic activity, there is need for detailed
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Fig. 1.1: The mechanically (MBL) or thermally (MBLtTBL) defined lithosphere in relation to (a): the
"dry" and "wet" solidus, an average shield geotherm and the graphite-diamond transition, (b) a typical
strength profile of the lithosphere and (c) the depth range from which lithospheric mantle rocks may
be sampled by geological and geophysical techniques.

rheological information, hence for geological techniques to extract this information from
naturally deformed upper mantle rocks, in order to constrain the rheological properties
of the mantle sections involved.
Direct studies of upper mantle processes are necessarily confined to the limited
exposure ofupper mantle rocks in peridotite massifs and upper mantle xenoliths sampled
by volcanic vents (Fig. l.lc). Most orogenic belts include ultramafic massifs of variable
sizes composed of metamorphic lherzolites and/or harzburgites. It is reasonable to
suppose that tectonic activity may lead to significant structural and chemical heteroge
neity in the upper mantle. Ultramafic massifs are therefore main sources of direct
information on the behaviour ofthe upper mantle during orogeny, and on the nature and
scale at which mantle heterogeneities develop underneath orogenic regions. Many
peridotite massifs indeed show a complicated heterogeneous structure (Nicolas 1984,
1986, Druryetal. 1991), regionally variable metamorphic assemblages (e.g. Obata 1980),
and a heterogeneous trace element and isotope geochemistry (McDonough and Frey
1989, Menzies and Dupuy 1991 and refs. therein). Geological studies aiming-to under
stand upper mantle processes allied with orogenic activity should therefore focus on such
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heterogeneous peridotite massifs.
This thesis aims to study upper mantle deformation processes in a case study of the
Ronda peridotite in the Alpine Betic Cordilleras of SW Spain. The choice for this massif
is motivated by its following characteristics: (i) pioneering geochemical and geological
studies have shown that the W Mediterranean peridotites are among the most heteroge
neous mantle fragments exposed at the Earth's surface (e.g. Kornprobst 1969, Dickey
1970, Obata 1980, Zindler etal. 1983, Freyet aL 1985, Suenand Frey 1987, Saddiqi etal.
1988, Pearson et al. 1989, Reisberg et aL 1991). This heterogeneity is particularly evident
in the Ronda massif of Southern Spain. Obata (1980) was the first to show that the Ronda
peridotite has preserved all three peridotite fades, Le. garnet-, spinel- and plagioclase
lherzolite facies, in an essentially coherent outcrop of some 300 km 2 • (ii) The isotopic (e.g.
Reisberg and Zindler 1986/7) and elemental (Frey et al. 1985, Suen and Frey 1987)
heterogeneityof the Ronda peridotite suggests a lithospheric origin for the Ronda peridotite
(Menzies and Dupuy 1991) as opposed to an asthenospheric origin. In addition, the recent
recovery of graphite pseudomorphs after diamond documented from the Beni Bousera
peridotite in N Morocco (Pearson et ai, 1989, Tabit et al. 1990) as well as from Ronda (G.R.
Davies, pers. comm.) point to an origin at deep lithospheric or asthenospheric levels. In
any case, it follows that the Ronda and other W Mediterranean peridotites have preserved
imprints of successive stages in their history of uplift and eventual emplacement in the
crust. (iii) A third reason motivating the present choice for the Ronda peridotite is its
geologically young emplacement age (-22 Ma; Priem et al. 1979, Zindler et aI. 1983).
Marked gravity highs underneath the W Mediterranean (Bonini et aI. 1973) indicate that
tectonic processes in the region are still active. The onshore peridotite exposures can thus
be expected to contain (micro)struetures and metamorphiC assemblages related to a still
active geodynamic setting that can also be studied independently by geophysical
observation such as to provide tests for geology-based working hypotheses and vice versa.
This study aims to obtain detailed information on the geometry and kinematics of
upper mantle deformation preserved in the Ronda peridotite, on the thermal history of
the peridotite body and on the rheological significance of the various structures observed,
and to evaluate these data in the context of an orogenic process in a still active tectonic
environment.
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1.2 Historical background
The inferred active role of ultramafics in lithosphere dynamics dates from the days of
Steinmann (1906) at the beginning of this century. Many uncertainties, however,
surrounded the possible mechanisms involved in the uplift and emplacement of mantle
peridotites. Among a large number of mechanisms proposed to explain the nature and
emplacement ofultramafic rocks, two major mechanisms have prevailed throughout the
years: emplacement in a partly molten state (diapirism; e.g. Hess 1938) and emplacement
in the predominantly solid state (e.g. De Roever 1957).
Den Tex (1969) was the first to introduce a structural and microstructural approach
(often referred to as structural petrology) to unravel the structural, metamorphiC and
igneous history of mantle peridotites. This approach involved correlation between
structural and metamorphic assemblages in the peridotites with those in the surrounding
crustal rocks, to yield information on the relative ages of the structures and assemblages
from which the nature of peridotite emplacement could be deduced (Den Tex 1969).
Under Den Tex' supervision, several structurally oriented case-studies of orogenic
peridotites and peridotite xenolith suites were initiatated (e.g. Collee 1963, Ave Lallement
1967, Mocke11969, Buiskool Toxopeus 1976). Work of broadly similar nature has been
continued until recently under the supervision of A. Nicolas (e.g. Darot 1973, Boudier
1976, Coisy and Nicolas 1978, Nicolas et al. 1987, 1988).
This study of upper mantle deformation processes is principally based on a structural
and microstructural analysis of upper mantle rocks, with emphasis on the Ronda
peridotite. Other data presented below are from the Erro-Tobbio peridotite (Ligurian Alps,
NW Italy) and from experimentally deformed peridotites from Anita Bay (New Zealand)
and Aheim (Norway). As compared with earlier work in natural mantle peridotites, this
study benefits from advances made since the early seventies in mechanically and
chemically oriented experimental studies in the Earth- and material sciences (e.g. Carter
and Ave Lallemant 1970, Raleigh and Kirby 1970, Boyd 1973). Such experimental studies
strongly facilitate research in natural rocks aiming to assess the geometry and kinematics
of deformation, ambient temperature conditions (thermometry) or differential stress
conditions (piezometry). Despite the advances made in recent years, there is still need for
further improvementofbasic methods and techniques with regard to both kinematic and
rheological aspects. An important part of this thesis therefore concerns further develop
ment of such techniques.
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1.3 Summary
The limited number of criteria available to assess the kinematics of ductile flow in upper
mantle peridotites motivates the search for additional kinematic indicators in these rocks.
Two such kinematic criteria are developed in Chapter 2. The first is an oblique grain shape
fabric similar to type 11 S-C fabrics well documented from quartz and caldte dominated
shear fabrics (e.g. lister and Snoke 1984). In olivine-dominated rocks, its formation
involves syn-kinematic rotation recrystallization followed by deformation-induced grain
boundary migration leading to a characteristic microstructure, oblique with respect to the
flow plane ofthe deformation. Thesecond tool involves theuseofthever;genceconcept, where
the sense of asymmetry of a pre-existing layering with respect to the shear-induced
foliation is applied to study the kinematics of upper mantle flow. These techniques are
used where possible to analyse the kinematics allied with some of the deformational
structures preserved in the Ronda peridotite.
The structures and microstructures of the Ronda peridotite form the topiC of Chapter 3.
Structural analysis shows that the Ronda massif consists of three different, km-scale
structural and metamorphic domains (in order of descending relative age): strongly
deformedgarnet-bearingperidotites, granular spinelperidotites, anddeformed plagioclase
peridotites. The gamet-bearing peridotites in the NW Ronda massif are dominated by
spinel-tectonites developed at the scaleofthe domain, which are transectedby 100 m scale
gamet-spinel mylonite zones. This structural transition reflects increasingly localized
deformation at ambient conditions changing from the Ariegite-subfacies to the spinel
garnet peridotite transition. The granular peridotites in the central part of the massif
developed at the expense of intensely deformed gamet-bearing peridotites during
pervasive annealing recrystallization at Seiland subfacies conditions. Annealing progres
sively removed most of the pre-existing fabric elements. The deformed plagioclase
peridotites include two shear zone generations with different senses of movement. The
youngest of these shear zones include tectonic lenses of crustal rocks, indicating that the
plagioclase peridotites developed dUring the early ductile stages of emplacement of the
massif.
The relative age relations of the different structural and metamorphic domains form the
basis to study the thermal and tectonic history of the Ronda massif, as each domain can
be related to events recorded at specific upper mantle, and eventually, lower crustal leVels.
Microstructurally controlled pyroxene geothermometry is used in Chapter 4 to quantify
ambient temperatures. Uplift of the Ronda massif essentially occurred at high tempera
tures, however, a stage of significant cooling of at least 250°C. in the upper mantle
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preceeded further high-temperature uplift towards crustal levels.
Existing inaccurades in flow stresses measured in solid-medium deformation experi
ments (Green and Borch 1990) have motivated a study of the flow-stress dependence of
olivine recrystallizedgrain size and subgrain size in experimentally deformed Anita Bay and
A.heim dunites (Chopra and Paterson 1981, 1984). These latter experiments employed a
gas-medium deformation apparatus free ofsuch uncertainties in flow stress values. On the
basis of this experimentallydeformed material, new recrystallized grain size and subgrain
size piewmeters are developed in Chapter 5, and factors such as water-content and
deformation history affecting these piezometers are identified and quantified. The results
areusedinChapter6toinvestigatetherheologicalsignificanceofthevariousdeformation
structures preserved in the Ronda peridotite.
Finally, all of the above data are used in Chapter 7 to test current hypotheses on the
tectonic setting and mode ofuplift and emplacementofthe WMediterranean peridotites,
to arrive at a tectonic scenario consistent with their internal features as well as with other
geological and geophysical data from the region as a whole. The garnet-bearing peridotites
of the Ronda massif are interpreted to reflect progressive ductile deformation in the
hanging wall ofa major zone ofunderthrusting (subduction). Subsequent detachment of
cool, gravitationally unstable lithosphere (Platt and Vissers 1989, Blanco and Spakman
1993) presumably induced convective counterflow of hot asthenospheric mantle replac
ing the detached lithosphere. Such ascent of asthenospheric mantle accounts for
thermally induced annealing recrystallization in the upper mantle hanging wall reflected
by the granular fabrics at Ronda, for the development of LP fades series in crustal
sequences adjacent to the peridotites, and probablycontributed to uplift of the peridotites
through Seiland subfades conditions into the plagioclase stability field. It is inferred that,
once uplifted to depths ofaround 30 km, fragments of the upper mantle now represented
bythewestemMediterraneanperidotites becameexhumedalonglow-pressure, plagioclase
tectonite shearzones, i.e., major upper mantIeextensional faults accommodating gravity
driven tectonic denudation. Upon final emplacement, these ductile wnes evolved into
cataclastic fault zones.
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CHAPTER 2

Kinematic studies in mantle peridotites. *

2.1 Introduction
Structural studies in middle and lower crustal rocks have shown that the bulkdeformation
imposed on these rocks is often localized within ductile shear zones (e.g. Ramsay and
Graham 1970, White et aI. 1980). This has motivated structural research into the
kinematics of ductile flow in such zones and, more spedfically, into practical ways by
which various small-scale to meso-scale structures in shear zones can be used to infer
details of the kinematics of the deformation. These studies have resulted in the recognition
of a growing number of monoclinic fabric elements which may serve as kinematic or shear
sense indicators (e.g. Nicolas and Poirier 1976, Lister and Williams 1979, Platt and Vissers
1980, White et aI. 1982, Simpson and Schmid 1983, Passchier and Simpson 1986) and
include both microstructural properties such as grain size and shape and textural
properties of crystal aggregates (lattice preferred orientation or LPG patterns).
Mainly as a result of their km-scale compositional and structural homogeneity, there
is less evidence for strain localization in peridotite massifs. To resolve the kinematics of
mantle deformation, olivine LPG patterns have traditionally received disproportionate
attention as compared with othercriteria (see e.g., CoHee 1963, Den Tex 1969, Darot 1973,

*Parts of this chapter have been published as: Van der Wal, D., Vissers, R.L.M., Drury, M.R., and
Hoogerduijn Strating, E.H. 1992. Oblique fabrics in porphyroclastic Alpine-type peridotites: a shear
sense indicator for upper mantle flow. J. Struct. Geol. 14: 839-846.

7

Chapter 2
Boudier 1978, Tubia and Cuevas 1986). There are, however, two important limitations of
LPO patterns in the kinematic interpretationofupper mantle structures: (i) the technique
is time-consuming and cannot be applied directly in the field, it is therefore unsuitable
to recognize deformational heterogeneities developed at the km-scale of structural
domains, (ii) there is growing awareness that LPO patterns may not be particularly reliable
kinematic indicators (Wenk and Christie 1991). The prindpal assumptions underlying
the application ofLPO patterns in kinematic studies are as follows: (i) in axial compression
the slip-plane normal is expected to orient itself parallel to the compression direction,
whilst (ii) in simple shear deformation, the "easiest" slip direction is thought to rotate
towards parallelism with the macroscopic shear direction with the "easiest" slip-plane, i.e.

the slip-plane with the lowest value of the critical resolved shear stress orienting itself
parallel to the macroscopic shear plane (the "easy slip prindple"; e.g. Law 1990). Recent
modelling of fabric development in polycrystalline olivine aggregates (Ribe and Yu 1991,
Wenk et aI. 1991) on the basis of long established principles of LPO development such as
strain compatibility (faylor 1938) and stress equilibrium (Schmid 1928) have shown that
the above assumptions should be looked at more critically and that they may not apply
in many natural cases (Wenk and Christie 1991). An additional complication involved in
the interpretation of LPO patterns of natural rocks is the largely unknown and poorly
constrained role of static or dynamic recrystallization during fabric development (e.g.
Karato 1988, Bussod and Christie 1991). It follows that kinematic interpretations of LPO
patterns are surrounded by hitherto underexplored limitations and uncertainties.
There is clearly a strong need for additional tools that can be used in mantle peridotites
to reliably assess the kinematics of mantle flow. In this chapter I will present two such
tools: (i) olivine oblique grain shape fabrics as a shear sense indicator for upper mantle flow
and (ii) an application of the vergence concept in the analysis of sheared compositional
banding and pyroxenites, to assess deformational heterogeneities and kinematic frame
work at the scale of the domain.

2.2 Oblique fabrics in orogenic peridotites
Awell-known monoclinic fabric element in deformed crustal rocks is a grain-shape fabric
of elongate recrystallized grains, oriented oblique to the dominant mylonitic foliation.
These structures are currently referred to as oblique fabrics (e.g. Law et al. 1984), and form
the S component of type II S-C mylonites (lister and Snoke 1984). Oblique fabrics have
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been described from shear zones in many different rock types including quartzites (e.g.
Lister and Snoke 1984, Law et al. 1984, Platt and Behrmann 1986, Burg 1986, Dell'Angelo
and Tullis 1989) and carbonate rocks (Simpson and Schmid 1983, Schmid et al. 1987, De
Bresser 1989), as well as from experimentally deformed analogue materials such as ice
(Bouchez and Duval 1982, Burg et al. 1986) and octochloropropane Oessell 1986). A
microstructure r~milar to the oblique fabrics reported from crustal shear zone rocks occurs
ina kilometer-scale high-temperature shearzone developed in the ErrOoTobbioperidotites
of the Voltri massif (Ligurian Alps, NW Italy). Below, this oblique microstructure and its
development are examined in order to investigate its potential as a shear sense indicator
for high-temperature non-<:oaxial flow in the upper mantle.

Geological setting
The Voltri Massif in the ligurian Alps includes the largest exposure of ultramafic rocks in
the Alpine suture zone (inset Fig. 2.1). The massif is located at the southernmost extremity
of the Alpine are, immediately NW of Genova, and is separated from the Apennines to the
east by the Sestri-Voltaggio zone. Previous work (Chiesa et al. 1975, Piccardo et al. 1977)
has shown that the large-scale structure of the massif is dominated by a number of sub
horizontal thrust sheets, dismembered by younger N-S trending faults. The uppermost
thrust sheet is made up of a subcontinental to transitional, lherzolite-dominated
peridotite body, the ErrOoTobbio peridotite.
The microstructure concerned occurs in lherzolites exposed in the eastern part of the
Voltri massif, in the area around Mt. Tobbio (Fig. 2.1). The main thrust contact between
the ErrOo Tobbio peridotite and underlying serpentinites is strongly dissected by dextral
and sinistral oblique slip faults, but coherent outcrop of the Erro-Tobbio peridotite occurs
around Mt. Tobbio in the eastern part of the map area as well as further west in the
Gorzente river section and around Mt. Tugello.ln these exposures, which are less affected
by later movement zones, a gradual transition occurs over a distance of several hundreds
of meters between granular, virtually undeformed peridotites in the north and intensely
foliated, porphyroclastic peridotite tectonites to the south (Drury et al. 1990, Vissers et al.

1991). The transition is marked by a gradually increasing intensity of the tectonite
foliation and a decreasing angle between foliation and pyroxenite layers, suggesting an
increasing strain from the granular peridotites towards the strongly foliated tectonites. In
the more intensely deformed rocks, elongate and locally asymmetric pyroxene
porphyroclast systems (passchier and Simpson 1986) define a stretching lineation, which
runs sub-horizontal in the Gorzente River section, but is more steeplyoriented around Mt.
Tobbio, presumably as a result ofrigid body rotations related to alpine imbricate stacking.
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From the map pattern (Fig. 2.1) it is evident that the tectonites occur in a km-scale wne
of localizeddeformation. Minor butsystematicchanges in the orientationofthe tectonite
foliation over distances of the order of 50 meters associated with small variations in the
angle between pyroxenite layers and the foliation probably reflect variations in strain
magnitude. However, apart from such variations, the structures are remarkably homoge
neous at outcrop to 50 meter scale. lbis suggests that the oblique microstructures
described below are unrelated to local heterogeneities of the flow field.
Thermobarometry by Hoogerduijn Strating (1991) indicates that deformation in the
tectonite shear zone occurred at temperatures> 9500C in the spinel lherzolite stability
field, which implies that the tectonites formed in the upper mantle and that they are
umelated to the later stages of deformation associated with emplacement The tectonites
and adjacentgranular peridotites are interpretedas a relictofa km-scale shear zone system,
formed during localized non-coaxial flow in the upper mantle at the onset of lithosphere
extension and continental breakup, prior to the development of the Piemonte ligurian
ocean (Vissers et al. 1991).

Microstructures
The microstructure of thetectonites is dominated by aligned elongate and tabular olivine
grains, parallelto the longdimensionsofstretchedorthopyroxenesandpartlyrecrystallized
clinopyroxene aggregates (e.g. Boullier and Nicolas 1975, Drury et al. 1990). However,
several samples from the Erro-Tobbio tectonites (labelled MfS5, E8929 and VGR7, sample
localities shown in Fig. 2.1) show a microstructure characterized by elongate olivines
oriented at angles of 25· to 40· to the tectonite foliation (Fig. 2.2a) similar to the 50
componentofa type II 50C mylonite as definedby lister and Snoke (1984). Unfortunately,
late serpentinization and weathering completely conceal the oblique microstructure in
outcrop, such that its extent is as yet poorly documented. Une drawings on the basis of
photomicrographs (Fig. 2.2b) show the details of the deformation and recrystallization
microstructures which, at first inspection, are not immediately obvious due to a strong
lattice preferred orientation and a variable degree of serpentinization. Serpentinization,
in particular, oftenobscures the obliquemicrostructure, however, in somecases it strongly
accentuates a grain boundary alignment.
Themicrostructureshown in Fig. 2.2 is oriented such thatthe tectonitefoliation defined
by stretched pyroxenes and elongate spinel aggregates is horizontal (shown at bottom of
Fig. 2.2a). Oblique to this foliation, a grain shape fabric is defined by slightly inequant to
highly elongate olivine grains. The elongate grains commonly dominate the microstruc
ture (-70%), they show aspect ratios ofup to 5:1 and have smoothlycurved to serrategrain
11
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a

b

Fig. 2.2 a) Photomicrograph of oblique fabric, sample MrS 5. Oriented clinopyroxene aggregates at
bottom of micrograph define tectonite foliation shown horizontal. Scale bar 2 mm. b) Une drawing of
the oblique microstructure within inset shown in (a)

a

c

b

[100]

[010]

[001]

Fig. 2.3 (a) Photomicrograph, (b) AVA-diagram and (c) corresponding LPO diagram of oblique fabric,
sample E 8929. Scale bar 1 Mm. Black dots in fabric diagrams correspond to non-shaded grains, open
circles to shaded grains. For further explanation see text.

boundaries. The grain size of the olivines ranges between 0.2 and 2 mm, with average
values of O.S mm. Kink-type subgrain boundaries are < 10° to (100), and are mostly
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oriented at somewhat larger angles (70-SO") to the tectonite foliation than the oblique
grain shape fabric. It appears that at least some grain boundaries are high-angle kink-type
boundaries.

Lattice preferred orientation patterns
The lattice preferred orientation (LPO) patterns of the tectonites in general, determined
optically in thin sections oriented parallel to the stretching lineation and perpendicular
to the foliation, are dominated by point maxima of olivine [100] and (partial) girdles of
olivine [010] and [001] (HoogerduijnStratingetal.1990, HoogerduijnStrating 1991). LPO
patterns in domains with the oblique fabric show slightly different characteristics, i.e., a
double point maximum distribution of olivine [100] and [001] (Fig. 2.3c). The dominant
(100] concentration is oriented close to the tectonite lineation, while a second concentra
tion is oriented at a large angle (70) to this dominant maximum and at a small angle to
the trace of the oblique fabric. Olivine [010] is concentrated in a point maximum within
the plane of the foliation and perpendicular to the stretching lineation. Olivine [001] also
shows a double maximum pattern, with the dominant concentration sub-perpendicular
to the foliation and a second maximum close to the lineation. Abimodal LPO pattern in
association with an obliquegrain shape fabric has alsobeen reported from eXperimentally
deformed polycrystalline ice (Bouchez and Duval 1982).
AVA analysis
In order to investigate the topology of the bimodal olivine [100] and [001] distributions,
Iapplied an AVA analysis (Achsen-Verteilungs-Analyse, Sander 1950) ofa sample with the
obliquefabric and associated bimodal lattice preferred orientation patterns (Fig. 2.3). TIlis
analysis shows, that the two point maxima of olivine [100] and [001] are related to two
classes of grains, with the dominant olivine [100] and [001] point maxima corresponding
to the non-shaded grains in Fig. 2.3b, whilst the secondary point maxima are related to
the shaded grains.
These two groups of grains will now be considered in some detail. From careful

inspection of Fig. 2.3b itfollows, that some microstructural differences existbetween both
grain groups. The non-shaded grains are often relatively large, they show the highest
aspect ratios and commonly host the (100) tilt walls. Instead, the shaded grains are much
smaller and show lower aspect ratios. They tend to occur in elongate clusters, with
dimensions similar to those of the large, non-shaded grains. They also occur as narrow
elongate grains, located at the grain boundaries of the non-shaded grains. Note also that
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a: Nucleation

b: Overgrowth

-.1

Fig. 2.4 Diagram showing expected effect of (a) nucleation recrystallization versus (b) progressive
overgrowth, on dislocation density distribution. The newly recrystallized phase (shaded: unfavourably
oriented grains in the nucleation case and favourably oriented grains in the overgrowth case) will have
the lowest dislocation density. Arrows indicate direction of grain boundary migration.

tilt walls sub-parallel to (100) are distinctly less common in the shaded grain group.
The traces shown in the individual grains have been drawn parallel to the trace of the
olivine (001) plane, which is known as a high temperature olivine slip plane (Carter and
Ave Lallemant 1970). As all high-temperature slip systems ofolivine are of the form {Old}
(Carter and Ave Lallemant 1970, Phakeyet al. 1972), it follows that the non-shaded grair.
group is oriented favourably for intracrystalline slip on the high-temperature olivine slip
systems, and that the shadedgrain group is unfavourablyoriented for sHpon these systems,
both with respect to feasible orientations of the kinematic framework during develop
ment of the foliation in the tectonite shear zone (oriented horizontal in Fig. 2.3).
Disloaltion substructure

Two different recrystallization mechanisms can account for the microstructure of the
unfavourably orientedgrains located at the grain boundaries oflarge, favourably oriented
grains: (i) nucleation recrystallization, i.e. the unfavourably oriented grains may have
nucleated at high-angle kink-type boundaries during deformation, and (it) progressive
overgrowth of unfavourably oriented grains by favourably oriented grains (Bouchez and
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Fig. 2.5 Backscattered electron micrographs of dislocation substructures in olivine grains with oblique
micro-structure (sample MTS 5). Left column shows dislocation densities of favourably oriented grains,
right column shows dislocation densities of unfavourably oriented grains. Scale bar in all micrographs 2
~.
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ROllldon
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migration recryslalllzation
and graln growth

deformation Induced
migration recrystallization

Fig. 2.6 Synoptic diagram illustrating the Inferred evolution of the oblique grain shape fabric during
progressive dextral shear. The shaded grain becomes unfavourably oriented for high temperature flow
due to rotation recrystallization, such that slip on the easy slip systems becomes difficult. Other slip
systems are activated instead, leading to tangling of dislocations and an increase of the dislocation
density, which drives deformation induced grain boundary migration.

Duval 1982, Urai et al. 1986, Drury and Urai 1990). These two alternatives are illustrated
in Fig. 2.4a and b, respectively. In each case the newly recrystallized phase would be
expected to show the lowest dislocation density, so the two different options may be
discriminated by investigating the dislocation substructure of both grain types. In order
to do this, the dislocations in the samples have been decorated at 900°C for a time span
of 20 minutes according to the decoration technique described by Kohlstedt et al. (1976)
and extended by Karato (1987). This method allows a first order approximation to the
dislocation densities in the two grain types. Fig. 2.5 shows the dislocation substructure of
favourably oriented grains (left column) vs. unfavourably oriented grains (right column).
With the number of decorated dislocations per unit area as a measure of the dislocation
density, it follows that the dislocation density of the unfavourably oriented grains ranges
from about the same to approximately twice the dislocation density of the favourably
oriented grains. This can possiblybeexplained by tangling ofdislocations in unfavourably
oriented grains, during slip on non-easyslip planes, resulting in a high dislocation density.
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The dislocation densities suggest that the unfavourably oriented grains are remnants With
high dislocation densities rather than newly nucleated grains With low dislocation
densities, and that migration recrystallization during deformation led to progressive
overgrowth of the unfavourably oriented grains by favourably oriented ones.
Discussion

Based on the above microstructural observations the folloWing deformation and
recrystallization mechanism is suggested to explain the development of oblique fabrics
in the high-temperature tectonites of the Erro Tobbio lherwlite. A dominantly simple
shear deformation will cause intracrystalline slip on the olivine high-temperature slip
systems (Fig. 2.00). With progressive strain, (100) tilt walls develop and a subgraln
boundary alignment initiates an oblique fabric. With progressive shear, shown dextral in
Fig. 2.6, the tiltwalls rotate into high-angle grain boundaries or kinks (Fig. 2.6b), and some
of the favourably oriented grains rotate away from their favourable orientation (subgraln
rotation), which eventually results in a bimodal LPO pattern. The grain shape fabric,
characteristic for dextral shear, is now well developed. With ongoing deformation, a
heterogeneous dislocation densitybetween favourably and unfavourably oriented grains
is introduced and deformation-induced grain boundary migration leads to progressive
overgrowth of the unfavourably oriented grains (Fig. 2.6c)
The above mechanism accounts for the oblique microstructure as well as for the lattice
fabric, by explaining these as the result of progressive subgraln rotation and deformation
induced migration recrystallization. From the geometry of the process it follows that the
sense of shear inferred from the oblique fabric should be consistent With that inferred on
the basis of an oblique orientation of the associated lattice fabrics. In the Erro-Tobbio
tectonites the sense of shear derived from the oblique fabrics is entirely consistent With
the sense of shear inferred from all other shear sense indicators. The microstructure is
effectively reset when all unfavourably oriented grains are completely consumed and
(100) tiltwallsmay form again. This allows a steady-state microstructure to develop during
ongoing flow in the shear wne.
It may be expected that oblique grain shape fabrics ofthe type described here also occur
in some lherwlite xenoliths sampled by volcanic vents. In small xenoliths, which do not
include a coarsely developed tectonite fabric defined by stretched pyroxenes, oblique
grain shape fabrics may be confused With tabular microstructures of the type described by
Mercier and Nicolas (1975). These tabular shape fabrics, however, are almost parallel to
a distinct unimodal [100] axis lattice fabric, which is readily recognized in these samples
by a large angle between kink-type tilt walls and the shape fabric, as opposed to the
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distinctly smaller angles observed in the oblique microstructure (e.g. Fig. 2.2b).

Comparison with oblique fabrics in quartzites and polycrystalline ice
Although some similarities exist between the oblique fabrics described from mylonitic
quartzites or experimentally deformed polycrystalline ice (often used as an analoque for
quartz) and the olivine microstructures documented here from deformed lherzolites, they
are quite different in many respects.
Firstly, many of the oblique grain shape fabrics in quartzose tectonites and mylonites
show much more equant grain shapes, with lattice fabrics dominated byan oblique girdle
rather thanabimodal LPOpattern. This maybe largelydue todifferences in crystallography
between the two minerals and inherent differences in the relative contribution of
potential slip systems during flow. Lister and Snoke (1984) ascribe the inequant grain
shapes to a number ofeffects, the most important of which is the progressive deformation
of small quartz grains formed by rotation recrystallization and counterbalanced by
migration of the grain boundaries tending to reset the inequant shapes. Such progressive
deformation of the obliquely oriented grains is less marked in the olivine microstructures
dominated by a kink-type glide polygonization process. However, the olivine grain shape
fabric is strongly reminiscent of some quartz microstructures dominated by prismatic
subgrain boundaries primarily controlled by slip on the quartz basal plane (e.g. Lister and
Snoke, 1984, their Fig. lOc).
A second apparent inconsistency between the olivine oblique grain shape fabrics
studied here and oblique grain shape fabrics developed in experimentally deformed
polycrystalline ice is the inferred origin of the unfavourably oriented grains. In the latter
experiments, the unfavourable oriented grains are thought to originate from initially
unfavourably oriented grains that survive and partly increase their abundance dUring the
initial stages of the development of the oblique grain shape fabric (Bouchez and Duval
1982). At high shear strains, however, they are progressively removed and, as a conse
quence, the bimodal LPO pattern disappears. The olivine oblique fabrics described here
developed from granular peridotites and poSSibly the lowest-strain tectonites. Both
structures show a strong preferred orientation of olivine [100] (Van der Wal, unpubl.
results), which implies that there is no Significant population of unfavourably oriented
grains in the initial microstructure. Therefore, the process involved in the development
of the oblique fabric must account for the syn-kinematic formation of such unfavourably
oriented grains, by subgrain rotation along olivine (100) kink-type boundaries as
discussed above.
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Conclusions
The oblique olivine grain shape fabrics observed in the Erro Tobbio tectonites developed
as the result of intracrystalline slip, subgrain rotation and concomitant deformation
induced grain boundary migration. These processes resulted in a monoclinic fabric
elementwith a consistentorientation relative to the senseof shear. The oblique fabric can
thus be used as a reliable kinematic indicator for high-temperature flow in orogenic
peridotites.

2.3 Application of the vergence concept in the analysis of layered materials
defonned in non-coaxial flow
The absolute or "finite" state of deformation of a material can only be assessed if the
material contains markers capable to reflect shape changes. The most common amongst
such markers is bedding in sedimentary rocks deformed into structures such as folds due
to heterogeneity of the deformation at the scale of observation. Vergence, traditionally
defined as "the systematic variation in theasymmetrybetweenfolds and their axial plane"
(Hobbs et al. 1976, p. 167), is a concept commonly used in structural analysis of folded
rocks with dearly developed axial plane foliations. At a scale smaller than that of the
individual folds, this systematic variation allows to readily infer the position of a given
exposure relative to adjacent antiforms and synforms (Fig. 2.9a). Vergence in this sense
commonly refers to the geographical direction towards the next antiform and coincides
with the sense of asymmetry of an earlier layering with respect to the foliation. The

Fig. 2.7 layering in mantle
peridotites: compositional
banding (indicated by
black triangles). Shear
foliation indicated by open
triangles. Note the obliq
uity of layering and shear
foliation. denoting a
dextral vergence. Diameter
of coin 2 an.
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vergence concept represents a geometrical property successfully used in structural
analyses over almost a century.
In case of complicated shear zone structures developed at a regional scale, a tool similar
to the vergence concept in folded rocks can be extremely useful. A layered medium
affected by localized deformation in shear zones will reflect its deformed state in that it
will show contortions of the primary layering in these zones. The principle aim of this
section, therefore, is to introduce the vergence concept to the kinematic analysis of
sheared layered materials, with special reference to mantle peridotites. Below I wish to
focus principally on the theoretical background underlying application of the vergence
principle to layered materials deformed during non-coaxial flow, and on limitations and
practical aspects of the technique. The method will be applied in Chapter 3 in a study of
some of the shear zones developed in the Ronda peridotite of SW Spain.

Layering in mantle peridotites
Mantle peridotites exposed in ultramafic massifs comprise two major classes of layering:
(i) compoSitional banding and (ii) pyroxenite layers. Compositional banding constitute
layers up to several em thickness which are enriched or depleted in pyroxenes relative to
the host peridotite butstill contain several tens ofvolume percentof olivine (Fig. 2.7). Any
mechanical contrast between such layers and the Iherzolitic or harzburgitic matrix must,
therefore, be very low. A second class of layering in mantle peridotites comprises
pyroxenite layers (e.g., see Fig. 3.2a). These layers consist mainly of clinopyroxene and
orthopyroxene, and may contain an AI-rich phase such as garnet, spinel or plagioclase.
Their composition suggests that a substantial mechanical contrast could exist with the
lherzolite/harzburgite matrix (see also Nicolas and Baudier 1975).
In view of the relative compositional homogeneity of mantle peridotites at the scale of
the massif but the frequent occurrence of compositional banding and pyroxenite
layering, it maybe expected that application of the vergence conceptcould be particularly
useful to unravel the kinematics of upper mantle flow. Layering in the Lanzo peridotite
of NW Italy has been used previously to infer the flow pattern dUring intrusion ofa mantle
diapir (Nicolas and Boudier 1975). The vergence concept as outlined below elaborates on
this early work, although it is emphasized that it principally applies not only to mantle
peridotites but to all layered materials deformed in non-coaxial flow.
Definition ofvergence
Any obliquity of the layering With respect to the deformation induced foliation may be
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Fig. 2.8 Contortion and
folding of sedimentary
layering allied to strain
localization in a shear
zone margin. Cap de
Creus, NE Spain. Note
folding of the layering due
to locally Imposed bulk
shortening in the shear
zone margin (indicated by
black triangles).

expressed in terms of vergence of the layering on the foliation. To be largely consistent
with the definition of vergence in folded and cleaved rocks, vergence is defined here as
the sense of the acute angle measured from the shear foliation to the layering (Fig. 2.9b).
The vergence may be expressed as sinistral or dextral or, when the shear sense is known,
as opposite or parallel to the shear sense. Clearly, vergence can also be expressed in
horizontal (map) sections as being directed towards a particular geographical direction.
Obviously, vergence in this sense can be determined in any section of the strain ellipsoid,
however, it may become conclusive to the kinematics of the flow only in sections parallel
to the stretching lineation, i.e., in the XZ plane of the finite strain ellipsoid. The
orientation of the XZ plane is known once stretching lineations develop in the foliation
plane. If these conditions can be ascertained, then a 2-D analysis such as outlined below
is sufficient to reveal the kinematics of the flow.

Contortions versus folds
Local variations in vergence as defined here may occur as a result of heterogeneous
deformation on the scale of the shear zone, but also as a result ofbulk shortening at a scale
much smaller than the shear zone. Analogous to the analysis ofrocks folded at mesoscopic
scales, the important information to be extracted concerns systematic changes of
vergence related to strain variations ata larger scale. Toillustrate this, an example is shown
in Fig. 2.8 from a crustal shear zone developed in metapelites at Cap de Creus, NE Spain,
in which a sedimentary layering at a distinct angle to the shear zone rotates into
parallelism with the foliation in the shear zone. At a scale comprising shear zone and host
rock, the layering is II folded" due to the progressive rotation of the layering into the shear
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a: folded and cleaved sedimentary
sequences

b: passively deforming layers

c: folded layers

d: boudinaged layers

Fig. 2.9 Vergence relations defined for [a] folded and cleaved sedimentary rocks, (b) Passively deforming
layers in a sheared medium, (c) Folded layers in a sheared medium, and (d) Boudmaged layers in a
sheared medium.

zone (hereafter referred to as contorted). This structure reflects the cumulative effectof the
entire strain history. In the shear zone margin (indicated by the black triangles in Fig. 2.8),
however, the layering is also folded at a much smaller scale. These folds are most likely due
to locally imposed bulk shortening at an early stage of deformation and development of
the shear zone when the layering temporarily resided in the shortening field of the strain
ellipsoid (Ramsay 1967). Rather than the entire strain history, these folds represent a
relatively short stage of the deformation history. The contortion of the layering due to
localization of the deformation obviously provides more information on the kinematics
of the deformation (e.g. shear strain, shear sense) than the folds presumably developed
as buckling instabilities in response to a transient stage of bulk shortening in the shear
zone margin. It follows that before interpreting vergence changes allied to heterogeneous
deformation across a shear zone, vergence changes arising from such transient stages of
shortening need to be identified.
This can be done by considering the following: under the assumption of bulk
homogeneous flow, the most important variables controlling the fold morphology of a
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layer are: (i) the mechanical (viscosity) contrast between layer and matrix, (ii) the
thickness of the layer, (iii) the degree of non-coaxiality in the shear zone, and (iv) the
amount of strain accommodated (e.g. Hobbs et al. 1976, Ramsay and Huber 1987). In the
deformed state the layer can be either planar, folded or boudinaged (Ramsay and Huber
1987). Analogue deformation experiments with layered materials have shown that layers
with a low mechanical contrast with the surrounding matrix, when subject to shortening,
do not fold but shorten homogeneously ("passive" behaviour). In this case, folding of the
kind exemplified by the minor folds in Fig. 2.8 will not develop and, for appropriate initial
orientations, contortions of the layering related to the localization of strain are the only
features to be expected. Any change of the vergence in such cases reflects the kinematics
of the shear zone. Instead, buckling of layers may be expected when a distinct mechanical
contrast exists between layers and matrix, and the wavelength and amplitude of the folds
will be controlled by this mechanical contrast and by the thickness of the folded layers
(Ramberg 1960, Biot 1961). For most layered geological materials, the wavelength of the
folds can be expected to fall within one to two orders of magnitude of the thickness of the
fold if the imposed strain is distributed homogeneously over the total rock volume. The
only kinematic information that can be obtained from the fold symmetry is that the layer
resided in the shortening field of the incremental strain ellipsoid. When contortions of
a layering due to shear localization are used to infer the kinematics of the deformation,
it is clearly needed to identify any buckle folds related to transient shortening and, where
they develop, to use the enveloping surface of the folded layering. The overall vergence
in such cases is the polarity of the acute angle measured from foliation to the enveloping
surface of the folded layer (Fig. 2.9c). Similarly, in case a mechanically strong layer is
stretched such as to form boudins, the enveloping surface to boudins derived from one
single layer can be used to assess the vergence (Fig. 2.9d).
A clear example of em to m scale folded vs. km-scale contorted layering has been
documented by Nicolas and Baudier (1975) in mantle peridotites of the Lanzo massif (see
their Figs. 2 and 4, respectively). Note also from that study that the contortions of the
layerering, shown by the enveloping surface of the individual folds drawn in their Fig. 4,
are used to infer the heterogeneity of ductile flow in a rising mantle diapir.

The Mohr diagram for stretch
The orientation ofa layer (or its enveloping surface) deformed by a crosscutting shear zone
prindpally depends on the initial orientation of the layer with respect to the flow plane
and on the deformation path in the shear zone. This deformation path varies with the
degree of non-coaxiality of the deformation in the shear zone, and with the magnitude
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Xi:
APi:
ISAi:

external reference axes
]
flow apophyses
instantaneous stretching axes

i=1,2

L:
F:
Fi:
H:

velocity gradient tensor
position gradient tensor (Langrangian)
incremental position gradient tensor
positions gradient tensor (Eulerian)

long and short axis of finite strain ellipse S: stretch; 1+exlz , where footnotes refer to the
long and short axis of strain ellipse.
with suffix 0 refers to undeformed state
e: elongation; (1-10/)10
LNFLS: lines of no finite longitudinal stretch
AI: measure of the flattening of the finite strain
ellipse (XlZ)
Wk.: Truesdell's (1954) kinematic vorticity number

X, Z:

Table 2.1 Abbreviations and symbols used in the text.

of the accumulated finite strain. Apowerful tool to investigate the geometry ofprogressive
deformation is the use of tensors to describe the velocity field of individual deforming
markers. It is convenient to represent these tensors in Mohr diagrams (e.g. DePaor and
Means 1984). Below Iwill use Mohr diagrams to investigate the vergence relationships in
sheared layered materials with progressive deformation. A comprehensive review of the
use of Mohr diagrams in kinematic analysis has recently been given by Means (1990).
Throughout the rest of this Chapter Iwill use abbreviations and symbols as listed in Table
2.1.
The deformation of a volume of material at any instant of time is completely described
by its (vector) velocity field, hence by the velocity gradient tensor I,j (e.g. Means 1990):
(2.1)

where "t and "J describe the position of a material point in 2-D space.
Integratian of 1,1 yields the cumulative or finite deformation of the material described by
the material (Langrangian) position gradient tensor F or the spadal (Eulerian) position
gradient tensor H (Passchier 1988a):
(2.2)

and
(2.3)
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t
Fig. 2.10 illustration of some F-Mohr diagram
properties (after Passchier 1988a). See text for
explanation.
Stretch-

xf

where x~ and
refer to the position of a marker in the undeformed state.
H is very useful in geological applications using data on finite deformation to reconstruct
the initial or undeformed state, but Fbetter illustrates the way in which flow parameters
influence the finite deformation fabric. In order to investigate vergence relationships with
progressive deformation, F is obviously the more convenient tensor.
Tensor F describes the finite degree of coaxiality of the deformation and the total
amount of strain accommodated. Its properties can be illustrated by Mohr circles (Means
1982). Means (1982, 1983) has shown that, although tensor components are plotted and
read as Cartesian coordinates in Mohr space, polar coordinates ofanypointon the F-Mohr
circle represent the stretches (s) and rotations (13) of material lines in true space resulting
from deformation with respect to an external reference frame in true space. The Mohr
diagram, however, bears many other noteworthy properties (Passchier 1988a) as follows
(see Fig. 2.10).
- the initial angle between two material lines (Le. in the undeformed state) is read as a
double angle 20. in Mohr space.
- Material lines parallel to the finite strain axes X and Z, Le. those lines which show
maximum shortening and extension after deformation, plot as XO with stretch l+ex and
ZO with stretch 1+e. along the line from the origin through the centre of the Mohr circle.
The double angle 20. represents the initial orientation of the material line XO, eventually
parallel to X, with respect to the external reference frame.
- The initial orientations of lines of no finite longitu~lal stretching (LNFLS) plot on a
circle with radius 1 around the origin of Mohr space. They are useful in distinguishing
stretched and shortened layers.
- Material lines in stable non-rotational orientadons coindde with the flow plane and/or
flow apophyses (API, AP2) of the deformation and ploton the horizontal axis of the Mohr
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a:

(Wk = 1.0)

!I\

Stretch (1+e)

F
ISA1

~~"":::""=-~'S;,;~":":;;;~::::::::::_-----7>

Stretch (1 +e)

o

b:

(Wk=0.5)
!I\ Stretch (1 +e)

SHORTENING

L,~=. Z"'; ~; . . : l~:>"-':rt- '- :h'= = - 'f- - - f- - - -Cf- : >

o

Stretch (1 +e)

Fig. 2.11 Progre.;<ive deformation illustrated in a Mohr diagram, (a) for simple shear, (b) as (a) for sub
simple shear (Wk=O.5). For further explanation see text.
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space. All material lines rotate towards parallelism with the flow apophyses (e.g. Passchier
1988a). The flow apophyses are useful as internal reference frame because their orienta
tion is stable with respect to the incremental stretching axes provided that the flow is
constant through time in its parameters
- The rotation of a material line dUring deformation can be read from an F-Mohr diagram
as the angle 'If. As initial orientations of material lines can also be read from the Mohrtirde,
finite orientations with respect to the flow plane are easily calculated.
- The finite strain is quantified as the ratio ~= (l+e,/l+eJ Any shear strain may be cal
culated from the angle ofrotationy ofa material line initiallyperpendicularto the flow plane
as tan('If).
- The vortitity number wk (fruesdell1954, Passchier 1987) describing the degree of non
coaxiality or vortical component of the flow is graphically represented by the location of
the Mohr tirde centre in stretch space, and is quantified as the distance of the centre of
the tirde from the horizontal axis divided by the radius of the circle.
As a consequence of the above properties ofthe F-Mohrcirderepresentation, the complete
stretch and rotation history of layers in a two-dimensional progresSive deformation can
be illustrated in Mohr space by plotting Mohr circles for successive steps of the
deformation. This can be done in one diagram as a series of circles of increasing diameter
which shift from (1,0) on the horizontal axis of the Mohr diagram (Passchier 1988b). For
a flow constant in its parameters and ISA fixed in the external reference frame during
progressive deformation, a pointon the circle at acertain angle from the horirontalalways
represents the same material line. It is therefore possible to follow individual material lines
(in our case layers of different initial orientation) with progressive deformation and to
determine their geometrical relationships, hence their vergence, with respect to the shear
induced foliation during progressive deformation. Below I will discuss two cases to
investigate vergence relationships of layers with initial orientations between 0° and 180°
to the flow plane. Flow in the first case is progreSSive simple shear deformation (wk= 1),
whilst in the second case progressive shear deformation has a strong coaxial component
(referred to as sub-Simple shear, wk= 0.5).

Verxence relations during progressive simple shear
Fig. 2.11a illustrates the progressivedeformation ofavolumeofmaterial under progresSive
simple shear. Consider the deformation after a first increment represented by the smallest
circle close to (1,0). From the properties of this Mohr circle (FI; outlined in Fig. 2.11a) it
follows that shear-related foliations will initially develop parallel to material lines of
maximum instantaneous stretch, i.e., at an angle of 45° to the flow plane (ISA1). Material
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lines with an initial angle of 1350 (parallel to ISAZ) will be perpendicular to the shear
foliation. Thus, any layer with an initial orientation ISA1< a <ISAZ with respect to the flow
plane will initially have a vergence on the foliation opposite to the movement sense. These
material lines are represented by their double angles 2a in segment I of the Mohr drcle
of Fig. 2.11a. Layers at angles a < ISA1and a>ISAZ (segment II) will initially have a vergence
on the shear foliation parallel to the shear sense.
Next, consider progressive simple shear as illustrated by the series of Mohr drcles for F
(Fig. 2.11a). From inspection of the diagram it is clear that with progresSive deformation
the finite strain axes are not fixed with respect to ISA1 and ISAZ. Instead, the initial angles,
with respect to the flow plane, of material lines eventually parallel to X and Z increase with
increasing finite strain (Fig. 2.11a). It follows that with progressive deformation the upper
and lower bounds of segments I and II enclosing material lines with, respectively, a
vergence opposite and parallel to the shear sense track the long and short axes of the finite
strain ellipse. This implies that the vergence relationships for material lines initially
oriented at ISAZ< a <7.0 (segment IlIa) and ISAl< a <)(0 (segment IIIb) reverse with pro
gressive deformation. Layers in segment lIla initially have a vergence on the shear
induced foliation parallel to the shear sense, but with progresSive simple shear the
vergence reverses. Similarly, layers of segment IIIb initially show a vergence opposite to
the shear sense but with progressive deformation the vergence becomes parallel to the
shear sense. On the other hand, layers in segment I will always show a vergence opposite
to the shear sense irrespective of the magnitude ofaccumulated finite strain, whilst layers
in segment II will always show a vergence parallel to the shear sense.

Deviations from simple shear
Ideal simple shear is probably rare in nature, and descriptions of natural shear deforma
tions by simple shear models can be expected to onlyapproximate flow in real rocks. Some
natural deformations are much better described by flow with a vortidty number
considerablyless then 1 (e.g. Plattand Behrmann 1986; Vissers 1989). Fig. 2.11biIlustrates,
in Mohr space, the progressive deformation of a volume of material in a flow regime with
simultaneous pure and simple shear components (wk = 0.5). Again, vergence relations set
after a first increment of deformation can be read from the incremental Mohr drcle (FI;
outlined in Fig. 2.11b). Shear-related foliations will initially develop parallel to ISA1, at an
angle of 150 to the flow plane (FAl). Therefore, any layer with an initial orientation,
relative to FAl, of ISAl< a <lSAZ (segment I) will initially have a vergence on the shear
induced foliation opposite to the shear sense, whilst layers at angles a <lSA1 and a> ISA2
(segment II) will initially have a vergence parallel to the shear sense. Now consider
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progressive deformation in this flow regime characterized by wk = 0.5, illustrated by the
series of Mohr circles for Fshown in Fig. 2.11b. Similar to the previous case of ideal simple
shear, lines of maximum and minimum stretch, i.e. the finite strain axes XO and 'f!l, are
represented in Mohr space by material lines with stretches 1+e" and 1+ez' Because XO and
ZO are not fixed with respect to the external reference frame, all layers with initial angles
ISA2< a <Zo (segment lIla) and ISA1< a <X 0 (segment IIIb) reverse their vergence on the
foliation with progressive deformation. Layers in segment I always have a vergence
opposite to the shearsense, whilst layers in segment II will always show a vergence parallel
to the shear sense irrespective ofthe accumulated finite strain. For the above material lines
no principal differences exist with the case of ideal simple shear.
The principal difference with ideal simple shear is the existence of a second flow
apophyse FA2 which, for flow with a vorticity number of 0.5, lies at 1200 with respect to
FA1 (Fig. 2. llb). Layers initially at angles a>FA2 (segmentIV) also rotate towards the flow
plane of deformation (FA1) but in a sense opposite to the material lines in segments I-Ill.
This implies that all layers ofsegment IV have a consistent vergence on the shear-induced
foliation parallel to the shear sense irrespective of the total strain accumulated with
progressive deformation.
Practical aspects and limitations at high shear strains
Up to this point, much of our attention has focussed on the initial or undeformed state
of the layered material. Most natural shear zones, however, cannot be expected to contain
much information on the deformation path followed by the individual markers and just
reflectthe finite stateofthe deformation. As outlinedabove, Mohr circles for Falsocontain
information on this finite state. Fig. 2.12 shows the orientation of the finite strain axes X
and Z and the orientation of material lines with different initial orientation with respect
to the flow plane, as a function of the shear strain for a deformation history with a
kinematic vorticity number of 1. From this figure, the vergence of any layer with a
particular initial orientation can be read for different values of finite shear strain. Some
practical aspects and limitations of applying the vergence principle to natural sheared
terrains can be read from this diagram as follows.

1: The diagram shows that the vergence relations strongly depend on the initial
orientation of the layering. The application of the vergence concept to the kinematic
analysis of sheared terrains, therefore, is possible only when the pre-deformed geometry
of the layering is known. This requirement will be sufficiently fulfilled if it can be
ascertained that the layering in question was virtually planar, hence that its orientation
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Fig. 2.12 Plot of shear strain versus finite orientation of the shear foliation (X parallel to shear foliation,
Z perpendicular to shear foliation) and material lines with different initial orientation. Shaded area
corresponds to orientations of layers with a vergence opposite to the sense of shear. Arrows denote
reversals of vergence.

was constant tluoughout a given domain before deformation. From Fig. 2.12 it follows,
that if this condition cannot be ascertained, variations in the vergence of the shear
foliation may be simply due to different initial orientations.
2: Layers with initial orientations a <Xc have a vergence on the shear foliation parallel to
the shear sense, whilst some of these layers (initial orientation ISA1< a <X0) may have
reversed their vergence dUring deformation. In most natural cases, however, no record of
this vergence-reversal needs to be preserved. At moderate to high strains, the shear
induced foliation, supposed for present purposes to be parallel to X, rotates towards
parallelism with the flow plane. This implies that layers with initial orientation a <X0
accumulate in orientations between X and FAt. Consequently, angular relationships
between layering and foliation will become very small and thus sensitive to errors. As a
consequence, like in analyses of folded sequences, the method may become difficult to
apply and therefore unreliable at very high strains.
3: With increasing shear strain, layers with a range of initial orientations a >Zo maintain
their vergence on the shear foliation parallel to the shear sense. A noteworthy feature to
be read from the diagram, however, is that this range becomes increasingly narrowed
towards high initial angles at high strains (e.g., a >1600 at y= 2.4, a >1700 aty> 5).
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4: A full kinematic interpretation of the vergence relations is only possible when a strain
gradient is preserved in the area under investigation. If no strain gradient allied to
progressive non-coaxial flow has been preserved, vergence relations cannot be used to
infer the kinematics ofthe deformation unless the initial orientation of the layering in the
host to the shear zone is known. A change of vergence allied to strain localization in the
shear zone, however, may be preserved in the shear zone margin. Layers at initial angles
ISA1< IX <X 0 and ISA2< IX <7.0 will show a change of the vergence associated with the strong
deflection of the marker into the shear zone. Shear zone margins, therefore, may contain
valuable kinematic information to be inferred either from changingvergence relations or
from contortions of the layering (see also Ramsay and Graham 1967). Thus, where
constant vergence relations over large terrains are difficult to interpret in terms of shear
sense, changingvergence relations related to strain localization in the margins ofshear zones
may render conclusive information not only on the shear sense but, provided that
sufficient data are available, also to determine the finite strain and possibly even the
vorticity-number of the deformation.
The vergence concept as outlined above is used in Chapter 3 to unravel the kinematics
of some of the km-scale shear zones developed in the Ronda peridotite of SW Spain.
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CHAPTER 3

Structure and microstructure of the Ronda Peridotite,
Betic Cordilleras, SW Spain.*

3.1 Regional setting of the Ronda peridotite
The Betic Cordilleras of southern Spain form the northern and northwestern part of an
arc- shaped mountain belt surrounding the western end of the Mediterranean or Alboran
Sea (Fig. 3.1). The belt represents the westernmost termination of the Alpine orogenic
system of southern Europe. It developed in response to Late Mesozoic to Tertiary
convergence between Africa and Iberia. The Betic Cordilleras are commonly divided into
an External and an Internal Zone. The External Zone consists of non-metamorphic
Mesozoic and Tertiary sediments preserved in the Pre- and Subbetic units and represents
the deformed remnants of the Iberian margin faulted and thrusted during the Early
Miocene. TheInternalor BeticZone is made upofintenselydeformed and metamorphosed
Paleozoic and Mesozoic rocks, exposed in elongate ranges approximately parallel to the
trend of the belt. The Betic rocks constitute a large number of tectonic units commonly
grouped in three tectonic complexes (e.g., Torres Roldan 1979). These are, in ascending
order, (1) the Nevado-Filabride complex, (2) the Alpujarride complex and (3) the
Malaguidecomplex. OnlytheMalaguidecomplexconsistsofessentiallyunmetamorphosed
sediments, the other units experienced pluri-fadal metamorphism (see e.g. Bakker et al.
• Parts of this chapter have been published as: Van der Wal, D., and Vissers, R.L.M. 1991. Defonnation
processes in mantle peridOtites: the Ronda peridotite record. Abstracts Goo!. Soc. Australia, SGTSG
conference, Margaret River, WA, September 30 - October 4, p. 72-73.
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1989, and references therein). The Betic ranges are separated by in part fault-bounded
intra-montaneous basins with a highly variable record of continental and marine
sediments of Neogene and Quaternary age.
In the western part of the Betic Zone and in the Rif and Tell ranges of Morocco and
Algeria, ultramafic massifs with Neogene emplacement ages (Priem et al. 1979) occur
thrusted amidst metamorphic rocks of clearly crustal origin. These massifs include the
peridotite bodies of Ronda, Ojm and Carratraca in SW Spain, of Beni Bousera in Morocco,
and of Collo in Algeria (Fig. 3.1). The present study focusses entirely on the Ronda
peridotite,located at the westernmostterminationofthe Internal or BeticZone NW of the
Alboran Sea. This peridotite forms a 1.5 kIn thick thrust sheet which overlies high-grade
gneisses and marbles of the Blanca Unit (Lundeen 1978) commonly assigned to the
Alpujarride'complex. To the NW and W, the peridotite body is bound by a thin, 100 m
scale high-grade metamorphic sequence of relict granulites (kinzingites), overprinted by
a LP/HT facies series grading towards sillimanite-facies schists close to the peridotite
contact (forres Roldan 1981, Hollerbach 1985). These rocks are known as the Ronda
aureole rocks of the Casares Unit (Loomis 1972a). The Ronda peridotite has preserved all
three peridotite facies, i.e., garnet-, spinel- and plagioclase-lherzolite facies in an essen
tially coherent outcrop of some 300 km2 (Obata 1980). The recent recovery, in the Beni
Bousera peridotite in N Morocco (Pearson et al. 1989, Tabitet al. 1990) as well as in Ronda
(G.R. Davies, pers. comm. 1992), of graphite pseudomorphs after diamond point to an
originfrom deep-Iithosphericor asthenospheric levels. It follows that the Ronda and other
W Mediterranean peridotites have preserved the imprints of successive stages in their
history of uplift and eventual emplacement in the crust. The structural and metamorphic
history of the peridotites and the significance of the ultramafics for the geodynamic
evolution of the W Mediterranean region has hitherto been subject of debate, reflected
by diverging interpretations of the structures and assemblages observed in the peridotites
(see, e.g., Obata 1980, Tubia and Cuevas 1986, saddiqi et al. 1988, Chapter 7 this thesis).
For coherency, these and other previous and current studies are summarized in Chapter
7 where the structural and thermal data obtained in this study are used to evaluate the
various views on the tectonic significance of the W Mediterranean peridotites.

<l

Fig. 3.1 (previous page): Simplified tectonic map of the Western Mediterranean (after Platt and Vissers
1989), showing the tectonic stratHicatlon of the Betic·Rif orogenic belt, onshore exposures of ultramafic
tnassifs, spatially associated positive gravity anotnalies underneath the Alboran basin (Bonini et al.
1973) and the major localities of Neogene volcanics. Ultramafics exposed at Collo are situated further
east.
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3.2 Contact relations and main characteristics of the Ronda massif
The western Ronda massif is entirely bound by brittle faults. A brittle fault gouge of up to
10 m wide separates the gamet-spinel mylonites in the NW part of the massif from high
grade metamorphic rocks of the Casares unit. likewise, the southern or lower peridotite
contact is faulted and marked byextensive brecciation. At several localities at the southern
contact the peridotite is bound by high-angle normal faults affecting the low-angle brittle
thrust fault separating the Ronda peridotite from the underlying Blanca unit (Lundeen
1978). In view ofthe ubiquitous evidence for extensivebrittledeformation associatedwith
final emplacement of the peridotite, and the large rigid block rotations of up to 60"
documented in several nearby rocks of the Betic wne (e.g., Platzman 1992) it is
emphasized that all ductile kinematic data presented in this Chapter refer to present-day
geographical coordinates, and that kinematic interpretation of these data to a W
Mediterranean tectonic framework is surrounded by uncertainties on unconstrained but
conceivable rigid body rotations during brittle thrusting.
Form-surface mapping in the Ronda massif reveals that the internal structure of the
peridotite is dominated by three SW-NE trending structural and metamorphiC domains
(App. A3). These domains are:
1: porphyroclastic spinel peridotites and mylonitic gamet-spinel peridotites in the NW
part of the Ronda peridotite, hereafter referred to as gamet-bearing peridotites,
2: granular spinel peridotites in the central part of the mapped area, and
3: porphyroclastic plagioclase peridotites in the southern and eastern part of the Ronda
peridotite.
All peridotites show a moderate to strong imprint of late serpentinization, which will
not be considered in detail. The massif is transected by sinistral strike-slip faults with
estimated displacements of up to several hundreds of meters. In the NE part of the map
area a prominent "graben" structure has been identified, bound by extensional brittle
faults. Towards the east, the map area is bound by a major sinistral strike slip fault with
a displacement of at least 10 km. E of this fault the massif consists mainly of plagioclase
peridotites (see also Obata 1980). This part of the massif has not been mapped in detail.
All of the structural and metamorphic domains are cut by up to 10 m thick aplitic dikes.
In this chapter I investigate the structures and assemblages of the Ronda peridotite by
means of a detailed structural and microstructural analysis, with the aim to assess the
geometry and kinematics of the deformation and the relationship of the deformational
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structures with the various metamorphic assemblages. The relative ages of the different
domains as inferred from the structural and metamorphic overprinting relationships are
carefully constrained, and provide the basis to study the thermal evolution of the
peridotites in Chapter 4 and the mechanical evolution of the peridotites in Chapter 6.

3.3 Gamet-bearing peridotites: the earliest structures preserved

Structure and microstructure ofspinel tectonites
The earliest structure preserved in the Ronda peridotiteoccupies the NW partofthe Ronda
massif and is dominated by porphyroclastic spinel peridotites, hereafter referred to as
spinel tectonites (App. A3). Their maximum dimension is -10 km measured perpendicu
lar to the foliation. They are bound by granular peridotites to the Sand SE, and by a 500
m thick garnet-spinel mylonite to the NW.
The spinel tectonites are dominantly lherwlites with minor «5%) garnet pyroxenites.
The porphyroclastic structure of the spinel tectonites is accentuated by elongated
pyroxenes inan olivlne-dominatedmatrix (Fig. 3.2a). The intensityofthe foliation isfairly
homogeneous throughout the domain, but locally there are 100m-scale discontinuous
lensoid domains in which the rocks are less deformed and display a coarse-grained
granular structure. Such heterogeneities provide evidence for km-scale strain localisation.
The main foliation in the spinel tectonites dips steep to the NW and SE (App. A3).
Stretching lineations in the plane of the tectonite foliation are dominantly subhorizontal
but, locally, also subvertical. Pyroxenite layers are generally straight and always oriented
parallel to the spinel tectonite foliation. Only in the most intensely foliated spinel
tectonites, pyroxenite layers may be isoclinally folded or boudinaged.
The spinel tectonite microstructure is dominated by large elongate olivlnes (1-2 mm)
surrounded by small olivine neoblasts (200-400 1JlIl). The grain boundaries are straight to
curved. Deformation inducedundulatoryeXtinctionand deformationbands (sub)parallel
to olivine (100) are common. Eiongateorthopyroxenesclasts (enstatite) withclinopyroxene
exsolution lamellae (Fig. 3.2b) are surrounded by polygonal orthopyroxene and
clinopyroxene (diopside) neoblasts, suggesting deformation-induced dynamic
recrystallization of the pyroxenes (Urai et al. 1986). Orthopyroxene also occurs as small
exsolution-free grains amidstolivine. Clinopyroxene clasts (diopside) are mostly replaced
by polygonal shaped neoblasts delineating elongate clusters, aligned parallel to the
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Fig. 3.3: Detailed structural map of the upstream
part of River Guadalmanza (locality shown as inset
in App. A2), showing localization of the deforma
tion in gamet-spinel mylonite zones within a wall
rock of spinel tectonites.
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Fig. 3.2 (previous page): Structures and microstructures in spinel tectonites and gamet-spinel
mylonites. (a) Field aspect of the spinel tectonite foliation with a gamet pyroxenite layer parallel to the
foliation. Diameter of coin 2 em. (b) PhotOmicrograph of a spinel tectonite microstructure. Scale bar 2
mm. (c) Field aspect of gamet-spinel mylonites with strongly boudinaged gamet pyroxenite bands.
Diameter of coin 2 em. (d) Photomicrograph of a gamet-spinel mylonite microstructure, showing a
spinel rimmed by a symplectitic assemblage. Scale bar 2 mm. (e) this page: Microstructure of a garnet
spinel mylonite showing extremely stretched orthopyroxene. Scale bar 2 mm.
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foliation. Spinel shows a holly-leaf (Merder and Nicolas 1975) microstructure, and occurs
in trailsofseveralgrains alignedparallelto the foliation. Thespineltectonite microstructure
is broadly similar to the porphyroclastic microstructures commonly observed in mantle
xenoliths (Merder and Nicolas 1975). Small amounts of amphibole (pargasite) replaced
pyroxene on grain boundaries and triple junction contacts, possibly indicating the
presence of hydrous fluids dUring deformation.
Olivine lattice preferred orientation (LPO) patterns in the spinel tectonites are shown
in Fig. 3.4a. Olivine [100] axes are concentrated in a point maximum at small angles «S°)
to the foliation and subparallel to the lineation. Asecond maximum occurs perpendicular
to the lineation at small angles to the foliation plane. Olivine [010] is mainly concentrated
in a point maximum perpendicular to the foliation, whilst fewer [010] axes define a small
partial girdle running perpendicular to the foliation. Olivine [001] shows a dominant
maximum at large angles to the lineation in the foliation plane, with a partial girdle
running towards the peripheryofthe stereonet. Following Bouchezetal. (1983), this fabric
pattern suggests crystal-plastic deformation accommodatedby intracrystalline slip on the
olivine [IOO]{Okl} slip systems, with a strong contribution of [100](010). These slip systems
are well known from olivines experimentally deformed under mantle conditions (Ave
Lallemant and Carter 1970).

Structure and microstructure ofgarnet-spinel mylonites
In a 500m wide wne along the NW periphery of the massif, but also in narrow zones
within the massif, the spinel tectonite fabric gradually passes into a mylonitic fabric. This
is particularlyevident in the upstream partof river Guadalmanza in the eastern part of the
mapped area, where the spinel tectonite foliation consistently rotates, within a distance
of less than 10 meters, into parallelism with the mylonitic foliation of these zones (Fig.
3.3). This relationship provides conclusiveevidence that the mylonites postdate the spinel
tectonites. The sense of rotation of the spinel-tectonite foliation into the mylonite zones
can be used as a shear sense indicator (Ramsayand Graham 1970) and indicates a sinistral
sense of shear in the mylonites with respect to present-day geographical coordinates. This
movement sense is consistent with previous kinematic interpretations of olivine LPO
patterns by Darot (1973).
The mylonites are mainlylherwliteswithminorharzburgites anddunites. The mylonitic
foliation dips steeply to the Wand NW, with mineral stretching lineations which are
dominantlysubhorizontal. Locally, themylonites containup to 50volume%ofpyroxenite
layers. These layen are eIther straight or boudinaged, and are always parallel to the
foliation (Fig. 3.2c). Extreme boudinage of these pyroxenite layers led in some cases to
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complete dismembering, to the extent that single crystals occur as isolated microboudins
dispersed in the mylonitic matrix. In addition, dismembered pyroxenite layers are often
isoclinally folded. These structures suggest that the pyroxenite layers deformed mainlyby
semi-brittle mechanisms.
Themylonite microstructure is characterizedbyelongate olivinesaligned parallel to the
foliation. The olivine grain size is heterogeneous, with few relict large grains (0.5-1.0 mm)
in a matrix of smaller recrystallized grains (25-200 ~). The olivine grain boundaries are
commonly slightly curved. An AVA analysis (Sander 1950) of this microstructure reveals
that the orientation of the small recrystallized olivine grains does not follow that of the
neighbOUring larger grain, suggesting that the smaller grains prindpally result from a
migration recrystallization mechanism (poirierand Guillope 1979). Orthopyroxeneclasts
(enstatite) are stretchedbyslip on (100) toaspect ratios exceeding 1:10(Fig. 3.2e), butsome
enstatitealso occurs dispersed in the olivine matrix as smallexsolution-free neoblasts with
similar grain sizes as the olivines. Clinopyroxene (diopside) occurs as slightly elongate
clusters of several recrystallized grains embedded in the olivine matrix, and as isolated

.: Spinel t9Ctonitss

[100J

[010J

[001J

[010J

[001J

b: Gam9t-spif191 mylonit9S

[100J

Fig. 3.4: (a) LPO pattern of recrystallized olivine in a spinel tectonite (DR89.lO). Note strong point
maxima distribution of crystallographic axes. The spinel tectonite foliation is shown horizontally. 100
measurements contoured at 1% intervals. (b) LPO pattern of recrystallized olivine in a gamet-spinel
mylonite (DR89.3). Note strong point maxima distribution of all crystallographic axes. 116 measure
ments contoured at 1% intervals.
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Fig. 3.5: (a) Backscattered
electron photomicrograph of
kelyphitic rims around garnet
from a garnet pyroxenite
layer, scale bar = 25 lJlIl.

(b) Backscattered electron
photomicrograph of
symplectitic rims around
spinel in a gamet-spinel
mylonite. Note the
undeformed microstructure.
Scale bar = 25 lJlIl.

grains. Spinel grains are elongate with their long axes parallel to the mylonitic foliation.
Only the larger spinels have preserved their holly-leaf shapes, the smaller ones show
rounded shapes and occur isolated in the olivine matrix. Spinel is often rimmed by a fine
grained symplectitic assemblage (Fig. 3.2d) considered in detail below. The characteristics
ofthe mylonite microstructure are intermediate between those oftheporphyroclastic and
tabular equigranular microstructures defined by Merder and Nicolas (1975).
Olivine LPO patternsin the garnet-spinel mylonites are shownin Fig. 3.4b. Olivine [100]
is concentrated in a point maximum at small angles to the lineation, with a partial girdle
running subparallel to the foliation plane. Olivine [010] shows a strong point maximum
sub-perpendicular to the foliation. Olivine [100] shows two maxima: a dominant
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maximum sub-perpendicular to the lineation in the foliation plane, and a second one at
small angles to the foliation. This fabric suggests that slip occurred dominantly on the
olivine [100](010) slip system (e.g. Merder 1985).
Mafic layers
The dominant type of mafic layer enclosed in the garnet-bearing peridotites are up to 3
m thickgarnetpyroxenites. They showa foliated microstructure characterized byelongate
clinopyroxene and garnet, with minor orthopyroxene, olivine, spinel and amphibole.
Occasionally, garnet pyroxenites contain significant amounts (-40%) of plagioclase.
Clinopyroxene shows characteristic core-and-mantle microstructures of slightlyelongate
grains with serrate grain boundaries, surroundedbyfine-grained clino-andorthopyroxene,
±plagioclase and amphibole. Both clinopyroxene and plagioclase show some lattice
preferred orientation. These observations suggest that most garnet pyroxenite layers
recrystallized dynamically, such that their earlier magmaticand/or metamorphic textures
and assemblages became largely obliterated.
Garnets are rimmed by fine-grained symplectitic assemblages, made up of radial
lamellae of orthopyroxene and plagioclase, with dispersed ultra-fine grained spinel
(<1Iffil) (Fig. 3.5a). This assemblage is clearly undeformed and shows a pronounced
outward coarsening. Similar symplectitic rims around garnets are common in manyother
ultramafic rocks and rocks of basic composition (e.g. Carswell 1986) and are known as
kelyphite. They are believed to have grown after garnet dUring decompression (e.g.
Mukhopadhyay 1991).
Spinel rimmed by kelyphite
In the garnet-spinel mylonites from the NW margin, apparentlystable spinel grains occur
together with spinels surrounded byfine-grained symplectiticrims (Fig. 3.2d). These latter
spinels are common and bear no obvious relationship with the isolated microboudins
dispersed in the mylonitic matrix described above. Mm-scale elongate symplectite
assemblages scattered in the olivine matrix are also common and contain small angular
spinels embedded in the fine-grained symplectite matrix. These smaIl angular spinels
probably developed from former larger spinels by micro-boudinage. The necks of the
microboudins, as well as the rims of spinel clusters consist of a fine-grained intergrowth
of pyroxenes and spinel, with grain sizes up to a few ~. It is emphasized that the as
semblage is clearly undeformed (Fig. 3.5b). The amount of plagioclase in this assemblage
is variable and always occurs associated with spinel, suggesting that plagioclase crystal

43

Chapter 3

KEL

OPX

CPX

0
.05
59.44
9.67
.07
19.78
11.38
.15
.01
0
0
0
100.54

40.13
.07
19.77
1.43
8.79
19.36
7.74
.42
.64
0
0
.04
98.40

55.56
.16
3.39
.21
.33
32.87
7.06
.16
0
0
0
0
99.73

52.04
.52
7.57
.36
20.99
13.72
2.68
0
2.03
0
0
0
99.91

0
.01
62.12
6.37
.23
20.20
10.12
.07
0
.09
0
0
99.20

49.07
0
29.16
.39
12.06
1.22
.37
.04
4.50
0
0
.03
96.85

0
.001
1.798
.196
.002
.757
.244
.003
0
0
0
0

2.959
.004
1.717
.083
.694
2.127
.477
.026
.093
0
0
.040
- Py64Gr21 AI14

1.928
.004
.138
.005
.013
1.700
.205
.005
0
0
0
0

1.882
.014
.323
.011
.814
.740
.081
0
.143
0
0
0

0
0
1.874
.129
.006
.770
.216
.002
0
.003
0
0

2.315
0
1.620
.015
.609
.086
.014
.002
.411
0
.03
0
-An60

SPL-1
SI02
TI02
AL203
CR203
CAO
MOO
FEO
MNO
NA20
K20
P205
CL
TOTAL
SI
TI
AL
CR
CA
MG
FE
MN
NA
K
P
CL

SPL-2

PLAG

iv
iii
Si

Si

r

.l!l
c

':J

Mg

::;,

8

Ka-energy

Table 3.1: Mineral compositions and bulk compositions of symplectitic rims around spinel. SPL-1: "Left
over" spinel from core of symplectitic assemblage, KEL: broad-beam analysis of symplectitic assemblage,
SPL-2: fine-grained spinel of symplectitic assemblage. Shown are X-ray spectra of (i) symplectitic
assemblage around spinel, (ii) kelyphite around garnet, (ill) a garnet from a garnet pyroxenite layer,
and (tv) a spinel with symplectitic reaction rims.
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lized at the expense of a precursor spinel at a stage later than, and unrelated to the

development of the kelyphitic assemblage.
The composition of the following phases in the symplectitic assemblage, as shown in
Fig. 3.Sb, are given in Table 3.1: relict spinel (Spll), the bulkcomposition of the kelyphitic
assemblage (Kel), which is made up of fine-grained orthopyroxene (Opx), clinopyroxene
(Cpx), spinel (Sp12) and, occasionally, plagioclase (Plag). Also shown are broad-beam (0
15 flIIl) X-rayspectra of: (i) theabovesymplectiticassemblage, (ll) kelyphitearoundgarnet
from a pyroxenite layer, shown in Fig. 3.Sa, (iii) garnet from a garnet pyroxenite layer, and
(iv) a spinel, respectively. From these compositional data it is concluded that the
symplectites around spinel represent a precursor pyrope-rich garnet. The field data and
microstructures suggest that the transformation of early spinel into a pyrope-rich garnet
occurred dUring mylonitization. Instead, the undeformed nature ofthe symplectitic rims
suggests that the transformation of garnet into kelyphite postdates the mylonitic
deformation, hence that this transformation is umelated to mylonitization and associ
ated ambient conditions. Symplectitic reaction rims broadly similar to those documented
here have been reported from deformed domains of the Horoman peridotite in Japan
(Niida 1984).
Discussion
The significance of the gamet-bearing peridotites as regards the ambient pressure
temperature conditions during their development is subject to considerable debate. This
arises from the fact that there are at least three principally different ways in which garnet
can be produced within a peridotite assemblage: (1) as primary minerals formed at
appropriate pressures and temperatures within the mantle, (2) by tectonic dispersion of
garnet pyroxenite layers, and (3) as secondary minerals formed during metamorphism of
spinel-peridotite or serpentinite possibly assisted by enrichment of the spinel-peridotite
protolith in mafic components (Menzies and Dupuy 1991).
The present study confirms that mechanical isolation of garnets due to extreme
boudinage of garnet pyroxenite layers at very high strains, hence tectonic dispersion, has
been an important mechanism. Similar observations have restrained many workers from
classifying the gamet-bearing mylonites in the NW Ronda peridotite as "true" garnet
peridotites (e.g. Schubert 1982, Pearsonetal. 1989, Kornprobstetal. 1990). On the other
hand, in view of the presence of clearly stable garnet-olivine contacts, Obata (1980) has
argued that these mechanicallyintroduced garnets remained stable, and therefore equally
reflect garnet-peridotite facies conditions. A similar conclusion was put forward by

Saddiqi et al. (1988) for the gamet-peridotites in the Beni Bousera peridotite. Obata's
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reasorungwasheavilycriticized(Schubert1982)andtilldateithasremainedunestablished
whether the Ronda peridotite actually equilibrated in the garnet peridotite stability field.
This study shows that many spinels in the garnet-spinel mylonites are rimmed by
kelyphitic aggregates of ultra-fine grained pyroxenes and spinel. Such kelyphite rims
around spinel have not been observed in the spinel tectonites. The present recovery of
symplectitic reaction rims around spinel with bulk compositions of a pyrope-rich garnet
suggests that the mylonites indeed represent true garnet peridotites, developed during
metamorphism of a spinel peridotite. It is emphasised that there are also stable spinels in
the mylonites. This can either be due to slow reaction kinetics with respect to possibly high
strain-rate deformation in the mylonites, or indicate that garnet and spinel occurred
together in a peridotitic assemblage equilibrating near the garnet- to spinel peridotite
transition (-2000 MPa, see App. A1). The width of this transition can be conSiderable as
a result ofvariations in Cr-contentof the spinels (Caroll Webb and Wood 1986). Whether
destabilization of spinel was primarily related to mixing of mafic components from
pyroxenite layers with the host lherzolite, or to slightly changing PT conditions towards
the garnet-peridotite fades, is difficult to assess. In any case, the occurrence of the
kelyphitic symplectites in the mylonites seems unrelated to intenselystretched pyroxenite
layers, which lends support to secondary formation of garnet.
In view of the complete lack of microstructural evidence for destabilization of spinel in
the spinel tectonites, the transition from spinel tectonites to garnet-spinel mylonites is
inferred to reflect a change in ambient PJ conditions, i.e., from Ariegite subfacies
conditions to conditions around the spinelLperidotite to garnet-peridotite transition.
I
I

Provenance of the peridotite
Graphite pseudomorphs after diamond in pyroxenites from the studied part of the Ronda
peridotite (G.R Davies, pers. comm. 1992) suggestthat the spinel tectonites wentthrough
a complicated uplift history starting at base-of-lithosphere or asthenospheric levels.
Scattered pyroxene-spinel clusters, often used in mantle xenolith suites to infer a garnet
peridotite protolith (e.g. Merder and Nicolas 1975), have not been observed in the Ronda
peridotite, presumablybecauseof the intensedeformation. Virtuallycompleteequilibration
in the Ariegite subfacies thus probablyobliterated mostofthe structural and metamorphic
imprints related to this early uplift history.
Conclusions
Detailed structural analysis shows that the gamet-bearing peridotites consist mainly of
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spinel tectonites, locally transected by garnet-spinel mylonite zones. Apart from signifi
cant strain localization, there is a change in ambient conditions allied to this structural
transition, Le., from Ariegite subfades conditions preserved in the spinel tectonites
towards the spinel-peridotite to garnet-peridotite transition in the mylonites. The fault
gouge at the NW peridotite contact suggests that all of the above internal features of the
garnet-bearing peridotites maybe unrelated to the features seenin the surrounding crustal
units.

3.4 Granular peridotites: annealing recrystallization
Coarse-grained, virtually undeformed granular peridotites define a second structural
domain dominating the central part of the massif. The granular peridotites are bound by
spinel tectonites to the N and NW and porphyroclastic plagioclase peridotites to the Sand
SE (App. A3). The granular peridotites are characterized by equigranular pyroxenes,
floating in a homogeneous olivine matrix (Fig. 3.6a). The average pyroxene grain size is
remarkably heterogeneous throughout the domain, and varies from coarse (>1 em) to
relative fine grained «0.2 em).
The peridotites are mainly harzburgites with minor Iherzolites. Small to m-sized
indigenous dunitic bands occur in the granular domain and their abundance and sizes
increase towards the S. At several localities, the granular peridotites include em- to 1OOm
scale layered sequences of harzburgite and dunite (Fig. 3.6b). Similar harzburgite-dunite
associations have been interpreted as layered magmatic structures arising from a perc0
lating silicate melt (Quick 1981, Keleman 1990, Remaidi et al. 1991, Takahashi 1992,
Takazawa et al. 1992).
The NWboundary of the granular domain shows some typical characteristics that may
be used to infer the relative age relation with the gamet-bearing peridotites NW and N of
the granular peridotites. These characteristics are as follows:
1: The high relief in the NW part of the Ronda massif ~lows to estimate the three
dimensional shape of the boundary. Field mapping suggests that this boundary is curved,
delineating parts of a kIn-scale dome.
2: Several well-exposed localities at the transition from gamet-bearing peridotites to
granular peridotites show that this transition coinddes with a change from Iherzolitic to
harzburgitic compositions.
3: At the scale of the map, the domain boundary assodated with the transition from
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gamet-bearing peridotites to granular peridotites is markedly oblique to the structural
trend of the spinel tectonites (App. A3).
4: The layering, Le. compositional layeringand pyroxenite dikes, is essentiallycontinuous
across the transition, and the orientationof the layering in the spinel tectonites is virtually
parallel to that in the granular domain.
5: The transition from "typical" spinel tectonites to "typical" granular peridotites is not
abrupt, but occurs within a narrow zone of 200 meters at the most. The transition is
marked by the gradual disappearance, towards the south, of fabric elements such as the
foliation and elongate pyroxenes, in that olivine and pyroxene gradually loose their
shape-preferred orientation and evolve towards an equigranular microstructure.
6: The alignment of spinel grains, in trails parallel to the foliation of the spinel tectonites,
is also observed in the NW part ofthegranular domain and, across the transition, remains
constant in orientation and parallel to the layering.
All of these features suggest that the domain boundary between the spinel tectonites and
granular peridotites is not the result of later juxtaposition along faults such as the en
echelon arranged sinistral strike slip faults affecting the Ronda peridotite in other parts of
the area. The nature ofthe boundary between the granular peridotites and the plagioclase
peridotites to the south and southeast will be discussed in paragraph 3.5.

Microstructures ofthe granular peridotites
The microstructure of the granular peridotites varies considerably as a function of their
distance from the transition zone with the gamet-bearing peridotites. In the central and
southern part of the domain, the microstructure is characterized by large olivine grains
(2-10 mm) with curvi-linear grain boundariesand triple junctioncontacts. Subgrain walls,
dominantly parallel to olivine (100), are common. Orthopyroxene (enstatite) and
clinopyroxene (diopside) occuras oftenisolated,coarseandequigranularcrystalsembedded
in the olivine matrix. Spinel grain shapes vary from idiomorphic, via holly-leaf, to small
rounded grains scattered in the olivine matrix. No obvious pyroxene-spinel clusters as
described by Merder and Nicolas (1975) have been ob~rved. The microstructures are
therefore largely analogous to those documented as secondary protogranular (Merder
and Nicolas 1975) or secondary recrystallized (Downes 1987) microstructures. Amphibole

<] Fig. 3.6 previous page: (a) Field aspect of granular peridotite. Diameter of coin 2 CIll. (b) Small-scale
dunite!harzburgite associations in the granular peridotites inferred to reflect melting processes. Diam
eter of coin 2 em. (c) Typical annealed olivine microstructure from the transition zone between sheared
spinel tectonites and granular peridotites. Scale bar 2 mm. (d) Photomicrograph of granular peridotite
with typical spinel fabric. Vertical dimension 8 CIll.
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(pargasite) is a common constituent within less than 2 kIn of the transition wne with the
spinel tectonites. Further away from the transition zone, no amphiboles have been
observed.
In the transition zone towards the spinel tectonites, the granular peridotite micro
structures are typically intermediate between the porphyroclastic microstructure of the
spinel tectonites and the granular microstructures described above. Atone locality in this
transition wne, a conspicuous planar zone of several m width shows a microstructure
characterized by the joint occurrence of stretched orthoyroxenes with high aspect ratios
(>1:10) as well as rounded orthopyroxenes, both embedded in a fine-grained matrix of
strain-free equigranular olivines. Many of the oliVine grain boundaries are pinned at tiny
spinel grains. The microstructure strongly suggests annealing recrystallization accompa
nied by grain growth (Fig. 3.6c, d. Karato 1989). It is inferred that the planar zone with
these microstructures represents a former high-strain garnet-spinel mylonite of which the
microstructure was modified by annealing recrystallization. This annealing, however,
mainly affected the olivine and some of the orthopyroxenes, whereas spinel and most
pyroxenes largely retained their earlier grain shape. The wall-rock of this planar wne
largely resembles that of a non-annealed spinel tectonite, with the exception of abundant
triple junctions and some largely strain-free olivines. The extent of annealing
recrystallization and grain growth in the wall-rock as compared to the planar wne is
limited. The reason for this could be the coarser grain size in the wall-rock of the planar
wne, limiting the surface stored strain energy driving grain boundary migration (e.g.
Poirier 1985).
A more evolved granular microstructure from the transition wne is illustrated in Fig.
3.6d. This microstructure is characterized by coarse-grained equigranular oliVines which
enclose coarse equigranular pyroxenes and holly-leaf shaped spinels. The spinel grains
show a distinct shape preferred orientation, oriented parallel to the long side of Fig. 3.6d,
and are aligned in trails. Similar spinel trails can be traced in the field across the transition
into the spinel tectonite domain where they are parallel to the spinel tectonite foliation.
These trails are therefore inferred to reflect the earlier deformation history.
1bemicrostructuresfrom thetransitionwne suggestthattheyrepresent an intermediate
stage in the development of the granular peridotites by annealing recrystallization and
grain growth affecting a deformed protolith. It is noted in this context that the processes
and mechanisms leading to obliteration of the pyroxene shape fabrics dUring progressive
annealing are not well understood.
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a: Granular perldotits
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Fig. 3.7: Olivine LPO patterns across the transition zone from porphyroclastic spinel peridotites to
granular peridotites, represented relative to geographical coordinates. (a) LPO of typical granular
peridotite (DR89.91), 87 measurements contoured at 1% Intervals. (b) Peridotite from the transition
zone between spinel tectonites and granular peridotites (DR90.22), 133 measurements contoured at 1%
intervals. Foliation Indicated. (c) Spinel tectonite (DR89.6S), 100 measurements contoured at 1%
intervals. Foliation and pyroxene stretching lineation Indicated. Note annealing recrystallization and
grain growth has not signHicantlyaffected the olivine LPO patterns.

Lattice preferred orientation patterns
In order to further investigate the nature of the transition between the two domains,
oliVine LPO patterns have been measured in peridotites with a variable degree of
annealing recrystallization. The presumption underlying this exerdse is that annealing
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recrystallization and grain growth cannot be expected to completely remove a pre
existing LPO pattern (Green 1967, Hobbs 1968). The results are shown in the stereograms
of Fig. 3.7, where the orientationdata are plotted with respect to present-daygeographical
coordinates. This approach bears the advantage that it allows to examine possible
changes, across the transition, in the geometry of the LPO patterns, as well as in the
orientations of the finite fabric (Le. the spinel trails) and the flow plane (inferred to be
parallel to the dominant oliVine slip plane). From inspection of Fig 3.7 it is clear that the
preferred orientation of oliVine [010]) in the granular peridotites, transitional peridotites
and spinel tectonites are essentiallyparallel. The 1%contour is somewhatvariable, but this
is probably due to a variable number of measurements and to slight variations among the
LPO patterns in the garnet-bearing peridotites (Fig. 3.4). The oliVine LPO patterns seem
thus consistent with the hypothesis that the granular peridotites developed due to
annealing recrystallization and grain growth affecting the spinel tectonites and garnet
spinel mylonites, hence that they progressively developed at the expense of a previously
deformed protolith. At this stage it is noted, however, that the largely annealed
microstructures and their olivine LPO patterns are as such also consistent with high
temperature, low-stress defromation dominated by migration recrystallization. lbis
alternative interpretation is further discussed below.

Mafic layers
The transition from spinel tectonites to granular peridotites is accompanied by a change
in mineral composition of the mafic layers from garnet pyroxenites to spinel pyroxenites
(App. A3). Notably, garnet pyroxenites from the transition zone often show symmetrical
rims of spinel pyroxenite. In addition, some spinel pyroxenites from the transition zone
show typical pyroxene-spinel aggregates or clusters with a diameter < 1 em, commonly
believed to represent precursor garnets (e.g. Smith 1977, Green and Burnley 1988). These
observations suggest that at least part of the spinel pyroxenites from the granular domain
represent the transformed and recrystallized equivalents of former garnet pyroxenites.
Further south in the granular domain, spinel pyroxenites consist of coarse-grained
ortho- and clinopyroxenes, coarse greenish spinels and, occasionally, a significant
amount of pargasitic amphibole. Irregular pyroxenite layers are rimmed by em-scale
depletion zones, consistent with subordinate melting in the granular domain (Remai'di
et al. 1991).
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Chromium-pyroxenites

Bright-green pyroxenite layers, composed mainly of clinopyroxene with minor
orthopyroxene, olivine, spinel and phlogopite, are an importantconstituentof the Ronda
peridotite. Theyhave beendocumented as Cr-pyroxenites byObata (1980). Cr-pyroxenites
occur in all different structural domains, however, over 900/0 of all Cr-pyroxenites are
found in the granular peridotites where they occur in two different types of layers. TIny,
1-5 em Wide "repladve" layers occur parallel to the primary banding and often contain
relics ofa replaced mineral assemblage, e.g. spinel. Up to 10 m thick, "intrusive" dikes have
sharp, well-defined boundaries and cut across the primary banding of the peridotite wall
rock.
Though extremelyuncommon, Cr-pyroxenites do occur in the garnet-spinel mylonites
as undeformed "intrusive" dikes, several em thick, which cut across the mylonitic
foliation. Cr-pyroxenites are slightly more common in the spinel tectonites where they
are undeformed and again discordant With respect to the layering. Cr-pyroxenites in the
spinel tectonites are generally associated With garnet-pyroxenites. In the plagioclase
tectonites, at one locality, a strongly deformed Cr-pyroxenite has been observed With a
foliation parallel to the plagioclase tectonite foliation, indicating that the Cr-pyroxenites
predate the development of the plagioclase tectonite structure.
Remai"di et al. (1991) suggest that the Cr-pyroxenites crystallized from low-Ti and High
Cr- melts which were probably boninitic (i.e. Si-rich) in composition. The Cr-pyroxenites
thus provide evidence that the development of the granular peridotite was accompanied
by infiltration of possibly asthenospheric melts. The structural data suggest that such
infiltration occurred dUring or after annealing recrystallization in the granular domain
but prior to the development of the plagioclase peridotites.
Discussion

Peridotites with a granular microstructure are common in many ultramafic massifs and
have been documented in e.g. the Lanzo peridotite (Boudier 1978), the Erro-Tobbio
peridotite (Drury et al. 1990, Vissers et al. 1991), the Josephine peridotite (Norell and
Harper 1988), the Zagarbad peridotite in the Red Sea (Bonatti et al. 1981) and Lherz/
Fontete Rouge in the French Pyrenees (Conguere 1978). Granular microstructures are also
common in mantle xenolith suites, e.g. Massif Central, France (Coisyand Nicolas 1978),
South Africa (Boullier and Nicolas 1975), Hawaii Oackson 1968), Victoria, Australia (Frey
and Green 1974). These observations suggest that large portions of the upper mantle
underneath orogenic and volcanic belts consist of granular peridotites.
Many views exist on the development and significance of granular peridotites. There
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seems to be common agreement, however, on the notion that the granular microstruc
tures observed in mantle massifs and mantle xenolith populations reflect an early stage of
the peridotite history prior to the development of other structures and microstructures
(e.g. Green and Gueguen 1974, Boyd and Nixon 1975, Merder and Nicolas 1975, Drury
et a1. 1990). The present study, however, indicates that the granular peridotites of the
Ronda massif form an exception to this rule. The structures and microstructures observed
across the transition zone clearly showthatthe granular microstructures postdate the spinel
tectonites andgamet-spinel mylonites. This relative chronological relationship is opposite
to that traditionally inferred for mantle rocks underneath kimberlite pipes (Boyd and
Nixon 1975), xenoliths from alkali-basalts (Merder and Nicolas 1975), mantle diapyrs
(Green and Gueguen 1974, Coisy and Nicolas 1978) and some peridotite massifs (e.g.
Drury et al. 1990).
The structures and microstructures of the granular peridotites suggest that annealing
recrystallization and grain growth have been important. However, from the nature of the
microstructures alone it cannot be immediately decided whether they represent entirely
static annealing, or dynamic recrystallization in response to low stress-high temperature
deformation. In the latter case, grain sizes will tend to adjust to the newly achieved (lower)
flow stresses, facilitated by olivine grain growth (e.g., Ross et al. 1980, see also Chapter 5
below). Furthermore, annealing recrystallization and grain growth cannot be expected to
completely remove older deformation microstructures when the total strain achieved
during the low stress deformation is low (e.g. Knipe 1989). However, as pointed out
previously, the granular domain is dome-shaped at the scale of several kIn. Therefore, it
seems highly unlikely that this boundary represents the boundary to a zone of localized
low-stress deformation dominated by migration recrystallization and grain growth,
developed in a deformed and fine-grained wall-rock. Furthermore, the oliVine LPO
patterns traced across the transition provide no evidence for any rotation ofthe flow plane
or firlite fabric, expectedacross any shearzone boundary (e.g., Ramsay and Graham 1970).
It is thus concluded that the granular peridotites in the Ronda massif must have developed
as the result of static annealing recrystallization and grain growth rather than low stress
high temperature deformation.
During this annealing recrystallization event, garnet pyroxenites progressively trans
formed to spinel pyroxenites indicating significantly lower pressures (Seiland subfacies
conditions, -800-1400 MPa at llOO°C, App. AI) than those associated with progressive
deformation in the gamet-bearing peridotites. In follows that significant uplift of the
massif, eqUivalent to about 1000 MPa confining pressure, must have occurred in a stage
between the development of the garnet-bearing peridotites and the granular spinel
peridotites. There are no structures assodated with this stage of uplift.
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Conclusions
The structures and microstructures indicate that the granular peridotites developed as a
result of annealing recrystallization and grain growth, accompanied by minor magmatic
processes. This annealing recrystallization event occurred at Seiland subfades conditions,
and affected a deformed protolith composed of spinel tectonites and gamet-spinel
mylonites. The granular spinel peridotites thus postdate the foliated gamet-bearing
peridotites. The preservation of the transition rone, Le., the annealing recrystallization
front, seems a rather unique feature of the Ronda peridotite. This transition rone
represents a major structural, metamorphic and possibly also geochemical boundary in
the Ronda massif.

3.5 Plagioclase peridotites: shear localization and ductile emplacement

Structures and microstructures ofthe plagioclase tectonites
Porphyroclastic plagioclase peridotites make up a third structural and metamorphic
domain in the southern and eastern part of the Ronda massif (App. A3). This domain is
characterized by the occurrence of plagioclase as the AI-bearing metamorphic phase both
in the host peridotite and in enclosed mafic layers. The plagioclase peridotites comprise
both lherrolites and harzburgites, and they enclose indigenous dunites.
At the southern margin of the granular domain, peridotites with a clearly granular
microstructure gradually pass into plagioclase-bearing porphyroclastic peridotites, here
after referred to as plagioclase tectonites. This transition towards the plagioclase-bearing
rocks is reflected by an increasing intensity of the foliation towards the south, a grain-size
reduction of all the mineral phases, an increasing elongation of pyroxenes towards a
porphyroclastic structure (Fig. 3.8a), the suddenoccurrence of plagioclaseas elongate rims
around spinel and, with increasing intensity of the foliation, a decreasing angle between
this foliation and the compositional banding and pyroxenite layers hereafter referred to
as layering. Close to the transition zone with the granular peridotites, few 10-100 m scale
lensesoccurofgranularperidotitecompletelysurroundedbyfoliated plagioclase peridotites.
Dunitic layers are tightly folded, with the plagioclase tectonite foliation parallel to the
axial planes ofthe folds. These relationships conclusivelydemonstrate thatthe plagioclase
tectonites developed at the expenseof, hence later than, the granular microstructures and
assemblages.
Although the plagioclase tectonites are fairly uniform in their foliation development,
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Fig. 3.8: (a) Field aspect of
plagioclase tectonites. Note
distinct angle between
compositional banding and
plagioclase tectonite folia
tion. Diameter of coin 2 em.

(b) Photomicrograph of the
plagioclase tectonite mIcro
structure. Note saussurite
around spinel, repladng
plagioclase. Scale bar 2 mm.

there are two different km-scale domains with opposite vergence (Chapter 2) of the
layering on the tectonite foliation. Afirst and dominant domain of plagioclase tectonites
is characterized by a S-ward vergence relative to present-day geographical coordinates
(App. A3). Foliations in this domain dip dominantly to the N, and show mainly NS
trending pyroxene stretching lineations. The minimum width of this domain is several
km. Within these S-vergent plagioclase teetonites, planar wnes occur ofup to 1 km width
with a vergence to the N and E(Fig. 3.9, App. A3). Foliations in these planar zones dip NNE

Fig. 3.9 (next page): N-S section parallel to the Cerro del Duende ridge Oocality outlined in App. A3),
showing vergence changes inferred to relate to late-stage shear localization in N/E vergent plagioclase
tectonites oVerprinting S vergent plagioclase tectonites.
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a: S-vergent plagioclase ISClDnllB6

[l00J
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b: NIE vsrgenl plagioclase IsclDnfrB6
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Fig. 3.10: LPO patterns of recrystallized olivine from (a) a S-vergent plagioclase tectonite (DR89.4Z) and
(b) a N/E vergent plagioclase tectonite (DR91.3Z), 100 measurements contoured at 1% intervals.

to E, with mostly steep stretching lineations plunging towards 040-090. Meter-scale folds
of the layering with shallow ENE dipping fold axes occur in transition zones between
adjacent vergence domains. The significance of the vergence changes as regards the
kinematics of the plagioclase tectonites will be discussed below.
The microstructure of the plagioclase tectonites is characterized by elongate olivine
with grain sizes in the range 0.5-1 mm. Strain-free neoblasts with abundant polygonal
grain shapes in some samples from S-vergent zones suggest that the microstructure has
been partly annealed after deformation. Orthopyroxene (enstatite) occurs as elongate
clasts occasionally rimmed by a neoblast assemblage of two-pyroxenes and some minor
pargasitic amphibole. Clinopyroxene (diopside) does not show a clear shape preferred
orientation. Spinel is rimmed by "dusty" aggregates with low refractive indices known as
saussurite (Fig. 3.Sb). In this assemblage, relict plagioclase indicates that the tectonites
developed in the plagioclase peridotite fades «700 MPa). Unfortunately, most of the
details of the plagioclase tectonite microstructure have been obliterated by intense
serpentinization affecting these rocks much more pervasively than those of the other
structural domains. Systematic microstructural differences, if any, between the micro
structures of both vergence domains are therefore difficult to assess, and have not been
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observed in this study.
Both vergence domains in the plagioclase tectonites show essentially similar olivine
LPO patterns, and examplesare shown in Fig. 3.10. Olivine [100] is concentratedin a point
maximum at small angles to the mineral stretching lineation, olivine [010] is distributed
along a partial girdle perpendicular to the foliation and lineation, with a point maximum
sub-perpendicular to the foliation. Olivine [001] is also distributed along a partial girdle,
with a point maximum in the foliation plane. Such fabrics are consistent with crystal
plastic slip on the olivine [100] lOkI} slip system ("pencil glide", Ave Lallemant and Carter
1970) dUring dominantly non-coaxial flow.
Mafic layers: olivine gabbros
Mafic layers composed of greenish spinel, plagioclase, orthopyroxene, clinopyroxene,
olivine and amphibole, referred to as olivine gabbros by Obata (1980), are confined to the
plagioclase tectonites and the southernmost 500 meters of granular peridotites.
Clinopyroxene and plagioclase show a weak shape preferred orientation and some LPO.
Olivine and plagioclase occur in elongate rims around spinel parallel to the tectonite
foliation, suggesting syn-kinematic breakdown of spinel to plagioclase and olivine. This
breakdown of spinel is consistent with the breakdown of spinel in the lherzolitic and
harzburgitic assemblages. Coarse-grained clinopyroxene shows exsolution of plagioclase,
facilitating the breakdown of pyroxene into a new assemblage of clinopyroxene and
plagioclase (Schubert 1977). Occasionally, strong shearing in olivine gabbros has led to
fine-grained (10 1JlIl) mylonitic microstructures. The observed microstructures and as
semblages of the olivine gabbros and their exclusive occurrence in the southernmost
granular peridotites and plagioclase tectonites indicate that they represent deformed and
recrystallized eqUivalents of former spinel pyroxenites.
Crustal lenses
Lens-shaped bodies of high-grade crustal gneisses and migmatites occur strictlyassociated
with NIE-vergent plagioclase tectonites. The maximum observed dimension of such
lenses is 15 m. The mineral assemblages in these lenses strongly resemble those of the
high-grade gneisses and migmatites underlying the Ronda peridotite(Lundeen 1978). The
foliations and lineations developed in mylonitic rims of the lenses are parallel to those in the
peridotite wall rock, suggesting that such lenses deformed synchronous with shear defor
mation in the peridotite. Felsic crustal lenses may show irregular patches of granitic
composition, and small graniticdikes similar to the apliticdikes described by Obata(1980)
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are observed to root in such lenses. These observations indicate that tectonic interleaving
ofthe crustal rocks and peridotites was accompanied by minor melting ofthe crustal rocks.
Coolingages ofgranitic dikes transecting all peridotiteassemblages indicate a Miocene age
for their final emplacement (-22 Ma, Priem et a1. 1979, Zindler et a1. 1983).

Kinematic inte1pretation of the plagioclase peridotites
In Chapter 2 it has been shown that vergence relations may be used as a kinematic
indicator, provided that the initial orientation of the layering is virtually planar. The map
pattern shown in App. A3 indicates that the layering in the granular peridotites, Le. the
host of the plagioclase peridotites, sufficiently fulfills this reqUirement.
Folding of the primary layering occurs at a scale ofseveral hundreds of meters (Fig. 3.9).
Ramberg (1960) and Biot (1961) have shown that the wavelength of buckle folds depends
on the thickness of the folded layers and the viscosity contrast between folded layer and
host rock (see also review by Ramsay and Huber 1987, p. 383). An explanation of the
observed fold-wavelength by buckling mechanisms thus requires viscosity contrasts at a
scale of the wavelength of the folds. As the thickness of compositional banding and
pyroxenite layers in an elsewhere uniform peridotite matrix is several m at the most,
mechanical contrasts associated with the layering at 100 m scale must have been
negligible such that folding due to mechanically controlled buckling mechanisms can be
ruled out. It follows that the contortions of the layering such as those shown in Fig. 3.9
in a cross section parallel to the stretching lineation may be used to infer the kinematics
of the plagioclase peridotites.
Despite the distinct strain localization reflected by the microstructures across the
transition from granular peridotites to plagioclase tectonites, this transition is not
accompanied by a major contortion of the layering. FollOWing the principles of vergence
relations outlined in Chapter 2 this may be explained by an initial orientation of the pre
existing layering at small angles to the flow plane of the developing shear zone, Le., in a
dominantly non-rotational orientation provided that the senseofmovement in the shear
zone is "topto the north". The asymmetry oftheolivine LPOpatterns in thesouth-vergent
plagioclase tectonites is consistentwith a "top to the north" sense ofshear, indicating that
the south-vergent plagioclase tectonites indeed developed in a non-coaxial flow regime
with a "top to the north" sense of movement.
Major contortions of the layering are associated with the transitions from S-vergent to
N/E- vergent zones (Fig. 3.9). Following Chapter 2 these contortions can be interpreted to
result from strain gradients preserved in shear zone margins, where the layering mainly
resided in a rotating orientation with respect to the flow plane. The sense of contortion
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x: shear zone width
y: displacement parallel to shear zone boundary
Under assumption of simple shear:
Shear zone 1:
displacement y = 4015 m
shear zone width x = 677 m
shear strain 40151677 5.9

=

=

Shear zone 2
displacement y = 1960 m
shear zone width x 373 m
shear strain 19601373 5.2

=

=

=

~

Area percent "top to the southIWest" of /Dial plagioclase peridotites: 25%
max thickness plagioclase peridotites, measured parallel /D folial/on: 10 km
displacemsnt accommodated by "top to the southlWest" shear zones: >12.5 km.

Fig. 3.11: Geometrical calculation of shear strain allied with the development of N/E vergent plagioclase
tectonites. The total thickness of the plagioclase peridotites, measured perpendicular to the foliation in
the eastern part of the massif is 15 lan. From the map (App. A2) it can be reconstructed that -25% of
this column consists of "top to south/west" plagioclase tectonites.

of the layering into the N/E-vergent plagioclase tectonites suggests a "top to the south!
west" sense of shear, consistent with the asymmetry of olivine LPO patterns in the NIE
vergent plagioclase tectonites.
Based on the observed contortions of the layering in the plagioclase peridotite allied
with systematic vergence changes it is inferred that the plagioclase peridotites comprise
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two shear zone generations with oppositesenses ofshear. The earliest S-vergentplagioclase
tectonites developed during rather homogeneous, non-coaxial flow with "top to the
north" senses of movement occurring in a zone at least as wide as the entire plagioclase
Peridotite domain. The second generation plagioclase tectonites are characterized by "top
to the south/west" movements in much more localized but still kIn-scale shear zones.
The crustal lenses described above are exclUSively associated with the N/E-vergent
plagioclase tectonite shear wnes, indicating that these shear zones developed during
ductile emplacement of the peridotites into the crust. The contortions of the layering into
these zones can be used to infer shear strains achieved dUring "top to the south/west"
shearing. As outlined in Fig. 3.11, shear strains of p5 are obtained geometrically and the
minimum cumulative displacement obtained for the "top to the south/west" tectonites is
inferred to be around 12.5 kIn, a value throughout reasonable for shear wne structures
associated with emplacement. The low angles between the layering and the inferred flow
plane in the "top to the north" plagioclase peridotites preclude to reliably calculate shear
strains and displacements build up dUring this phase of deformation.

Comparison with the Ojen massif
A similar reversal in shear sense in plagioclase peridotites can be inferred from the
structural map of the Ojen massif E of the Ronda massif (fubia and Cuevas 1986, 1987).
The youngest generation of shear zones with dominantly SW-NE stretching lineations in
the NW margin of the massif clearly developed synchronous with adjacent crustal units
and are, therefore, also emplacement-related. In addition, Tubia and Cuevas (1986) report
olivine LPO patterns from these plagioclase periddtites developed dUring olivine [c]-slip.
Such olivine [c]-fabrics are known to result from crYStal-plastic deformation accommo
dated by low-temperature slip systems (Mercier 1985), consistent with an interpretation
of the "top to the south/west" plagioclase tectonites as being related to ductile emplace
ment of the peridotites into the crust.
Conclusions
The internal structure of the plagioclase peridotites is more heterogeneous than previ
ouslyassumed (see e.g. Darot 1973, Obata 1980). They developed at the expense of the
granular peridotites primarily as a result of pervasive shear deformation. Two shear wne
generations have been recognized with an opposite kinematic framework. The youngest
and more sharply localized shear zones are related to emplacement of the massif into the
crust.
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CHAPTER 4

Them1al history of the Ronda peridotite.

4.1 Introduction
Two main objectives in this study of mantle deformation processes motivate a detailed
thermal analysis of the Ronda peridotite. First, the kinetics of the various deformation
mechanisms operative in deforming crystalline aggregates is principally a function of
ambient temperature. Therefore, any quantitative analysis of the deformation processes
recorded in the Ronda peridotites requires temperature estimates as accurate as possible
for each of the structures identified. Second, the thermal evolution of a metamorphic
terrain is of crucial importance in any interpretation of structural and metamorphic
processes in terms of lithosphere dynamics (Oxburgh and Turcotte 1974, England and
Thompson 1984, Spear 1989). The PT evolution of the Ronda peridotites can thus be
expected to embrace critical information on the geodynamic evolution of the W
Mediterranean mantle discussed in Chapter 7.
The structural and microstructural study of the Ronda peridotite presented in the
preceding chapter reveals the progressive development of three different structural and
metamorphic domains. The relative ages of the stable mineral assemblages preserved in
these domains clearly indicate a multistage uplift history with a well-defined pressure
path. Unfortunately, the metamorphic assemblages contain less information on the
thermal evolution of the massif, as most of these assemblages are principally pressure
dependent (App. AI).
The main analytical technique employed below to elUcidate the temperature evolution
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ofthe Ronda massifis microstructurallycontrolled pyroxene thermometry. However, several
of the features discussed in the preceding Chapter place some qualitative constraints on
the thermal history of the Ronda peridotite and these features will be summarized first.
I then proceed to discuss a number of problems common to geothermobarometry and
theirconsequencesfor an analytical strategy, beforesummarizingtheanalytical techniques
and calculated temperatures. The results of the analyses are evaluated against further
problems involved in the interpretation of the analytical temperatures in terms of
ambient conditions. Finally, with some constraints on timing, the structural (Chapter 3)
and thermal data (this Chapter) are compiled in a P-T-(t) trajectory for the Ronda
peridotite.

4.2 Geological constraints
Though accompanied with uncertainties, several of the field and microstructural obser
vations in the Ronda peridotite body permita qualitative assessment ofits thermal history
as follows.
1: The gamet-bearing peridotites have preserved a transition, from essentially homoge
neous deformation at the scale of the domain (spinel tectonites), to highly localized
deformation in relativelynarrowmylonitic shear wnes (gamet-spinel mylonites) developed
towards the NW periphery of the massif. In a recent paper by Drury et al. (1991) such
localization of the deformation in progressively narrower shear zones is ascribed to
decreasing temperatures, where mechanisms like grain-size-sensitive creep and brittle
deformation, responsible for shear localiZation, become increasingly important. It is
noted, however, thatan order ofmagnitude increase of the imposed strain rate could have
a similar effect.
2: An increasingly semi-brittle behaviour of the pyroxenite layers towards the NW
periphery of the massif, reflected in progressive boudinage down to the level of individual
constituent grains, seems consistent with progressively lower temperatures, although
progressive boudinage may also be related to an increase in strain rate.
3: The facies boundary between gamet- and spinel-peridotite has a distinct, positive slope
(dP/dT - 0.9 MPa/K). This implies that the transition allied with the development of the
gamet-spinel mylonites, from Ari(~gite subfades to gamet-peridotite fades assemblages,
is consistent not only with pressurization but also with decreasing temperatures, or with
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a combination of pressurization and temperature decrease (App. AI).
4: Local discordant dunite-harzburgite bodies exclusivelyoccur in the granular peridotites
(Paragraph 3.4, see also Remaidi et al. 1991). Similar dunite-harzburgite bodies have been
documented from the Trinity peridotite (Quick 1981), and are believed to be related to
infiltration of silidous melts leading to the development of local percolation systems and
concomitant reactions between melt and hostlherzolite (Kelemen 1990, Takahashi 1992,
Takazawa et al. 1992). For such super-solidus processes to occur, temperatures exceeding
11000C are needed in a hydrous mantle (App. AI, Wallace and Green 1991). In addition,
recent experimental work (IngrinetaI. 1991) has shown that melting of dry single crystals
of clinopyroxene (implied in the formation of harzburgite or dunite by partial fusion of
a lherzolite host) may occur at temperatures as low as l1300C at atmospheric pressures.
The discordant dUnite-harzburgite bodies in the granular peridotites would thus indicate
peak temperatures of over 11000C during annealing recrystallizationand development of
the granular peridotites, whilst the mineral assemblages in the spinel pyroxenite layers
indicate Seiland subfades conditions.
5: The mere preservation of an annealing recrystallization front in those parts of theupper
mantle now exposed in the Ronda massif suggests a thermal gradient, during annealing
recrystallization, between the granular domain and the gamet-bearing peridotites as
follows. Toriumi (1982) and Karato (1989) have shown that the grain-growth kinetics of
olivine are strongly temperature dependent. Ingress of hydrous fluids could also produce
a similar recrystallization front, even during a T-decrease well below l()()()oC, because the
presence of the fluids strongly promotes diffusional processes at the grain boundaries. The
movement of a possible fluid front would be expected to be monitored behind the
recrystallization front by a significant change in rock composition (e.g., crystallization of
amphiboles). Minor amounts of hydrous phases, however, occur at both sides of the
annealing recrystallization front (Chapter 3), hence their abundance is not spatially
related to this front. It thus seems unwarranted to relate the annealing recrystallization
to infiltration of a hydrous fluid. Therefore, annealing recrystallization is expected to be
thermally-driven, and equilibrium temperatures behind the annealing front can be
expected to be higher than, or equal to, those ahead of the annealing front such that the
activation energy for grain growth (Urai et aI. 1986) is provided or preserved, respectively.
As a consequence, ambient temperatures in the spinel tectonites and garnet-spinel
mylonitesattheonsetofannealingrecrystallization should nothave exceededtemperature
values recorded in the granular peridotites.
The above summary of field and microstructural features suggests that a "thermal"
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discontinuity may have existed in the Ronda peridotite body which coincides with the
annealing recrystallization front characterizing the boundarybetween the gamet-bearing
and granular peridotites. Field and microstructure observations NW of this boundary
suggest progressivelydecreasing temperatures, whilstSEand Softhe annealing front there
is evidence for high temperature processes. In the absence of temperature-sensitive
mineral assemblages it will be clear that mineral-chemistry based thermometry is needed
to substantiate this interpretation.

4.3 Pyroxene thennometry
Thermometry refers toa technique where the temperature dependence ofthe equilibrium
constant between coexisting phases is used to infer metamorphic temperatures (Boyd
1973). The equilibrium constantcan be determined by measurement ofthe compositions
of coexisting minerals in natural or simplified chemical systems. Below I will apply
pyroxene thermometry to further constrain the thermal evolutionofthe Ronda peridotite.
It will be shown that the temperature evolution derived from pyroxene thermometry is
entirely consistent with the above geological data, and that taken together the data
demonstrate a complicatedthermalevolutionofthe Ronda peridotite,involvingsignificant
cooling at depth, followed by a stage of renewed heating prior to emplacement at crustal
levels.
Throughout this Chapter I will use the folloWing abbreviations of mineral names: OL:
olivine; OPX: orthopyroxene; En: enstatite; CPX: clinopyroxene; SPL: spinel; GRT: garnet;
AMPH: amphibole.

Thennometers available for ultramafic systems
Alarge numberofthermometric formulations have been proposed for ultramafic systems
(reviews in Finnerty and Boyd 1984, 1987, Carswell and Gibb 1987). They are based on
a variety of slightly different concepts, which can be summarized as follows (after Spear
1989):

• Exchange thermometers based on cationexchange reactions, for example betweengarnet
and pyroxene (e.g. Ellis and Green 1979, Harley 1984, Lee and Ganguly 1984).
• So/vus thermometers based on the distribution of Caand Mg and otherelements between
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coexisting CPX and OPX. A further distinction between solvus thermometers can be
made:
- two-pyroxene thermometers (e.g. Wood and Banno 1973, Wells 1977, Kretz 1982,
Lindsley 1983, Gasparik 1984, Bertrand and Mercier 1985, Brey and K6h1er 1990), or
- single-pyroxene thermometers (e.g. Mercier 1980, Sachtleben and Seck 1981, Breyand
Kohler 1990, Witt-Eikschen and Seck 1991).
In general, two-pyroxene thermometers are to be preferred over single-pyroxene
thermometers, because their calibration is independent of whole-rock chemistry, whilst
single-pyroxene thermometers depend on whole-rock chemistry to an unknown extent.
Moreover, experimentally calibrated thermometers are to be preferred over empirically
calibrated ones because the P-T conditions of the experiments are accurately controlled.
A serious drawback of the experimentally calibrated thermometers, however, is that the
eXperimental phase chemistry is ideal, whereas empirical calibrations incorporate the
non-ideality of the phases.

Thermometers used in this study
From the large population of pyroxene thermometers available, five different and
representative thermometers have been selected. These are:
I: The Wells (1977) formulationofa two-pyroxene thermometer. Below I will refer to this

thermometer as W2px:

T.
_
7341
W2px - 3.355 + 2.44X~;x -InK

(4.1)

where Kis the equilibrium constant for coexisting OPX and CPX written as a function of
the activity oftheenstatite componentin OPX and CPX (see Wood and Banno 1973).11lis
thermometer is well-known and widely used, and therefore bears the advantage that its
results are directly comparable with other studies using this thermometer in other
lherzolite massifs and in lower crustal rocks.
II: The Bertrand and Mercier (1985) formulation of a two-pyroxene thermometer

(hereafter referred to as BM2px) which is based on one of the most comprehensive studies
of natural system experiments:
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T.
_
36273 + 399P
BM2px - 19.31- Rln (K*) -12.15(Ca *cpx)2

(4.2)

where K* is the equilibrium constant for the En(cpx) - En(opx) transfer reaction expressed
as a function of Ca- and Na-concentrations and Mg-number of CPX. This thermometer
tends to slightly underestimate temperatures in experiments on natural systems (Brey et
aI.1990).
1lI and VI: The Brey and K5hler (1990) formulations of a two-pyroxene thermometer
(BK2px) and a single-pyroxene thermometer (Ca-in-OPX, BK1px), derived from the most
recent experiments in natural four-phase lherzolites for conditions in the range of 1000
to 6000 MPa and 900-1400°C (Brey et a1. 1990):

T.
_ 23644 + (24.9 + 126. 3X~~X)P
BK2px- 13.38+(lnK~)2+1159X~r

(4.3)

where K~ is defined as in Bertrand and Mercier (1985), and:

T.
= 6425 + 26.4P
BKlpx -lnCa opx + 1843

(4.4)

with P in Kbar. The Ca·in-OPX Single-pyroxene thermometer bears the advantage that it
can also be used for harzburgitic compositions, but suffers from the unknown influence
of whole-rock chemistryon Ca-concentrations in OPX, the low abundances of Ca in OPX,
and the inferred rapid diffusion of Ca with respect to Mg, Al and Si (Sautter and Fabries
1990) poSSibly making Ca-concentrations in OPX extremely sensitive to re-equilibration
during cooling. It is as yet unclear if the single pyroxene thermometer can be used in mafic
(pyroxenite) assemblages.
V: The Witt-Eikschen and Seck (1991) Al-in-OPX thermometer (hereafter referred to as
WS1px):

Tws1px = 636.54 + 2088.21X~I+ 14527.32X~rl

(4.5)

This recently published and hitherto rather unknown thermometer has been empirically
derived for peridotite xenoliths from the Eifel-region, Germany, from systematic varia
tions of Al/Cr-concentrations in OPX with temperature as estimated with the Breyand
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Fig. 4.1: Diagram showing elements
involved in the geothermometers
employed in this study.

Kohler Ca-in-OPX thermometer. Amajor advantage of this thermometer is that diffusion
of AI in OPX is inferred to be the slowest of all elements (Sautter and Fabries 1990) such
that OPX retains its Al-contentthrough subsequentcooling. It is noted thatthe calibration
of the Witt-Eikschen and Seck (1991) thermometer is valid for four-phase spinel-bearing
peridotites only, whilst the effect of whole-rock chemistryon the calibration is unknown.
It cannot be applied to garnet peridotite or pyroxenite assemblages.
The elemental chemistryfor which the above thermometers are calibrated is graphically
shown in Fig. 4.1. Note that the calculated temperatures will be sensitive onlyto analytical
and other errors incorporated in the concentrations of those elements that are used in the
calculation, i.e., for example the Witt Eikschenand Seck thermometer is insensitive to late
stage Fe and Mg re-equilibration as long as Al and Cr concentrations remain unchanged.

Problems and limitations
Any interpretation of the temperatures calculated with the above thermometers is
surrounded with a number of problems. Chief among these, bearingdirectly influence on
the analytical procedure, are possible microstructural (e.g., Pike and SChwartzman 1977)
or chemical disequilibrium coexisteru:eof theanalysed phases, andthe effect ofmetamorphic
reactions (net transfer mechanisms, Spear 1989). Disequilibrium coexistence limits the
application of two-pyroxene thermometers, whilst e.g. the notable absence, in the garnet
spinel lherzolites, of equilibrium garnets transformed into a symplectitic assemblage
inhibit the application of gamet-pyroxene exchange thermometers.
A further complication as regards the significance of the analytical temperatures
concerns the effects of re-equilibration upon (slow) cooling during uplift. This will be
further discussed below. For convenience, I will refer to temperatures calculated with the
various thermometers as analytical temperatures (fa)' to temperatures representing re
equilibration upon (slow) cooling dUring uplift and closure of the system as closure
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Fig. 4.2: (a) Photomicrograph
of the neoblast assemblage in
the spinel tectonites and
gamet-spinel mylonites
~ssemNa~s2and3)amid~

orthopyroxene porphyro
clasts (assemblage 1). Scale
bar = 200~

(b) Photomicrograph of the
spinel pyroxenite assemblage
4. Note kelyphitic rim
around garnet at top of
graph, progressively coarse
ning to the spinel pyroxenite
of assemblage 4. Scale bar =
200~.

N

median
sectioning
grain diameter correction factor
Utm)

grain
size
(~m)

assemblage 1

17

3500

1.2

4200

assemblage 2

33

275

1.2

330

assemblage 3

32

175

1.2

210

width zonations

11

40

unknown.<l

<40

assemblage 5

8

3500

1.2

4200
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temperatures (fe)' and to temperatures prevailingdUring the development ofthe different
structural and metamorphic domains as equilibrium temperatures (f.).

4.4 sample selection and analytical techniques

Equilibrium assemblages
The structural and microstructural analysis of the Ronda peridotite presented in Chapter
3 reveals a sequential development of microstructures and metamorphic assemblages in
different structural and metamorphic domains. It is emphasized again that the overprint
ing relationships documented at map-, outcrop- and specimen-scale leave no doubts as
to the relative ages of the assemblages. It can be expected that the mineral chemistry of
these assemblages potentially reflects ambient conditions during the development of the
allied microstructures.
The gamet- and spinel pyroxenite layers in the Ronda peridotite often preserve
assemblages in notable disequilibrium with the host spinellherzolites or harzburgites,
such as graphitized diamonds (Davies etal. 1992), corundum (Komprobst et a1. 1990) and
quartz (Obata 1980, Davies et a1. 1992). The mere existence of such ultra-high pressure
assemblages locally preserved in pyroxenites implies that pyroxenite equilibration during
deformationand metamorphism musthavebeenincompletein manycases. Forthis reason,
attention is focused on the host lherzolites and harzburgites only, except for spinel
pyroxenites at the annealing recrystallization front, developed at the expense ofan earlier
gamet-pyroxenite assemblage. Plagioclase peridotites and olivine gabbros have been
excluded from the analysis because ample geological data exist to reconstruct the thermal
history of the plagioclase petidotites (paragraph 4.7).
The following mineral assemblages, listed and summarized in order of decreasing
relative age, have been selected for detailed X-ray analysis.
1: Pyroxene porphyroclasts (OPX, CPX) in the gamet-beating peridotites (Fig. 4.2a),
referred to as the "pIimary assemblage" by Obata (1980). The recovery of graphite
pseudomorphs after diamond in the Ronda massif (Davies et a1. 1992) clearly indicates
<3 Table 4.1 (previous page): Pyroxene grain size data. The correction factor 1.2 is frequently applied in the
geological literature (e.g. Karato 1982). The sketch of a zoned crystal shows that the sectioning correc
tion factor for the measured width of the rims must be smaller than 1.
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that this assemblage cannot be the earliest in a strict sense, although, it represents the
earliest mineral assemblage preserved on a regional scale, Le. the scale of the massif.
2: A syntectonic neoblast assemblage (OPX, CPX, OL, SPL, ±AMPH) developed at the
expense of the "primary assemblage" dUring development of the spinel tectonites (Fig.
4.2a).
3: A syntectonic neoblastassemblage (OPX, CPX, OL, SPL, GRT, ±AMPH) developed at the
expense of the spinel tectonite assemblage dUring development of the gamet-spinel
mylonites.
4: A spinel-pyrOXenite assemblage (OPX, CPX, SPL, ±AMPH), sampled at the annealing
recrystallization front bounding the granular domain, and developed at the expense of
the garnet-pyroxenites enclosed in the spinel tectonites (Fig. 4.2b).
5: An equilibrium mineral assemblage in the granular domain (OPX, OL, SPL) developed
during pervasive annealing recrystallization and grain growth at the expense of the
mineral assemblages preserved in the garnet-bearing peridotites.

Setting and microstructural aspects ofselected samples
The cores of the pyroxene porphyroclasts in the spinel tectonites and garnet-spinel
mylonites (assemblage 1) have been measured in three spinel tectonites (DR89.1O, 26 and
65; for location of the samples analyzed see App. AZ). The microstructure of the pyroxene
porphyroclasts strongly suggests disequilibrium. OPX occurs as slightly elongated clasts,
deformed by slip on (100) without any optically detectable recrystallization. On the other
hand, CPX often occurs in clusters of several grains recrystallized dUring deformation. This
observation indicates that two-pyroxene thermometers can be expected to yield unreli
able results. Exsolution features in the pyroxene porphyroclasts are common. In view of
the grain-size dependence of elemental blocking temperatures, average grain sizes have
been calculated in each of the analyzed samples (fable 4.1). This involved calculation of
an average maximum grain diameter and multiplication of the result by a factor 1.2, as
commonly applied in the geological and metallurgical literature to correct for section
effects. The average grain size of the pyroxene porphyroclasts in the spinel tectonites is
-4.2mm.
The lherzolitic neoblast assemblage in the spinel tectonites (assemblage 2) has been
analyzed in two samples from the spinel tectonites, such as to cover variability in
deformation intensity, with one sample showing a low intensity of the foliation
(DR89.26), whereas the intensity of the foliation in the other sample was very high
(DR89.65). The pyroxene neoblasts do not show chemical zoning or exsolution on the
scale ofresolution of the back-scatteredelectron images (-1 f!m). The average recrystallized
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(neoblast) grain size in the spinel tectonites is -330 f.llIl. It is noted that the grains of the
neoblast assemblage appear essentially strain-free.
The lherzolitic neoblast assemblage in the garnet-spinel mylonites (assemblage 3) has
been analyzed in three samples selected on the basis of homogeneity in terms of
composition, microstructure and intensity of the deformation (DR89.3, SA, and 49). The
three mylonite samples are from the 500 m wide mylonite zone at the NW periphery of
the Ronda massif. Again, pyroxene neoblasts do not show any chemical zOning or
exsolution on the scale of resolution of the back-scattered electron images (-lllm), the
average pyroxene grain size is -210 Ilm (fable4.1), and the grains appear essentially strain
free.
As mentioned previously, the only pyroxenites analyzed in this study are poly
metamorphic garnet-spinel pyroxenites from the annealing recrystallization front. Two
garnet-pyroxenites with spinel pyroxenite rims have been selected (DR90.S and 7). These
pyroxenites are essentially garnet-pyroxenites with newly recrystallized spinel pyroxenite
margins (Fig. 4.2b), which implies that the mineral chemistry of the precursor garnet
pyroxenite has been reset during recrystallization to form a newly recrystallized spinel
pyroxenite assemblage (assemblage 4). The analyses only involved small exsolution-free
pyroxene grains developed amidst newly recrystallized spinel. The choice of these samples
for thermometry was motivated by the poSSibility that mineral chemistry data from this
assemblage, developed at the annealing recrystallization front, might reveal ambient
temperatures at the onset of annealing recrystallization.
The coarse-grained lherzolitic to harzburgitic assemblage in the granular peridotites
(assemblage 5) has been analyzed in four samples selected from the granular domain, i.e.,
two sampIes with a characteristiccoarse-grainedgranular microstructure anda harzburgitic
composition (DR91.18, DR90.10), and two samples (DR90.22, DR91.4) showing typically
intermediate microstructures such as aligned trails ofspinel as described in Chapter 3. The
orthopyroxenes in the coarse-grained granular samples are markedly well-rounded, with
an average grain size of 4.2 mm (fable 4.1). Many OPX-OL contacts have a pronounced
concave shape facing OPX. Relative to OPX, the remaining CPX in the harzburgitic
samples is much finer-grained.

Analytical details
The analyses have been performed by combined wavelength- (WDS) and electron
dispersive spectrometry (EDS) using the Jeol JXA Superprobe at the Institute of Earth
Sciences, Utrecht. The instrument operated at an acceleration voltage of 15 kV, a beam
currentof 10 nA, and a counting time (on peak) of 40 s. The analyses have been performed
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Pyroxene ca.. · Spinel tectonit... (DR89.10, DR89.26. DR89.55)

_..

_.

OPX

CPX

5102
T102
AL203
CR203
CAO
MOO
FEO
IofIO
NA20
TOTAl.

54.08±.56
.t2±.04
5.60±.39
.65±.18
.69±.39
32.64±.60
6.13±.31
.IH.07
100.09

51.55±S1
.5H.09
6.94±.52
1.06±.23
2O.9H.93
14.54±1.04
2.44±.33
.06±.OS
1.79±.2O
99.80

oxygen

6
1.867
.003
.228
.018
.026
1.680
.177
.003
.005

6
1.871
.014
.297
.030
.813
.787
.074
.002
.126

51
TI

AI.
CR
CA
Mel
FE
lIN
NA

~

.on.os

,

>l:>.

~

"-J

--not
OL

preserved



......mbIag.2:
Neot>lasts • Spinel teclon~.., (DR89.26, DR89.65)

SPL

........
AlM'H

not

not

prell8lV8d

preserved

Aseemblag.4:
Spinel pyrOll....... (DROO.5. DR80.7)
CPX

SPL

54.58±.53
.09±.04
4.89±.69
.17t.14
.53±.16
32.38±.55
7.27±.51
.18±.04
0
100.15

5O.8H.60
.55±.18
7.35±.92
.3H.2O
21.63±.97
14.5H.53
2.87±.31
.08±.OS
1.28±.33
99.47

0
.04±'03
62.82±1.54
3.75±1.62
0
20.94±.49
1'.07±.51
.IOt.06
0
98.98

oxygen
51
TI
AL
CR
CA
Mel
FE
lIN
NA

6
1.890
.003
.200
.005

6
1.854
.015
.316

4
.002
.001
1.895
.076
.001
.796
.237
.002
0

OPX

.020
1.670
.211
.005

.002

.009
.846
.790
.088
.003
.091

OPX

_...

_...
CPX

OL
-

5PL
_.



........
AMPH

OPX

CPX

OL

5PL

AMPH

58.18±.71
.OS±.03
2.86±.74
.37±.17
.41±.10
33.74±.48
6.24±.32
.15±.05
.02±'01
100.02

51.86±.58
.43±.13
5.79±.85
.89±.15
21.82±.59
15.01±.45
2.3H.26
.08±.03
1.58±.23

0
0
56.54±2.44
12.39±2.59
0
19.86±.37
10.94±.54
.12±.02
0
99.96

42.98±.54
1.95±.22
14.90±.32
1.17±.10
11.72±.38
17.52±.53
3.56±.21
.04±.02
3.89±.04
97.73

55.8St.52
.09±.03
2.96±.50
.23±.13
.37±.11
33.28±.39
6.98±.85
.14±.OS
.03±.02
99.94

52.18±.49
.62±.09
5.77±.28
.84±.23
2O.68±.53
14.80±.25
2.64±.32
.06±.OS
1.78±.2O
99.38

40.77±.32

unstable

99.n

41.07±.36
.0H.02
.04±.08
0
0
49.57±.44
9.64±.44
.13±.OS
.01±.01
100.50

10.09±.37
.14±.07
0
100.17

45.64±.t8
.55±.02
13.16±.46
1.25±.30
12.24±.01
18.3tt.06
2.86±.00
.09±.04
3.28±.06
97.38

6
1.936
.001
.116
.010
.015
1.733
.180
.004
.001

6
1.886
.012
.248
.026
.850
.814
.070
.003
.111

4
.999
0
.001
0
.001
1.798
.196
.003
.001

4
.001
0
1.734
.255
.001
.770
.238
.003
0

23
6.098
.21
2.491
.131
1.782
3.705
.422
.005
1.070

6
1.933
.002
.121
.006
.014
1.717
.202

6
1.800
.017
.248
.024
.801
.803
.080
.002
.126

4
.998
0
0
0
.001
1.792
.207
.003
.001

23
6.439
.058
2.188
.139
1.850
3.851
.337
.011
.897

AMPH

Aseemblag8 5:
Gl'arLII. peridotites, (DR91.18, DR80.(0)

5102
TI02
AL203
CR203
CN)
MGO
FEO
MNO
NA20
TOTAL

AMPH

not
an~ed

OPX

CPX

OL

SPL

54.96±.50
.06±.02
4.43±.45
.72±.16
.8H.57
33.33±.57
5.8H.24
.12±.05
.04±.04
100.28

51.85±.45
.19±.03
5.99±.41
1.44±.21
21.99±.40
14.96±.33
2.3O±.21
.08±.05
1.38±.t2
100.18

41.58±.08
0
0
.07±.04
0
49.97±.17
8.96±.17
0
0
100.58

0
0
5O.54±1.18
18.08±1.27
0
t9.03±.33
".83±.42
.ltt.OS
0
99.67

6
1.882
.002
.180
.012
.030
1.711
.167
.004
.003

6
1.878
.005
.256
.041
.854
.808
.070
.003
.097

4
1.007
0
0
.001
0
1.803
.181
0
0

4
.001
.001
1.596
.383
.001
.760
.265
.003
0

(J
::t'

...._lage3:
N_lasts· Gn-Spl mylonite., (DR89.3, DR89.5A, DR89.49)

I oba':'ved

.004
.002

.0tt.Ol
0
.01±.03
.03±.04

49.1tt.32

~

...

!il'

I

"""

Thermal history

on thin sections in the XZ plane of deformation, in order to maintain microstructural
control. All pyroxene analyses were performed such as to carefully avoid regions around
exsolutionlamellae. Neighbouringortho- and clinopyroxenes, often separatedbyolivine,
have been regarded as "pairs" in the calculation of two-pyroxene thermometers. Per thin
section, about 15-20 pyroxene pairs have been analyzed. Pyroxene zoning patterns have
been determined" manually", again to avoid regions around exsolution lamellae which
imposes .a limit to the number of measurements defining the zoning pattern. A
spreadsheet program has been used to perform mineral- and temperature calculations.
Pressures values required for the BM2px, BK2px and BKIpx thermometers have been set
at 2000 MPa for assemblages 1-3, and 1000 MPa for assemblages 4-5.

4.5 Results - analytical temperatures
The average mineral compositions of the assemblages analyzed are shown in Table 4.2.
Analytical temperatures for these assemblages, calculated on the basis of the five
thermometers choosen, are listed in Table 4.3 and shown graphically in Fig. 4.3.

Assemblage 1
Ibecores ofthe pyroxeneporphyroclasts in the spinel tectonites have preserved analytical
temperatures ranging from 977°C (BKlpx) to 111O°C (WSlpx). Note the large range in
analytical temperature and the largestandard deviationofthe meananalytical temperature
given by the Brey and Kohler single pyroxene thermometer, which could be due to
exsolution. As notedabove, textural disequilibrium betweenOPX and CPX porphyroclasts
precludes temperature estimates from two-pyroxene thermometers. 'Ibis textural
disequilibrium is complementary to a marked chemical disequilibrium, as OPX
porphyroclasts are chemically zoned, whereas CPX porphyroclasts are homogeneous in
composition (Obata 1980). Analytical temperatures of 111O°C calculated with the Witt
Eikschen and Seck (WSlpx) thermometer agree well with the "primary conditions" of
1100-12oo°C at 2000-2500 MPa reported by Obata (1980).
Assemblages 2 and 3
The rim compositions of the neoblasts do not significantly deviate from the core

<1

Table 4.2 (previous page): Mineral chemistry of the microstructurally defined assemblages 1-5 outlined
in text.
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W2px

BM2px

8K2px

8Klpx

WSlpx

assam blage 1

no textural eq.

no textu raI eq.

no textural eq.

977±95

111CH£5

assemblage 2

853±49

81H74

85HS4

880±55

896:190

assemblage 3

845±34

828±29

88H57

865±60

not applicable

assemblage 4

836±56

76&±77

808:tfl9

878±63

not applicable

assemblage 5

harzburgites

harzburgites

hanburgites

960±112

1087±69
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Table 4.3 (top of page): Temperatures calculated for the assemblages 1-5. Number of measurements:
Two-pyroxene thermo-meters: >20. Single pyroxene thermometers: -80.
Fig. 4.3: Diagram shoWing analytical temperatures obtained for the assemblages dtsttngutshed.
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compositions which indicates that the neoblasts are compositionally homogeneous. The
neoblast assemblage in the spinel tectonites has preserved analytical temperatures
ranging from 811°C (BM2px) to 896°C (WSlpx). The neoblast assemblage in the garnet
spinel mylonites has preserved similar analytical temperatures: 828°C (BM2px) to 881°C
(BKIpx). lbis range decreases considerably if the systematically low analytical tempera
tures obtained with the Bertrand and Merder thermometer (Brey and Kohler 1990) are
discarded. Omission of the BM2px results leads to mean analytical temperatures for the
spinel tectonite neoblast assemblage in the range 851-896°C, and for the garnet-spinel
mylonite neoblast assemblage in the range 845-881°C (Fig. 4.3) It is noted again that the
Witt-Eikschen and Seck thermometer (WSlpx) is not calibrated for the garnet-bearing 5
phase system of the garnet-spinel mylonites.

Assemblage 4
The spinel-pyroxenite assemblage from the annealing recrystallization front has preserved
analytical temperatures ranging from 768°C (BM2px) to 878°C (BKlpx). There is no
systematic variation in analytical temperature between core and rim of the crystals. Note
that the Bertrand and Mercier (BM2px) thermometer again yields the lowest analytical
temperatures. Note also that the validity of the Brey and Kohler single-pyroxene
thermometer (BKIpx) for mafic assemblages is doubtful. Omission of the analytical
temperatures calculated with the BM2px and BKlpx thermometers results in a range of
808°C (BK2px) to 833°C (W2px).
Assemblage 5
The large variety in microstructure in the granular peridotites allied to a variable degree
of annealing recrystallization induces a number of problems when trying to assess
significant analytical temperatures for the coarse-grained granular assemblages. In the
following, these problems are discussed in some detail.
Obata (1980) was among the first to demonstrate plateaus of a particular chemical
composition in OPX porphyroclasts from orogenic peridotites. He showed that OPX from
the gamet-, Ariegite- and some Seiland-facies peridotites in Ronda preserved plateaus of
-6 wt% Al203, with rapidly decreasing Al-concentrations towards the rims (-2 wt%,
Obata 1980, his Fig. 6). Average compositions obtained in this study for pyroxene cores
from the spinel tectonites are around 5.60 wt% Al203 (fable 4.2). These values compare
well with Obata's data. OPX from plagioclase peridotites in the Ronda massif does not
preserve compositional plateaus, which was explained by Obata (1980) to result from
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pervasive recrystallization and re-equilibration in the plagioclase-peridotite stability field.
Upon recognition of an annealing recrystallization stage affecting the spinel tectonites
and garnet-spinel mylonites prior to development of the plagioclase tectonites, the
question arose if and how annealing recrystallization and grain growth would affect
existing zOning patterns in OPX, and how this zoning pattern relates to the thermal
history dUring annealing recrystallization and development of the granular rocks. In
other words, in order to assess peak conditions during annealing recrystallization in the
granular domain, the relationship between mineral chemistry and the annealing
recrystallization process needs to be understood first.
Probe-traverses have been made across orthopyroxenes in (i) non-annealed spinel
tectonites (ii) partially annealed granular peridotites with a spinel fabric from the
annealing front, and (iii) in completely annealed granular peridotites sampled several km
away from the annealingfront. Someadditional traverses across OPX porphyroclasts from
non-annealed peridotites are taken from Obata (1980). In order to avoid complications
arising from different concentration gradients across grain boundaries with different
neighbouring phases, only OPX adjacent to olivine has been studied. AI- and Ca
concentration gradients in OPX are shown in Fig. 4.4.
The AI-concentration profiles across OPX in non-annealed peridotites (Fig. 4.4a) are
characterized by a high-AI plateau (-6 wt% A1203), which rapidly decreases towards the
rims «3 wt% Al203). The rim composition correlates well with the average composition
of the OPX-neoblasts in the spinel tectonites and garnet-spinel mylonites (2.86 and 2.96
wt% AI203 respectively, Table 4.1). OPX from partially annealed granular peridotites also
showsignificantchemical zoning, from -5 wt%A1203 in the core, down to -3 wt%AI203
towards the rims (Fig. 4.4a). There is still a plateau preserved, but the AI-concentrations
of the plateau are lower, while those in the rims show slightly higher values as compared
with the traverses in the non-annealed rocks. The average width of the rims, in
orthopyroxene porphyroclasts, with a chemical composition significantly different to
that of the plateaus (Le. <4 wt% A1203) is <40 f.LIIl (fable 4.1). Note the obvious "well" in
one of the profiles for the partially annealed samples. Unfortunately, such an "inverted"
zonation profile has as yet been observed in one grain only. OPX from completely
annealedperidotitesshowremarkablyhomogeneous compositions, withAI<oncentrations
in core and rim around 4 wt% Al203 (Fig. 4.4a). These values are preserved within very
small distances of at most a few microns from the OPX grain boundaries.
An increasing degree of annealing recrystallization is thus allied to a flattening ofthe AI
concentration prOfiles (or chemical homogenization) such that with increasing degree of
annealing recrystallization, the cores of the porphyroclasts decrease in Al-concentration,
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whilstAl-concentrations in the rims ofthe porphyroclast increase. This systematic relationship
suggests that Al-concentrations have preserved an annealing imprint.
Ca-concentration profiles do not show a systematic trend with the degree of annealing
recrystallization (Fig. 4.4b). The Ca-concentration profiles are flat with Ca-concentrations
around the same level (-0.4-0.8 wt%) for non-annealed, partially and completely
annealed granular peridotites. On the basis ofthese data it cannot be decided whether the
Ca-concentration profiles reflect (rapid) chemical adjustment to changing P-T conditions
at the onset of annealing recrystallization or, alternatively, re-equilibration and closure of
the system upon cooling dUring emplacement of the Ronda body.
From the above data it follows that peak analytical temperatures for the granular
peridotites should at least be based on probe-traverses across OPX from completely
annealed granular peridotites, i.e. those OPX crystals with a flat concentration profile.
Manyofthegranularperidotites, includingthegranularperidotiteanalyzed, areharzburgites
whoseorigin is inferred to be related to the developmentof the annealingrecrystallization
front. This implies that the subordinate CPX in these rocks most probably represents a
meta-stable phase which either reacted out of the system or recrystallized, presumably in
the presence of a melt. As thermometry is based on solid-state diffusional processes, it
follows that any two-pyroxene thermometer will yield unreliable results. Analytical
temperatures based on the single-pyroxene thermometers lie in the range 960°C (BK1px)
to 10870C (WS1px). Note the large range and standard deviation of the analytical
temperatures calculated with the Brey and Kohler (BK1px) thermometer, which could
again be due to exsolution.

4.6 Discussion - equilibrium temperatures
Many complications surround the assessment of equilibrium temperatures on the basis of
geothermometry (Spear 1989). Therefore, the above analytical temperatures derived for
the different structural and metamorphic assemblages do not necessarily reflect the (in
part syntectonic) equilibration conditions for the mineral assemblage investigated
Below, the significanceofthe analytical temperatures to the equilibrium conditions under
investigation will be evaluated.
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Cooling effects on the spinel tectonite and garnet-spinel mylonite neoblast
assemblages
The mostimportant problem to overcomewhen trying to assess equilibrium temperatures
is a possible re-equilibration of the mineral chemistry during uplift-related cooling. This
stems from the fact that slow cooling may result in diffusion of elements through the
crystal lattice structure, in response to changing poT conditions. Such re-equilibration
processes potentially obliterate the chemical compositions attained during earlier equi
librium conditions. As diffusion-kinetics are relatively slow, these effects are likely to be
more important in phases with a small grain size (Dodson 1973). In the case of the Ronda
massif, the lowest analytical temperatures are obtained from the small-grained neoblasts
of the spinel tectonites and garnet-spinel mylonites (assemblages 2 and 3). In the context
of potential re-equilibration effects, this observation clearly necessitates a careful evalu
ation of the analytical results. The following observations and considerations suggest that
the analytical temperatures for these neoblast assemblages indeed do reflect syntectonic
equilibrium temperatures:
1: There is a distinct difference between the size of the unzoned pyroxene neoblasts, in
the spinel tectonites and the garnet-spinel mylonites (330 and 210 IJ1Il respectively), and
the true width of the zoned rims (<40 1J1Il) in the orthopyroxene porphyroclasts (Fig. 4.5).
This discrepancy is difficult to explain by re-equilibration upon slow cooling, unless
porphyroclasts are being resorbed in operation of transfer reactions for which there is no
microstructural evidence. If these wned rims and the mineral chemistry of the neoblasts
were due to re-equilibration, and assuming that diffusiol)-kinetics in the neobiasts and the
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porphyroclasts are roughly the same, one would expect the much larger neoblasts to
preserve cores with higher analytical temperatures. Likewise, if the analytical tempera
tures obtained from the unzoned neoblasts were due to re-equilibration, it is difficult to
explain why the zoned rims of the porphyroclasts are much narrower than half the mean
neoblast grain size. This discrepancy is even more difficult to explain by re-equilibration
whentaking into accountthatdiffusionkinetics in the muchmore strainedporphyroclasts
mayhavebeenfaster than in the neoblasts, due to the inferred higher dislocation densities
in these porphyroclasts. Dislocations are known to increase diffusion kinetics (e.g. Kramer
and Seifert 1991) leading to an increaseofthe diffusion path. Asaconsequence, onewould
expect the zoned rims in the porphyroclasts to be relatively wide as compared with the
sizes of the relatively unstrained neoblasts, whilst these rims in the porphyroclasts are
much narrower than in the "flat profile" neoblasts.
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2: As re-equiIibration, in response to uplift-related cooling, is likely to induce exsolution,
the lack of exsolution in the spinel-tectonite and garnet-spinel mylonite neoblast
assemblages suggests that no significant re-equiIibration occurred at any stage follOWing
the development of the neoblast assemblage. The presence of exsolution lamellae at
submicroscopic level, however, cannot be ruled out.
3: Dodson (1973) proposed a theoretical relation for the cooling temperature Tc ofa phase
surrounded by an infinite fast diffusing reservoir as a function of diffusion kinetics of the
slowest diffusing phase, cooling rate and grain size:

(4.6)

where Tc is a function of the activation energy E for diffusion, Do the pre-exponential
diffusion coefficient, dT/dt the cooling rate, A a geometric factor (A=SS for volume
diffusion), a the diffusion distance-and R the gas constant.
This relationship was prindpally developed to explain cooling-related results in
geochronology and isotope geochemistry (e.g. Elphick et aI. 1988) and successfully
reproduces inferred closure temperatures for fast-diffusing elements such as, for example,
Rb/Srinbiotite (Dodson 1976), Fe/Mgingarnet (Spear 1989)and 180inquartz. As Dodson's
model essentiallydescribes solid-state diffusional processes, itapplies equally to pyroxene
thermometry. Fig. 4.6 shows Dodson's theoretical relationship showing closure tempera
ture Tc as a function of activation energy for diffusion, for different values of the pre
exponential factor Do for 100 J.lm size grains, and assuming spherical geometry and a
cooling rate of 100°C Ma· 1.This latter value seems reasonable for most of the Betic Zone
and for the western Betics in particular (ZecketaI. 1992). Diffusion data for major elements
in the pyroxenes are scarce, but generally show that pyroxene diffusion kinetics are
extremely slow (Freer et aI. 1982, Brady and McCallister 1983, Sautter and Harte 1988,
Sautter et aI. 1988, Sautter and Fabries 1990). The significance of these data regarding
thermometry is widely acknowledged in the above papers, however, there are only few
applications documented ofDodson's theoretical relationship to pyroxene thermometry
(e.g.]amtveitetaI.1991). The "null experiment" diffusion data forCPX (diopside) of Freer
et aI. (1982) are shown in Fig. 4.6. It is evident that temperatures distinctly higher than
any ultramafic solidus are reqUired to affect the AI/Fe and Ca/Mg concentrations in the
cores of 100 mm grains by inter-diffusion (see Freer 1981 for terminology) accommodated
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re-equilibration upon cooling. There are no diffusion rate estimates available for OPX but,
based on diffusion profiles in natural pyroxenites, Sautter and Fabries (1990) suggest that
diffusion of for example AI in OPX may be even slower than in CPX. It follows from
Dodson's quantitative approach that AI concentrations will not re-equilibrate at all, and
that analytical temperatures based on such thermometers will always reflect initial
equilibration conditions.
4: In contrast toAI, itseems perfectlyfeasible that Ca-concentrations in 0 PX re--equilibrate
upon slowcooling due toself-diffUsiart. In many natural cases where Al concentrations are
heterogeneous across grains, Ca concentrations show flat profiles, suggesting that the
diffusion kinetics of Ca are much faster than those of AI (e.g. Sautter and Fabries 1990,
Smith and Barron 1991). This is possibly due to the effect of hydrogen on intracrystalline
diffusivity similar to the observed effect of hydrogen on the diffusivity of oxygen in
framework silicates (Graham and Elphick 1991). Re--equilibration during uplift-related
cooling should thus become evident from diverging analytical temperatures for Ca- and
AI-based thermometers. This is certainly not the case for the neoblast assemblages in the
spinel tectonites and garnet-spinel mylonites where analytical temperatures are internally
consistent and span a narrow temperature range (Fig. 4.3).
On the basis of these considerations it is concluded that the low analytical ternperatures
obtained in the neoblast assemblages of spinel tectonites and garnet-spinel mylonites
(assemblages 2 and 3) do not reflect later re-equilibration, but that they represent
syntectonic equilibration temperatures in the range 8S0-900"C, with the slightly lower
equilibrium temperatures for the gamet-spinel mylonites. This result seems entirely
consistent with the qualitative geological constraints mentioned previously.

Onset ofannealing recrystallization
Ambient conditions at the onset of annealing recrystallization and development of the
granular domain overprinting the garnet bearing peridotites can be inferred from the
spinel pyroxenite assemblage at the annealing front. Analytical temperatures derived
from this assemblage (assemblage 4) lie in the range 808-878°C. The temperatures
preserved in the pyroxene rims do not significantly deviate from those preserved in the
cores, exsolution is not abundant and the Ca-dominated thermometers (BM2px, BK1px)
show the highest analytical temperatures. These data at least suggest that the analytical
temperatures closely approximate the equilibration temperatures prevailing during the
onset of Seiland-subfades metamorphism.
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Thennal history of the granularperidotites inferred from zoning profiles
The Ca-concentration profiles across OPX in the granular peridotites show no systematic
correlation with the degree of annealing recrystallization (Fig. 4.4b). Every Ca-based
pyroxene thermometer, therefore, cannot be expected to reveal the temperature evolu
tion during the annealing recrystallization event. According to the Ca-in-OPX thermom
eter, the cores of OPX from non-annealed and completely annealed granular peridotites
have preserved temperatures around 9500c. Towards the rims, these values decrease to
around 880°C. Similar flat Ca-concentration profiles in natural pyroxenites are currently
inferred to result from re-equilibration upon slow cooling (Sautter and Fabries 1990). The
analytical temperatures obtained with the Ca-in-OPX thermometer thus presumably
represent closure of Ca during emplacement of the massif, whereas peak eqUilibrium
temperatures for the granular domain can be expected to exceed those values.
In marked contrast to Ca, the variation in Al-concentration profiles in OPX of granular
peridotites is related to the degree ofannealing recrystallization (Fig. 4.4a). This systematic
variation is interpreted to represent the imprint of annealing recrystallization on the
pyroxene mineral chemistry. As the Al-isopleths for spinel peridotites are essentially
pressure-independent (e.g. Gasparik 1984), the Al-concentration profiles can be trans
lated directly into a temperature evolution during annealing recrystallization.
Based on the Witt Eikschen and Seck (WS1px) thermometer, the following thermal
history allied with the annealing recrystallization process can be inferred from the
preservedAl-concentrations.The rimsofOPX porphyroclastsfrom non-annealed peridotites
have preserved temperatures similar to those in the neoblast assemblages in the spinel
tectonites and gamet-spinel mylonites, and could be related to the shearing process. With
increasing degree of annealing recrystallization, Al-concentrations in the rims of the
grains increase, and preserve progressivelyincreasing temperatures towards -llWC. The
cores of the porphyroclasts (assemblage 1), however, have not been affected by low
temperature shearing preceding annealing recrystallization, but preserve earlier pre
shearing, hence pre-annealing conditions reflected by high analytical temperatures
around 1110OC. Equilibrationtemperatures ofover 11100Care inferredfor this assemblage,
consistent with the "primary recrystallization conditions" defined by Obata (1980).
At the onset of annealing recrystallization, the above assemblage re-equilibrated,
beginning at 1040°C. With progressive annealing, temperatures increased to around
1100°C, analogous to the temperature evolution during annealing recrystallization as
reflected by the rims. The data, therefore, indicate that annealing recrystallization and
development of the granular peridotites was thermally driven. As the kinetics of Al
diffusion probably lack behind the kinetics of heating, analytical temperatures of 1087°C
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from the Witt-Eikschen and Seck thermometer should probably be taken asa minimum
to peak equilibrium temperatures of over ll00"C as suggested by the local occurrence of
discordant harzburgites and dunites.

4.7 The P-T-t evolution of the Ronda peridotite
The sequence ofdeforrnational structures (Chapter 3) and allied temperature and pressure
estimates recorded by the syntectonic mineral assemblages 1-5 and mineral chemistry
data (Fig. 4.7) allow four distinct stages (labelled I-IV) to be identified in the PT history of
the Ronda peridotite. These stages, with some possible age-constraints from the literature,
are summarized below.

Stage I: Uplift from the diamond field; primary conditions
The earliest mineral assemblage identified in the Ronda peridotite is theassemblage garnet

± quartz ± clinopyroxene ± graphitized diamond in pyroxenite layers (Davies et aI. 1992).
This high-pressure assemblage is only locally preserved, and indicates an origin of the
Ronda peridotite at deep lithospheric or asthenospheric levels (>4500 MPa). Subsequent
to uplift from the diamond field (stage I, Fig. 4.7), most of this ultra-high pressure
assemblage recrystallized at "primary conditions" (Obata 1980) of high temperatures (~
1110"C) in the Ariegite subfacies. The only widespread remnants of this latter assemblage
are the OPX cores in the spinel tectonites and gamet-spinel mylonites (assemblage 1).
The age of equilibration in the diamond stability field is the subject of considerable
debate. The lack of oxygen isotope equilibration in graphite-bearing pyroxenite layers
from Beni Bousera suggest that the pyroxenite layers cannot have resided in the hot,
convecting mantle for more then 100 Ma (Pearson et al. in press). This does not preclude
a much longer history in relatively cool, non-conveeting continental lithosphere,
especially because high 1870S/1860S ratios for pyroxenite layers from the Ronda massif
suggest that they are ancient features of possibly 1.3 Ga (Reisberg et aI. 1991). Pb-Nd
iSOtope systematics of the pyroxenites, however, suggest an age within the last 200 Ma
for the development of the diamond facies pyroxenites (Pearson et aI. in press).

Stage II: High Pressure - Low Temperature deformation
In a second stage, the "primary assemblage" deformed and recrystallized to form
assemblages 2 and 3 at temperatures as low as - 8500c (Fig. 4.7, stage II). A similar P-T
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evolution, involving cooling at depth, for the garnet-bearing peridotites of the Beni
Bousera massif (Morocco) has been proposed by Saddiqi (1988). During progressive
deformation, metamorphic grade changed from the Ariegite subfades to the garnet
peridotite fades. It is unclear whether this cooling occurred isobarically or if it was allied
to conditions of increasing pressure. The mineral assemblages preserved do not allow the
application of barometers to resolve more detail of the pressure history. The present
uncertaintyas to the magnitude and extentof pressurization is therefore only constrained
by the pressure range of the Ariegite subfacies field around llOOOC (-500 MPa). The
inferred conditions dUring progressive deformation and development of the gamet
spinel mylonites clearly reflect a relatively cold geotherm. Such a cold, high-pressure
history is also documented in crustalrocks ofthe Betic Zone, in particular in the Mulhacen
complex where HP-LT metamorphism is inferred to be well advanced around 81 Ma (De
long 1991).

Stage III: Thennally driven annealing recrystallization
A third stage in the PT evolution is characterized by renewed high temperatures, during
annealing recrystallization and development of the granular peridotites, of over 1100°C
at Seiland subfades conditions in those parts of the Ronda body now represented by the
granular peridotites (assemblage 5) and possibly some plagioclase peridotites (Fig. 4.7,
Stage III). The fact that most oftheAriegite subfacies and garnetperidotite fades have been
preserved suggests that these preserved assemblages did not experience the high tempera
tures related to annealing recrystallization, and that they followed a different, low
temperature PT path indicated by the low-temperature trajectory in Fig. 4.7. The obtained
equilibrium temperatures for the newly recrystallized spinel pyroxenite assemblage
(assemblage 4) indicate that the transformation of the garnet-bearing assemblages to
Seiland subfades assemblages initiated at temperatures as low as 9000C. The preservation
of garnet-bearing, low-temperature assemblages NW of the annealing recrystallization
front (equilibrium temperatures <9OO0 C) at only 3.5 kIn from discordant harzburgites/
dunites (equilibrium temperatures ~1100°C) therefore suggests high thermal gradients
(-60°C/km) dUring migration of the annealing recrystallization front.
There are no direct age-constraints available for the annealing recrystallization event,
however, the positive temperature anomaly in the Ronda uplift path correlates well with
similar temperature anomalies in the Nevado-Filabride and Alpujarride PT trajectories
estimated at 25 Ma (de]ong 1991, Fig. 4.7) suggesting a similar or possibly slightly older
(Late Oligocene) age for the annealing recrystallization stage in the Ronda peridotite.
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Stage IV: Emplacement
It is inferred that the plagioclase tectonites developed at initially high temperatures
(-llOO°C, see also Tubia and Cuevas 1987), but substantial evidence exists that they
cooled rapidly with ongoing uplift and emplacement. Firstly, significantly decreasing
temperature conditions are suggested by the transition from high-temperature olivine [a]
fabrics in the Ronda massif (Chapter 3) to low-temperature olivine [c] fabrics developed
in late plagioclase mylonites from the Ojen massif (fubia and Cuevas 1986), which is
consistentwith the increased localization ofthe deformation (Drury et al. 1991) from "top
to the north" tectonites to "top to the south/west" tectonites observed in the W Ronda
massif. Secondly, the plagioclase peridotites of the Ronda massif are underlain by high
grade cordierite gneisses (Lundeen 1978) and migmatites, whilst rocks of very similar
composition occur as m-scale lenses with tectonized rims enclosed in plagioclase
tectonites (see Chapter 3 for detailed field relations). These metamorphiC gneisses have
experienced two phases of metamorphism: a "hot" stage of HT-HP metamorphism and
a "cold" stage of HT-LP metamorphism (Komprobst 1974). To be consistent with the
pressure conditions for the development of plagioclase peridotites «700 MPa), this last
phase of HT-LP metamorphism must be related to ductile emplacement of the peridotite
into the crust. Similar conclusions have been drawn by Lundeen (1978), Westerhof
(1977), and Torres Roldan (1981). The low degree of partial melting in the gneissic lenses
indicates that dUring tectonic interleaving of these gneisses along"top to the south/west"
shear zones ambient temperatures had decreased to values around the melting tempera
ture for felsic systems. Possible PT conditions for emplacement of the peridotite, based on
metamorphiC criteria in the gneisses, are shown in Fig. 4.7. It is tentatively suggested that
the annealing front became effectively "frozen" during this progressive development of
plagioclase peridotites allied with ductile emplacement (Fig. 4.7, stage IV). There is good
agreement as to an emplacement age of the peridotite of 20-22 Ma (e.g. Loomis 1975,
Priem et al. 1979, Zindler et al. 1983).
Previous uplift paths for the WMediterranean peridotites have been publishedbyObata
(1980) and Davies et al. (1992) for the Ronda peridotite, and Saddiqi (1988) and
Komprobst et al. (1990) for the Beni Bousera peridotite. There are no large discrepancies
between those studies and the present structural and petrological approach as regards the
ambient conditions allied with the development of the different peridotite facies.
However, the relative timing of the various assemblages in the various metamorphic
domains allows considerable re-interpretation in terms of a PT uplift trajectory. This re
interpretation and its tectonic implications will be further discussed in Chapter 7.
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CHAPTER 5

Recrystallized grain size and subgrain size in
experimentally deformed natural peridotites.•

5.1 Introduction
The prominent role of the peridotitic upper mantle in lithosphere dynamics has
motivated investigations into the strength of the Earth's ductile upper mantle in the form
of numerous experimental studies on the flow behaviour of olivine (e.g. Ave Lallemant
and Carter 1970, Post 1977, Chopra and Paterson 1981, 1984, Hitchingset aL 1989). Many
of these deformation experiments have shown a flowstrcss-dependenceon microstructural
parameters such as dislocation density (Kohlstedt and Goetze 1974), subgrain size
(Raleigh and Kirby 1970, Green and Radcliffe 1972) and recrystallized grain size (Post
1977, Merder et al. 1977, Karato et al. 1980, Ross et al. 1980). Empirical relationships
between differential flow stress and the above microstructural parameters have been
formulated in palaeopiezometric relationships (e.g. Twiss 1977), which have provided
stress estimates for lithospheric rocks covering the range from the brittle-ductile transition
zone (-10 kIn) down to approximately 250 kIn depth underneath cratonic regions (e.g.
Ave Lallemant et al. 1980, Carter and Tsenn 1987). These palaeo-stress estimates
complement previouslyavailable stressestimatesbasedonprindpallydifferenttechniques
(see Hanks and Raleigh 1980) such as mechanical force-balance modelling (e.g. Solomon
et aL 1980) and isostasy considerations (e.g. Lambeck 1980, Nakada 1983).
In Chapter 6 I will use palaeopiezometry to investigate the rheological significance of the
• Parts of this Chapter have been submitted to Geoph. Res. Lett. as: Van der Wal, D., Chopra, P.N.
Drury, M.R., and Fitz Gerald, J.D. Relationships between dynamic recrystallized grain size and deforma
tion conditions in experimentally deformed olivine-rocks.
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deformational structures identified in the Ronda peridotite. However, for a number of
reasons outlined below indicating that many of the existing palaeopiezometers cannot be
applied reliably, it is necessary to derive new piezometric relationships. This chapter,
therefore, concerns the formulation of new recrystallized grain size and subgrain size
piewmeters which apply to natural hydrous peridotites.

Problems surrounding eXisting palaeopiezometers
Laboratory investigations into the flow behaviour of olivine have included deformation
and recovery experiments on polycrystalline dunites and peridotites at high pressures and
temperatures (e.g. Carter and Ave Lallemant 1970, Bladc 1972, Ross et al. 1980, Chopra
and Paterson 1981, 1984, Karato etal. 1986, Karato 1989), and onsingle crystals of olivine
at both high pressures (Phakey et al. 1972, Karato et al. 1980) and atmospheric pressures
(e.g. Kohlstedt and Goetze 1974, Durham et al. 1977, Gueguen and Darot 1980).
Unfortunately, there are a number of limitations to these laboratory deformation
experiments. First, many of them have been performed in a solid-medium deformation
apparatus (Griggs 1967). Large errors in stress measurements have been suspected for a
long time (rullis and Horowitz 1980), but only recently, Green and Borch (1990) have
demonstrated that stress estimates obtained from earlier solid-medium deformation
apparatus can be in error by a factor 3-7 due to friction of the solid confining medium.
Dead load experiments on olivine single crystals (e.g. Karato et al. 1980) are free of the
above limitations, but uncertainties remain to how single crystal mechanical and
microstructural data relate to polycrystalline aggregates. For example, many of the single
crystal experiments have been performed at temperatures as high as 1650°C, raising
questions about how far the derived palaeopiezometers are applicable to natural upper
mantle environments in the temperature range 800-1300"C. In addition, experiments on
synthetic dunites and olivine single crystals do not incorporate the effect that secondary
phases and impurities will have on grain boundary migration and grain growth (Poirier
1985 p. 71-73), hence on the development ofa dynamically stable recrystallized grain size
(Karato 1989).
A more fundamental problem is the unknown role of water and temperature on the
recrystallized grain size and subgrain size. The most recent experimental (Ross et. al. 1980)
and theoretical insights (Derby and Ashby 1987, Drury 1992) suggest that water and
temperature may strongly influence recrystallized grain size at a given stress, although
earlierobtainedexperimentalresuItshavenotbeenabletodemonstratesuchadependency
(e.g. Post 1977, Mercier et al. 1977). It should be emphasized though that the "solid
medium apparatus" deformatlon tests remainextremelyvaluableinshowing the qualitative
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Meim dunite

chemistry:
Fo - Py - Chr:
MgI(Mg+Fe):

vol. content H20
grain size (v-m)

Anita Bay dunite

96 - 2 - <1
92.8
O.55±O.04
900

flow properties:

a (KJ/mol)
n
10Iog(A)

498±38
4.48±O.31
2.62±O.18

Table 5.1: Main material and
rheological properties of Anita
Bay and Aheirn dunite.

relationships between microstructures and deformation conditions.
In this chapter, I will derive new palaeopiezometric relationships from natural
peridotite deformation experiments largely free of the above limitations. Chopra and
Paterson (1981, 1984) performed over a hundred deformation experiments on natural
"wet" and "dry" dunites in a gas-medium .deformation apparatus at 300 MPa confining
pressure. These experiments bear the advantage that the stresses during deformation in
a gas-medium deformation apparatus are accurately known because load is measured
internally and is not influenced by friction. Chopra and Paterson (1981, 1984) presented
brief microstructural descriptions of the deformed materials, but their main concern was
the creep properties of the mantle materials. Below I present a re-investigation of the
microstructures developed in these deformation experiments, with special emphasis on
olivine recrystallized grain size and subgrain size. The influence of temperature, water
content and starting material properties on the microstructures developed will be
evaluated, as well as the relative stabilityof the microstructures during strain-rate step and
stress-relaxation experiments.

5.2 Starting material properties and experimental techniques
Two natural peridotites have been studied, namelyAheim dunite from Norway and Anita
Baydunite from New Zealand. Both are natural peridotites with an inferred mantle origin.
Aheim dunite consists dominantly of equant olivine grains with a mean size of 900 JLlIl,
although one specimen (labe16147) consists of olivine neoblasts with a mean grain size
of 300-600 JLlIl. The grains are essentiallyundeformed, someof the grains show subgrains
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Fig. 5.1: Stress-strain curves for some deformation experiments with (a) a constant strain-rate history,
(b) a strain-rate stepping deformation history, (c) a stress relaxation history, and (d) a constant strain

rate test with a "cooled under load" history.

with a 1-20 misorientation. Enstatite occupies up to 7% of the total rock volume, whilst
spinel occurs as the accessory AI-phase. Various hydrated phases are present, including
clinochlore, phlogopite, talc and tremolite.
Anita Bay dunite consists mainly ofolivine neoblasts with a mean grain size of 100 mm.
Occasionally, larger olivine palaeoblasts can be observed. A small fraction of the olivines
contains low misorientation subgrain walls. The grain boundaries are slightly curved.
Pyroxene-rich layers may constitute up to 500/0 of the total rock volume, and these layers
have been disregarded in the microstructural analysis ofthe deformed specimen. Elongate
spinels are commonly aligned parallel to the foliation. Hydrous minerals are also present
in the Anita Baydunites, and include clinochlore, tremolite and talc. Total water-contents
stored in the crystalline lattices of the hydrous phases may reach 0.6 wtOA> (Chopra and
Paterson 1984), whichgreatlyexceeds the amount ofwater assumed to be present at upper
mantle conditions (e.g. Thompson 1992 and refs. therein). A differential diagnosis of
Anita Bay versus Aheim dunite is shown in Table 5.1.
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Details on the deformation experiments can be found in Chopra and Paterson (1981,
1984), the most important of them are outlined below. The experiments were conducted
in a Paterson gas apparatus (Paterson 1970) at confining pressures of 300 MPa and a
differential stress range 10-450 MPa. As mentioned before, errors in stress measurements
are believed to be very low due to the absence of friction and finite strength of the
confining pressure medium. Temperatures achieved during deformation were 1100°
1400°C at strain-rates between 10"'-10'6 S·l. "Wet" experiments were performed on the
starting material, "dry" experiments were conducted after pre-drying the sample at
1200"C at an oxygen fugacity of 1<Y' Pa. During "wet" tests only, leakage of water through
the thermocouple holes in the deformation-assembly suggests that the deformed material
was water-saturated dUring the experiment.
The experimental runs reported in this study include a number of "wet" and "dry"
Meim and Anita Bay samples with: i) a constant strain-rate deformation history, ii) a
multiple strain-rate "step" deformation history, iii) a stress-relaxation history following
the deformation experiment, iV) a "cooled under load" history following a constant strain
rate deformation experiment in order to assess the effect of static recovery and
recrystallizationon thedeformation microstructures, andv) an annealing recrystallization
history following a constant strain-rate deformation experiment, in order to assess the
kinetics of grain growth. Some typical stress-strain curves illustrating the different
deformation histories in stress-strain space are shown in Fig 5.1.

5.3 Sample preparation and methods
The experimentally produced microstructures have been studied mainly by transmitted
and reflected light microscopy on single- and double-polished, ultra-thin sections. In
order to obtain some additional information on the mechanisms and processes of
recrystallization, ion-beam thinned and carbon-coated discs have been studied in a 300
KVPhilips 430TransmissionElectronMicroscope (fEM) withattachedEDAX-microanalysis
equipment at the Research School of Earth Sciences in Canberra.
Recrystallized grain sizes have been measured from line-drawings made from a number
of projected photographs ofrecrystallized areas taken at six differentflat stage orientations
with respect to the polarisation directions of the light miCroscope. A measurement grid
was superimposedon the drawing with the grid spacinglarger than the grain size and with
the grid lines parallel and perpendicular to the compression axis. The mean linear
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Fig. 5.2: Photomicrographs of
a decorated specimen seen
with (a) crossed polarizers
and (b) parallel po1arlzers
illustrating the improved
resolution of low angle
subgrain boundaries due to
decoration. Arrows denote
the decorated subgrain walls.
Scale bar = 200 nun.

intercept was calculated from the number ofintersecting grain boundaries, divided by the
length of the sample line. Average grain diameters were calculated by multiplying the
mean linear interceptwith a factor of 1. 75, which roughly applies to equi-axed polygonal
shaped grains (pickering 1972).
Previous work on deformed polycrystalline aggregates has shown that the measured
subgrain dimension depends on the technique employed (e.g. White 1979a, b). TEM
studies reveal improved resolution of subgrain spacings towards low values, but this
technique is time-consuming and not generally available. On the other hand, the
resolution of subgrain spacings in standard light microscopy is limited to misorientations
> 1-2°. Therefore, the Kohlstedt et al. (1976) decoration technique has been applied to a
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selection ofspectmen, in order to obtain a subgrain resolution intermediate betweenTEM
and conventional light microscopy (Fig. 5.2). Polished samples were decorated for -10
minutes at 9OQOC, leading to a penetration depth of decoration up to -10 J.Ull. Although
a decoration time of 1 hour is recommended (Kohlstedt et al. 1976), practise showed that
decoration for several minutes is sufficient to reveal all the subgrain walls, whilst the risk
of damage to the sample surface such as cracking of the polished surface presumably
induced by dehydration of the hydrous phases is limited. Projected colour-slides of the
subgrains were used to measure the spacing between the olivine (100) subgrains.
The low degree of recrystallization in the deformed samples limits the number of data.
Additionally, in order to preserve as much as possible of the experimentally deformed
dunite material, a compromise had to be made as to the amount of decorated samples.
Therefore, the qualitative aspects of this study are emphasized, although the quantitative
aspects will be addressed as well.

5.4 Qualitative aspects of microstructure development
Both dunites show ubiquitous evidence for deformation of the olivines during the
eXperiments. This is primarily reflected by the variation in optical extinction across
subgrain walls (Fig. 5.3c,d). The majority of the subgrains are parallel to [100], with minor
subgrains developed parallel to [001]. The subgrains are generally straight.
In both dunites, the olivinegrains are recrystallized and show serrated grain boundaries
and subgrain boundaries (Fig. 5.3), in particular in wet samples deformed at high
temperatures. Thevolume fraction of recrystallized grains is small, never exceeds 20%and
is obviously related to the total amount of strain accommodated. Only few "dry samples"
show recrystallization, and where they do, the total volume fraction of recrystallized
material is very low. The recrystallized grains are equi-axed to slightlyelongate (axial ratios
1.04-1.41) perpendicular to the compression axis. Undulatory extinction is common in
the recrystallized fraction. The recrystallized grain size is always less than the initial grain
size, and both subgrain size and recrystallized grain size (Fig. 5.3) decrease with increasing
differential stress.
Growth of olivine is evident in the relaxed and annealed specimen. Equi-granular
polygonal grains, with grain diameters up to 100 ~m, have developed from highly
recrystallized zones. These grains are notablyundeformed and are much larger than newly
recrystallized grains in similar but un-relaxed samples.
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Fig. S.4: TEM micrograph showing bulging of a grain boundary. Note low dislocation density at A in
the newly recrystallized grain and a subgrain wall in the bulging grain at B, suggesting dynamic
recrystallization by a bulging recrystallization mechanism. Also note high dislocation densities at C in
the overgrown grain, high subgrain densities at D in the host of the bulging grain possibly providing
the energy driving migration of the bulging grain boundary, and small pyroxenes at E possibly respon
sible for the high subgrain density at D. Scale bar = 21JII1..

<I

Fig. 5.3 (previous page): Photomicrographs showing systematic decrease in olivine recrystallized grain
size with increasing differential flow stress. Note subgrains in large grains in 4380 and 4468.
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Fig. 5.5 (a) previous page: Melt topology in newly recrystallized areas, note beam damage in upper left
melt pocket, (b) this page: cumulative apparent dfuedral angle plot, suggesting a median dfuedral angle
of _40°, (c) melt distribution in melt saturated systems, (d) inferred melt distribution in newly
recrystallized areas. 9 denotes range of dfuedral angles. Scale bars = 0.5 1J.IIl.

Recrystallization mechanisms
Preliminary TEM on newly recrystallized areas reveals small newly recrystallized olivine
grains with sizes comparable to those measured with the light microscope. They show a
low dislocation density relative to the overgrown grains, bulging from intenselydeformed
grains with a high subgrain and dislocation density (Fig. 5.4). The crystallographic
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orientation of the bulging neoblasts is not much different from the orientation of their
host. Although subgrain walls are common, no consistent misorientation has been
observed along them. Dislocations walls or subgrain boundaries are generally straight, but
also curved subgrain boundaries have been observed suggesting that some subgrain
boundary mobility occurred dUring the experiments. These TEM observations suggest
that combined subgrain rotation and local grain boundary bulging play an important role
in the recrystallization mechanism (e.g. Poirier and Guilope 1979). It seems feasible,
therefore, that the size of the recrystallized grains is primarily controlled by a grain
boundary bulging type of mechanism, assisted by subgrain rotation recrystallization (e.g.
Urai 1986, Drury and Urai 1990).

Melt topology
Light microscopy shows that all samples contain a small fraction of melt products,
hereafterreferred to as "melt".1tis mostlypresentas triple pointpockets and, occasionally,
as grain boundary films or wider openings up to SO ~ width. Melt rich pools commonly
occur near the ends of dehydrated chlorites, indicating that the hydrous phases rather
than the olivines became unstable at the prevailing experimental temperatures. Gener
ally, newly grown idiomorphic olivine dominates the melt products. It can be seen that
some melt has migrated from source regions to inter- and intragranular cracks. The melt
content varies considerably between and within samples. Only traces of melt are present
in most dry samples, whereas melt contents of several percent may be locally present in
wet samples deformed at 1200-1300°C and dry samples deformed at 14000C. The melt
fraction present is usually very low, though.
TEM indicates that in newly recrystallized areas a silica-rich glass occurs only at few
triple point junctions. Most grain-boundaries appear to be essentially solid-solid bounda
ries between adjoining crystals. The structural width of these boundaries observed in TEM
(the zone of structural distortion along the interface) is less than about 1-2 nm. No
evidence has been found for the presenceofwide (10-50 nm Width) melt films along grain
boundaries, although the presence of much narrower (0.5-1.0 nm width) melt films can
not be ruled out.
The geometry of some melt pockets in newly recrystallized areas is shown in Fig. 5.5a.
FollOWing Riegger and Van Vlack (1960), the true dihedral angle obtained from the
cumulative projecteddihedral angles of the solid-glass contact lies in the range 30-47° (Fig.
5.5b) which concurs with the median dihedral angle for olivine-basalt systems (Waft and
Bulau 1979, 1982). Such values of the dihedral angle suggest an equilibrium meit

morphology where the liquid phase is confined to an interconnected networkalong grain
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triple junctions, schematically shown in Fig. 5.5c (e.g. Kingery et al. 1976, p. 214). TEM,
however, shows that only a small fraction of the triple junctions contains a glass phase,
thus the true melt morphology in the newly recrystallized areas could resemble that
shown in Fig. 5.5d, where only few grain boundary triple junctions contain a wide melt
channel. It is therefore inferred that most of the grain contacts are essentially solid-solid
contacts and that the recrystallized grain size is only marginally influenced by the
presence of a melt channel along some grain boundaries.
Areas of high melt content were excluded from the microstructural analysis, except for
sample 4380 in which the recrystallized grain size was measured in areas with a range of
meltcontents(l-l00/o)avoidingobviousmeltpools.Themeanrecrystallizedgrainsize was
found to be 20 1JlIl, whilst the recrystallized grain size in melt-free areas yielded a mean
grain size of 21 Ilm (fable 5.2). These data show that within measurement error the
recrystallized grain size appears independent of local melt content.

5.5 Quantitative aspects of microstmcture development

Recrystallized grain size
The recrystallized grain sizes in 31 experimentally deformed specimen are listed in Table
5.2. The recrystallized grain size in "wet" Anita Bay and Aheim dUnite, developed in
constant strain-rate and strain-rate step deformation experiments show a well defined
relationship with final flow stress, Le. the steady state flow stress achieved after the last
strain-rate step (Fig. 5.6a). This relationship can be described by the following empirical
equation:
R=O.96

(5.1)

with the recrystallized grain size (D) in metres and the differential flow stress (0) in MPa.
R denotes the correlation coefficient.
This relationship does not hold for strain-rate step test 4585. In this case the final flow
stress was 37 MPa, and the final grain size was smaller than expected from the stress-grain
size relationship (eqn. 5.1). With final flow stresses> 50 MPa the grain size did adjust to
the new stress after only 1.5 -3% strain. This maybe explained as follow. For the grain size
to adjust to the new stress, grain growth is required presumablydriven by the stored strain
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energy in the deformed old grains and surface stored energy in the newly recrystallized
aggregates (e.g. Poirier 1985). Both are controlled mainly by the flow stress prior to the
final strain-rate step through the dislocation density and grain- and subgrain size. It
follows that the driving force for grain size adjustment decreases with decreasing stress.
In addition, at lower stresses, an increasing amount of grain growth is required for the
adjustment of grain size to the new stress. The data nonetheless show that at sufficiently
high flow stresses the dynamic recrystallized grain size can rather rapidly adjust to any
change of the flow stress, namely at laboratory time-scales of several hours.
The recrystallized grain size data in three "cooled under load" specimen show no
systematic deviation from the grain size expected from the experimental relationship of
eqn. 5.1 (Fig. 5.6a), suggesting that there is no significant effect of grain growth during
cooling of the specimen at the termination of the experiment.

Influence ofstrain, strain-rate and temperature
The effect of the various experimental parameters on the recrystallized grain size is
illustrated in Fig. 5.7. In this figure the deviation of the measured recrystallized grain size
from the grain size expected on the basis of the empirical piezometer is expressed as a
percentage of the measured grain size or:
6 =

Dg(measured) -Dg(calculated) * 1000/0
D g(measured )

where D. will be referred to as the relative residual of the measured grain size (see e.g. Clark
and Hosking 1986, p. 370).
The residuals are plotted against the final flow stress, whilst in each diagram they are
labelled to represent different values of the experimental parameter under investigation.
This representation of the data allows systematic deviations of the data from the
equilibrium line (which is the empirical piewmetric curve) to be identified. If deviations
consistently relate to particular values of the experimental parameter in question, the
conclusion seems justified that the grain size - stress relationship or piezometer depends
on that parameter.

<l

Table 5.2 (previous page): Experimental data for the experimental deformation of Aheirn and Anita Bay
dunite. N refers to number of measurements. Skewness is a measure of the excess of data at one particu
lar side (or asymmetry) of a frequency diagram relative to a normal distribution. Kurtosis is a measure of
the peakedness of the distribution relative to a normal distribution. Note that if either of both signifi
cantly deviates from zero, the data cannot be accurately described by the statistics of a normal distribu
tion.

lOS

....

a

o

0\

(J

b

1(}()()

I

1000

J

I

i

I

I

I

I

I

I

i i i

.§
~

VI

500
400
300

_200

~

~

100

0
...............
...-t
, "....
----'~

f-

_

_

~
~
o "

f--

b

500

----

8:. 400

'~'(5.1)

I

I

I

I

20

I

I

30

I

I

I

I

40 50

I

I
100

I

I

i

I

'
2

100 :

I

I

i

5:1

I

400

100

,e

".,

(U'200

a.::
~

0

. . '0.

b

~,

0

o e .. ,,~

50

0

0' ,

'0-

b

I

20

I

30

I

I

40

50

I

I

Og (J.Lm)

I

I

I
100

I

I

,

"'e ,

. . . .............
"'

•

I

I

I
10

I

i

20

~ 0

•

0

J

I

0

'"...

,Q

u..,.... "

..

""-.' <15.6b)

......~..
.'

"0.......~5.11b)

'\.,

100

'\
\

··,'A5.6a)\

'f!..4)

200

i

·'n..:,

',\.,

o

0'
20 I
10

I

,.,., ,
............: ,

. . . . . . . . . ""

e

' .';"!2,~
e

().
",

Og ()lm)

,.,..,",.,
~
'

'

400 - - " " ,
........................ ' ,

300

~

I

45

3

d

I

300

200

'it",

•
----------------------

200

Og (jim)

c

Cil
a.::

,•
-•

o Cooled under load

I

I

10

500

•

o Cooled und8f load
I

...,

b

40
30

10 I

,

~300

~"

50

20

(5.2)

-...

te-t

50

1

"Dry"data

2:3

I

I

4

5

ds (J.Lm)

.....

'

\

'~.111JJ,
I \

6

I

I

7

8

'.

I

9 10
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Before further inspection of Fig. 5.7 it needs to be noted that for strains < 10% there are
systematic negative residuals for the measured grain sizes relative to the expected grain
sizes calculated with equation 5.1. This probably indicates that only for strains> 10% the
recrystallized grain size reaches stable mean values independent of total strain, consistent
with the observation that the larger of the newly recrystallized grains show undulatory
extinction and are flattened perpendicular to the compression axis suggesting develop
ment of a steady-state microstructure. The residuals at low strains are small, however «
12%), and in view of the limited total number of data the low-strain data have been
included in the analysis. Single data cannot be compared and are omitted from this
analysis.
The effect of strain-rate on the recrystallized grain size is shown in Fig. 5.7a. The scatter
of data for different values of the experimental strain-rate indicates that there is no
systematic trend in the residuals of the measured grain size relative to the grain size
calculated with eqn. 5.1. Instead, for all strain-rates there are positive and negative
residuals suggesting that strain-rate does not affect the recrystallized grain size.
The effectof temperature on the measured recrystallized grain size is shown in Fig. 5. lb.
The scatter of residuals of the measured grain size relative to the grain size calculated with
eqn. 5.1 for each of the different values of the experimental ternperature suggests that the
recrystallized grain size is temperature-independent in the range n<X>-1300°c. Note
however, that the data presented do not preclude a significant effect of temperature on
recrystalliZed grain size at much lower temperatures.
As outlined by White (1979a), the effect of variations in strain-rate may be largely
obliterated by temperature variation effects and vice versa. Ideally, the effect of strain-rate
and temperature should be evaluated against each other, but the limited amount of data
available does not permit that analysis. However, the combined effect of temperature and
strain-ratecan be evaluatedas follows. Laboratory deformation experiments such as those
of Chopra and Paterson (1981, 1984) have shown that an increase of temperature leads
to a decrease of equivalent viscosity. At conditions of constant flow stress, an increase in
temperature will result in an increase of strain-rate eqUivalent to the decrease in viscosity.
A parameter K, defined as temperature over strain-rate, can now be used to study the
combinedeffectoftemperature and strain-rateonthe recrystallized grain size. Experimental
values of logK typically fall in the range 7-9, where low values of logK represent low

<I

Fig. S.6 (previous page): Stress - recrystallized grain size relationships for (a) constant strain-rate and
strain-rate stepping tests, (b) as (a) for high stress (>200 MPa) data, (c) as (a) but combined with the
Karato et al. (1980) data (open circles), (d) stress - subgrain size relations in Anita Bay (black dots) and
Aheim dunite (open circles). The fits to the data labelled as in text.
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Recrystallized grain size and subgrain size

temperature, high strain-rate conditions whilst high values of logK represent high
temperature, low strain-rate deformation. Fig. 5.7c shows that the residuals of the meas
ured grain size relative to the grain size calculated with eqn. 5.1 do not systematically
deviate from the equilibrium line for different values of K. The data therefore suggest that
the recrystallized grain size is prindpally independent of temperature and strain-rate and
of coupled variations of these parameters.

Influence ofstarting material and water content
The effect of starting material (Aheim dunite or Anita Bay dunite) on the recrystallized
grain size in both materials is shown in Fig. 5.7d. Note that the residuals of Meim
recrystallized grain sizes systematically plot above the experimental grain size - stress
relationship (eqn. 5.1), while residuals of Anita Bay recrystallized grain sizes plot mostly
below this line. The data suggest that the recrystallized grain size is slightly dependent on
material properties, which are for Meim and Anita Bay dunite in view of their different
initial microstructures and different flow properties (fable 5.1; Chopra and Paterson 1981,
1984).
The assessment of the effect of water on recrystallized grain size is difficult because the
lowdegreeofrecrystallizationlimits the data for "dry" recrystallizedgrainsizes. Additionally,
the "dry" experiments do not cover the same flow stress range as the "wet" experiments.
Nevertheless, an attempt is made to evaluate the existing data. The distribution of the
residuals of the measured "dry" recrystallized grain sizes relative to the grain sizes
calculated with eqn. 5.1 (Fig. 5.7e) can be described as follows: one data point at low flow
stress of96 MPa plots close to the expected grain size, while the data for flow stresses >200
MPa could plot on a line at a distinct angle to the stress axis (Fig. 5.7e), suggesting a
different grain size - stress relationship at high flow stresses. The reason for this could be
either some effect arising from high final flow stresses or the effect ofthe absence ofwater
irrespective of the flow stress. As outlined above, the flow properties of" dry" dunites do
not permit flow experiments at low stresses. By consequence it cannot be determined if
this new relationship holds for "dry" dunites deformed at flow stresses <200 MPa. To
resolve this ambiguity, all the grain size data established in both "wet" and"dry" constant
strain-rate and strain-rate stepping tests have been plotted against final flow stresses >200
MPa in Fig. 5.6b. The data are more scattered when compared to Fig. 5.00, probably due

<l

Fig. 5.7 (previous page): Plots showing the effect of (a) strain-rate, (b) temperature, (c) combined strain
rate and temperature (..,.. text), (d) material properties, and (e &: f) water content. Plotted is the residual
in % of the calculated grain size with empirical relations (eqn. 5.1) and (eqn. 5.2). For further explana
tion see text.
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to worse statistics on the grain size data, but nevertheless a linear relationship between
flow stress and recrystallized grain size can be recognized on a log-log diagram. This
relationship is described by the following equation:
4. 46 (<:r)-2.49±.ss
D g = 1189+-3.24

R=0.79

(5.2)

with Dg in meters and cr in MPa. When the residuals of the measured grain sizes relative
to the grain sizes calculated with eqn. 5.2, for flow stresses >200 MPa and distinguished
on the basis of the presence or absence of water ("wet" or "dry"), are plotted with respect
to this experimental grain size - stress relationship (eqn. 5.2), the effect of water can be
evaluated (Fig. 5. 7f). No systematic distribution of the residuals can be observed, i.e. both
the "wet" and "dry" data are equallywell described byeqn. 5.2. It follows that the different
grain size - stress relationship for high final flow stresses appears not to be a function of
water content, but could result from a change in material behaviour at high flow stresses.
Chopra and Paterson (1981) report a change in flow behaviour of Anita Bay dunite at
around 100 MPa. They ascribe this feature to a change in deformation mechanism when
the flow stresses approach or exceed confining pressures of 300 MPa. When other
deformation mechanisms such as microfracturing are introduced, additional
recrystallization mechanisms like solution-precipitation could accommodate
microfraeturing to maintain steady-state flow. This could lead to a different recrystallized
grain size - stress relationship at high final flow stress. Thus, the experimental relationship
(eqn. 5.2) may not bear any significant meaning to upper mantle microstructures, as
confining pressures in the mantle greatly exceed 300 MPa.
Consequently, eqn. 5.1 should be re-defined excluding the data for cr >200 MPa as:

D g = 0• 0049o.0009(<:r)-1.12~.13
0.0007
'

R=O.96

(5.3)

with Dg in meters and cr in MPa.

Comparison with existing data
Fig. 5.6c shows the Anita Bay and Aheim recrystallized grain size data plotted with the
results of Karato et al. (1980) obtained at 1650"Con dry recrystallized single crystals. These
single crystal data can be considered the only reliable recrystallized grain size data
available, as all the other data are based upon solid-medium deformation experiments.
The combined Anita Bay/Aheim data and those of Karato et al. (1980) can be described
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by a single recrystallized grain size - stress relationship covering the stress range 25-200
MPa:

Dg = 0• 01S 00.003
·004 (cr)-1.33±.09

R=O.96

(5.4)

withDg in meters and cr in MPa. This equation holds for deformationinduced recrystalllzed
grain sizes developed at flow stresses lower than the confining pressure (which will always
be the case in the ductile mantle) and where both subgrain rotation and grain boundary
bulging recrystallization processes can be identified (Karato et al. 1982). The combined
data of this study and those of Karato et al. (1980) suggest that the dynamic recrystallized
grain size in olivine is controlled mainly by flow stress and is largely independent of water.
content and temperature in the range 11oo°C-16S00C, with some minor dependence on
flow properties of the olivine aggregates under investigation.
The grain size -stress relationships measured for Anita BayandAheim dunites apply not
only to samples with a constant strain-rate history, but also to samples with a more
complex multiple strain-rate history. Most of the strain-rate step tests involved a decrease
of strain-rate. Similar results were obtained by Ross et al. (1980) for steps with both
increasing and decreasing strain-rate. This suggests that in many cases the dynamically
recrystallized grain size can rather rapidly adjust to a change of flow stress.
Possible role offluids
All ofthe experimentallydeformed olivine aggregates (e.g. Zeuchand Green 1984, Chopra
and Paterson 1984, Hitchings et al. 1989, Bussod and Christie 1991) including the dry
single crystals of Karato et al. .(1980) contain a very small to moderate volume fraction of
melt. Unfortunately, there are no data available to date on recrystallized grain sizes in
melt-free olivine rocks. In consequence, it is possible that grain size - stress relationships
in melt-free rocks could be different to those in rocks containing melt. The melt content
and also the water content of the polycrystal may be expected to influence this
relationship, because the presence and amount of both melt and water will affect the
kinetics of the basic processes involved in recrystallization. Recent theoretical models of
Derby and Ashby (1987) and Derby (1990) for migration and growth recrystallization and
Drury (1992) for rotation and growth recrystallization suggest that the grain size - stress
relationship arises because of a dynamic balance between grain size reduction processes
and grain growth processes. According to Derby and Ashby (1987), the dynamically
recrystallized grain size (Dg) can be described by the follOWing theoretical relationship:
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Dg

= _
KEv
gbm
_.....2.:.:.:..:.

e

(5.5)

where Kis a slightly temperature dependent constant, E is a critical strain for nucleation
of recrystallization, vgbm is the grain boundary migration rate and £is the strain-rate. The
same equation forms the basis ofthe analysis ofrecrystallized grain size in the rotation and
growth model of Drury (1992). Models of this type can account for the apparent
independence of recrystallized grain size from water content. The influence of water is to
increase both the strain-rate and the grain boundary migration rate by roughly similar
factors (I<arato et al. 1986, I<arato 1989). It is clear from eqn. 5.5 that the effects of an
increase of v gbm and ~ due to the presence of water may cancel each other, or at least that
the net effect ofwater or melt on recrystallized grain size becomes too small to be detected
in laboratory eXperiments.
Subgrain size

The shape of subgrains for a number of different geological materials may vary from
roughlyequi-dimensional to strongly planar. The size of the subgrains can, therefore, be
expressed in many different ways, such as maximum or mean subgrain diameter and
average subgrain area. For olivine, subgrain characteristics are generally obtained assum
ing a normal distribution ofan often extensive olivine (100) subgrain spacing data set, and
the arithmetic mean forms the basis of many existing olivine subgrain palaeopiezometers
(e.g. Ross et al. 1980, I<arato et al. 1980). Jin and Green (1989) analyzed olivine (100) and
(001) subgrain spacings in decorated samples from eastern China mantle xenoliths and,
presumably inspired by earlier work of Ranalli (1984), demonstrated that the frequency
distribution of the spacings is distinctly non-normal, putting questionmarks as to the
significance of the mean value of such non-normally distributed data. They showed that
the frequency distribution ofthe natural logarithms ofthe measured (decorated) subgrain
spacings much better approximates a normal distribution. Consequently, the median
(geometrical mean) of the frequency diagram provides a better description of the subgrain
population measured. Note, however, that the characteristic distribution of subgrain
dimensions canbe expected to depend on the measurement technique employed because
the resolution of the different techniques differs significantly (e.g. White 1979a).
Therefore, olivine subgrain spacing characteristics as discussed by Jin and Green (1989)
may applyonlyto studies where the decoration technique (Kohlstedtetal. 1976) has been
employed.
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Fig. 5.8: Olivine (100) subgrain wall spadng (ds) frequency histograms for (a) constant strain-rate tests,
(b) strain-rate stepping tests, and (c) relaxation tests, showing that the subgrain spadng in all cases
closely approximates a log-normal distribution.

The olivine (100) subgrain spacings measured in 16 experimentally deformed AAeim

and Anita Bay dunites are listed in Table 5.2. Fig. 5.8 shows the frequency histograms of
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the natural logarithm of the subgrain spacings in specimen deformed in (a) constant
strain-rate experiments, (b) strain-rate stepping experiments and (c) relaxation experi
ments respectively. The data concur with the data obtained from the Eastern China
natural pertdotites of}in and Green (1989) in the sense that the average subgrain spacing
shows a lognormal distribution rather than a normal distribution. Consequently, the new
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subgrain size palaeopiewmeters derived below for Anita Bay and Meim dunites will
employ the median of the measured subgrain data.
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Subgrain size - stress relationships
The average olivine (100) subgrain spacing in "wet" Anita Bay and Alleim dunites
deformed at constant strain-rate increases with decreasing flow stress (Fig. 5.6d). In strain
rate step tests, average subgrain sizes obey the same relationship with the maximum flow
stresses achieved during the deformation experiment. It follows that in cases where the
final flow stress is lower than the maximum flow stress, the subgrain spacings are related
to the maximum rather than the final flow stresses (see also Ross et al. 1980). The
quantitative subgrain size - flow stress relationships differ for Alleim andAnita Baydunite,
which indicates that the piezometers are stronglycontrolled by initial material properties.
Followingconventional notation in palaeopiezometry, the relationships between average
subgrain spacing and stress for "wet" Anita Bay and Aheim dunite are, respectively:
"wet" Anita Bay:

0. 59 * lO--{)5(0')-0.4Z±.18
d • = 4• 72+-0.53

R=O.91

(5.6a)

"wet" Meim:

d • = 6• 8yl09
* 1O--{)S(0')-0.59±.13
-0.94

R=O.85

(5.6b)

where d, is the subgrain size in m and (} the flow stress in MPa.

Effect ofstrain, strain-rate, temperature and water content
The effect of strain on the measured subgrain spacing is shown in Fig. 5.9a. Analogous to
the analysis of recrystallized grain sizes, residuals are shown of the measured spacing
relative to the empirically determined subgrain size - stress relationships (eqns. 5.6),
labelled for different values of the experimental strain achieved during the pertinent
experiment. The diagram clearly shows that there is no systematic distribution of the
reSiduals distinguished on the basis of strain, indicating that the total strain accomplished
during deformation does not systematically affect the piezometers.
The residuals ofthe measured subgrain spacings for differentvalues ofthe experimental
temperature is shown in Fig. 5.9b. The scatter of the residuals around the empirical
subgrain size - stress relationship (eqns. 5.6) suggests that this relationship is temperature
independent for the range 1200-1300°C.
Careful inspection of Fig. 5.9c shows that there is no systematic distribution of the
residuals of the measured subgrain size for different values of the experimental strain-rate
Le., for all values of strain-rate the data are scattered around the experimental subgrain size

<l

Fig. 5.9 (previous page): Plots showing the effect on the subgrain size piewmeters of (a) strain, (b)
temperature, (c) strain-rate, (d) the combined effect of temperature and strain-rate (see text), and (e)
stress relaxation at the end of the deformation experiment. Data plotted as in Fig. 5.7.
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- stress relationship (eqns. 5.6). This again suggests that strain-rate is not a controlling
parameter on the sizes of the subgrains.
The combined effect of strain-rate and temperature can be investigated as outlined
above for recrystallized grain sizes. Again a variable Kis defined as temperature over strain
rate, where high values of K indicate that the specimen deformed at high temperatures
and low strain-rates, whilst low values of Krepresent deformation at low temperatures and
high strain-rates. Fig. 5.9d shows that the distribution of the residuals of the measured
subgrains around the empirical subgrain size - stress relationship (eqns. 5.6) does not
provide a basis for a poSSible combined effect of temperature and strain-rate on the
piezometers of equations 5.6.
The average subgrain spadngs in the "wet" deformed specimen are much smaller than
the subgrain spadngs in the two "dry" specimen (Fig. 5.6d), suggesting a major effect of
water content on the average subgrain spadng for a given stress. This observation is in
marked contrast With the recrystallized grain sizes in "wet" and "dry" material, which
seem largely independent of water content. The present study indicates that water does
not affect the size of the recrystalliZed grains, but that it does affect the spadng of the
subgrains. This seems consistent With the hypothesis that water-weakening is an
intragranular, rather than an intergranular process (Karato et al. 1986).

An alternative fonn for the subgrain size - stress relationship
Subgrain size piezometers used in the metallurgical and geological literature are commonly
written as:
(5.7)
or
(5.8)
logd, = logK - klogcr
where d, is the subgrain size, K and k constants and cr the differential flow stress. The
subgrain size vs. stress relationship in Anita Bay and ;\heim dunites derived in this study
(eqns. 5.6a and 5.6b) are presented in this form. The large variety in k and K for many
different geological and metallurgical materials (reviews in Takeuchi and Argon 1976,
Twiss 1986) have challenged manyworkers to derive empirical or theoretical subgrain size
- stress relationships of a form other than those of eqns. 5.7 or 5.8, that accounts for all
of the existing data. Such an alternative relationship can then be used to extrapolate
laboratory data to natural conditions (e.g. Holt 1970, Young and Sherby 1973, Twiss 1977,
Edward et aI. 1982, Twiss 1986). Two of the most promising among these general
piezometers will be evaluated below against the data from this study.
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Edward et a1. (1982) derived a theoretical relationship between subgrain size and stress
and found a strong dependency of various material properties upon both k and K, such
as the creep stress exponent in k and the creep diffusivity in K. Unfortunately, the
temperature interval at which Chopra and Paterson (1981) performed their experiments
(1200-1300°C for the specimen reported here) is too small to investigate the latter effect
on K with the present subgrain data set. The dependency of k upon the stress creep
exponent n as derived by Edward et al. (1982), i.e. d,'oc ()D, is inconsistent with the ex
perimental results found in this study The stress exponent for creep of Anita Bay and
Meim dunite was found to be 3.35 and 4.48 respectively (Chopra and Paterson 1981).
Following Edward et al. (1982) the negative slope of the subgrain size - stress relationship
in log-log space would thus be expected to be 0.84 and 1.12 for Anita Bay and Aheim
dunite, respectively. The experimental values, however, are 0.59 for Anita Bay and 0.42
for Meim dunite. It follows that the theoretical considerations of Edward et a1. (1982) do
not provide a particularly good basis to derive a generally applicable form of the subgrain
size - stress relationship.
Twiss (1986) re-evaluated an extensive data set from metallurgy and geology relating
flow stress and dislocation substructure for a number of metals and minerals, and noted
that the sensitivityof dislocation density and subgrain spacing to the flow stress decreased
with decreasing stress. He proposed the following empirical subgrain size - stress
relationship (eqn. 13 of Twiss (1986», written here in dimensional form:
logd, =logK -klog(cr + cro')

(5.9)

In this equation, cro' is an empirical constant called the stress constant. In a log-log plot of
differential stress vs. subgrain diameter, the stress constant in eqn. 5.9 introduces non
linearity in this relationship. More specifically, the derivative to define the slope yields:
dlog(d.) = _ k( ) / (
,)
dlog( cr)
cr cr + cr 0

(5.10)

When cr» cro' the equation 5.9 approaches a linear relationship with a slope of -kand an
intercept of logK. In case cr = cro', the slope is -kl2, and assuming a theoretical value of n
=1-2, this yields a slope of 0.5-1 which is commonlyobserved in the range of experimental
flow stresses. For cr « cro' the slope approaches zero and the stress constant places a limit
to the subgrain diameter at low stresses, which seems entirely realistic as any maximum
subgrain dimension cannot be expected to exceed half the average grain diameter.
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From the foregoing it follows that the introduction of a stress constant may explain the
range of slopes (range of k) observed for subgrain diameter vs. stress relationships in log
log space. This range runs from -0.3 to 2 (fwiss 1986, his Fig. 4), although a value of 4 has
also been reported (cited in Edward et a1. 1982). Additionally, a value of 2 is predicted from
theoretical studies (Young and Sherby 1973). Any absolute value of the stress constant,
however, will result in a decrease of the absolute value of k. Therefore, in search of a more
generalized form of the subgrain size - stress relationship for Anita Bay and Aheim dunite
it seems valid to set the value of k to 2. Fitting the present subgrain data, except for those
deviating significantly from the overall trend (samples 4370 and 4519), into an equation
of the form of eqn. 5.9 with k=2 yields the folloWing empirical subgrain size - stress
relationships (Fig. 5.6d):
Anita Bay dunite:

d, = 0.38 ±0.09*(0 + 191 ±32)-Z

R=O.93

(5.11a)

Aheim dunite:

d, = 1.75 ±O.34*(0 + 392 ±55)-Z

R=O.94

(5.11b)

Note that for both dunites the calculated values of K and 0 0 ' are distinctly different.
Variations in0o'mightreflecteitheraflow lawdependency (Edward etal. 1982) or,more
specifically, a grain size dependency. De Bresser (1991) derived an extended version of the
Twiss (1986) dislocation density piewmeter, and introduced a grain size dependence of
the stress constant arising from strain incompatibility problems at grain boundaries
prodUcing local geometrically necessary dislocations (e.g. Ashby and Verrall 1978). For a
material With a given grain size the grain-size dependent stress constant limits the
dislocation density at flow stresses approaching zero. A similar factor can be envisaged for
a subgrain size piewmeter, i.e., a stress constant could put an upper limit to the subgrain
spacing at low values of the flow stress.
Variations in K may be even more difficult to explain, but can be expected to lie in the
field of thermally activated terms that define the rate-controlling processes for dislocation
motion between and in subgrain boundaries (Edward et al. 1982). This remains to be
established, however, by experimentation specifically designed to cover a large tempera
ture interval.
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5.6 Grain size and subgrain size in stress-relaxation experiments

Stress relaxation tests
The termination of a deformation eventand the consequent "freezing-in", under natural
conditions, of the steady-state microstructures is likely to involve transients in strain-rate,
stress, temperature and pressure (White 1979a, Knipe 1989). The effects ofsuch transients
on material properties form an essential part in the extrapolation ofexperimental data to
natural conditions. This is particularly evident for piezometry on natural rocks, because
post-tectonic annealing and grain growth may reset recrystallized grain sizes and subgrain
sizes such that they do no longer represent the steady-state deformation conditions.
Annealing recrystallization and stress-relaxation tests can be used to investigate and
quantify transient effects on microstructural and rheological parameters (e.g., Rutter et al.
1978).
Annealing recrystallization experiments are designed to study the evolution of the
deformation microstructures when steady-state deformation responsible for their devel
opment is followed by stress-relaxation of the specimen during which no further strain
is imposed on the specimen. Temperatures are kept high during annealing. At the onset
of annealing, the balance between grain size reduction processes and grain growth
processes that existed dUring steady-state deformation is suddenly disturbed in favour of
grain growth and as a consequence, the grains will grow reducing their intemally- and
surface-stored strain energies. It is clear, however, that a sudden stress-release in a typical
annealing recrystallization experiment cannot be a good approximation of an end
member type of a geological deformation as stresses will probably decay in natural
deformation via a waning stage rather than terminate abruptly.
Stress-relaxation tests are similar to annealing tests with the exception that a transient
strain-rate and stress is imposed on the specimen until it is relaxed. Stress relaxation tests
are designed such that the elastic strain in the specimen is converted into plastic strain
dUring stress- and strain-rate-decay. In the ideal case, the total length of the specimen is
held constant. In practise, however, testing machine designs rarely permit the specimen
length to be held truly constant. Instead, it is necessary in most cases that the total length
of the specimen plus partof the testing equipment is kept constant rather than the length
of the specimen. It follows that elastic rebounds of parts of the testing device must be
dissipated through permanent deformation in the sample. This is illustrated in the
equation below which relates the decay in strain-rate during the relaxation to the decay
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Fig. 5.10: (a) Microstructure equilibrium diagram showing the effect of stress relaxation and annealing
on the stability of recrystallized grain size and subgrain size. Curve 1 and 3: Dg (eqn. 5.4) = ds (eqn.
5.6), for Anita Bay dunite and Aheirn dunite, respectively, curve 2 and 4: Dg (eqn. 5.4) = ds (eqn. 5.11)
for Anita Bay dunite and Aheirn dUnite, respectively. Note a marked shift of the data in a positive x
direction towards larger recrystallized grain sizes at approximately constant subgrain size. (b)
recrystallized grain size in stress relaxation experiments showing deviation of the recrystallized grain
size from the established piezometric relationships (eqn. 5.4).

in flow stress:

E= -(ks + km lm)dcr a
dt

(5.12)

where ~ is the strain-rate, kmand k. the compliances of the sample and the machine
between the controlled points respectively, and 1mis chosen so that J<".lm together with k.
relates the specimen elastic strain to the applied load (Rutter etal. 1978). This relationship
illustrates how the deformation machine properties can be used to study transient decays
in stress, strain-rate etc.
Such relaxation tests may thus represent a much better approximation to the terminal
stages of a natural deformation than static annealing. Stress relaxation data have been
frequently used to study the rheological properties of the investigated material (e.g.
Chopra and Paterson 1981) but may also contain valuable information on recovery
processes, such as annealing recrystallization and grain growth at laboratory time-scales.
As mentioned before, the processes and mechanisms operating dUring stress-relaxation
could also apply to natural conditions at depth. The relaxation tests may therefore provide
information on recoveryrates at decreasing stress and strain-rate during the "freezing-in"
stage of a natural or experimental deformation event. In order to place constraints on the
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relative stability, during the terminal stages of deformation, of the deformation micro
structures and of grain- and subgrain-sizes in particular, recrystallized grain sizes and
subgrain sizes in one annealed and four relaxed specimen are evaluated below. Additional
consequences of stress-relaxation experiments on the microstructural properties of a
polycrystalline material are discussed in Chapter 6.

Recrystallized grain size and subgrain size during stress relaxation
Fig. 5.lOa shows the effects ofstress relaxation and annealing on the microstructure in the
specimen, illustrated in recrystallized grain size - subgrain size space. The basis for such
plots are outlined in more detail in the next Chapter. Four reference curves are shown
which represent microstructural equilibrium between recrystallized grain and subgrain
size. Two of these reference curves represent Anita Bay dunite data (curves 1,2) the other
two represent Aheim dunite data (curves 3,4). The curves have been calculated by
combiningthe recrystallized grain size piezometer (eqn. 5.4) and the subgrain piezometers
(eqns. 5.6 and eqns. 5.11) for Anita Bay and Aheim dunites. The reference curves thus
represent combinations of recrystallized grain size and subgrain size in equilibrium during
steady-state for any stress in the range investigated.
Both annealing and stress relaxation follOWing steady state creep can be seen to cause
a considerable shift from the equilibrium point on the pertinent reference curve towards
larger recrystallized grain sizesat more or less stablesubgrain spacings. Therefore, theeffect
of stress relaxation and annealing recrystallization is to re-equilibrate the recrystallized
grain size upon changes of the flow stress, but to maintain the subgrain dimensions set
at steady state flow. A major implication for palaeopiezometric studies is that olivine
subgrain sizes could have a much better memory for the (maximum) steady-state flow
stress than the recrystallized grain size. This observation in olivine aggregates is atvariance
with what is generally inferred from observations on natural quartz rocks (e.g. Knipe 1989,
his Fig. 11). Annealing experiments on olivine, however, show that provided enough time
is allowed, subgrain spacings will also reset (Ricoult 1979), but at much slower rates than
recrystallized grain sizes. One may expect, therefore, that only prolonged annealing and
complete migration recrystallization will obliterate subgrain dimensions previously set at
the steady-state flow stress.
Grain growth kinetics
The stress-relaxed and annealed samples show recrystallized domains with microstruc
tures characterized by largely unstrained grains and straight grain boundaries. These
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sample

initial
measured
grain size (1J.IT1) recryslBllized
grain size (IJ.IT1)
(1 )

T
(CC)

time of anneal
or relaxation
(s)

1200

1908

Annealing
experiment

6147

11.6

16

4485
4371
4306
4370

·•• •·. 1•. 1~"~ • • · · ·
/iji:::!\:)/;.;:.:.:::/:\::!r·::/.:.·

Relaxation
experiments

13.4
7.7
27.9
12.4

65
20
47
20

1300
1200
1300
1200

10188
5580
4968
6984

··.··k.~E.~.·.·
.
J.}()EC03/
••• • • • 6;~I~ • • • •

Table 5.3: Grain
growth calculations
for the relaxed
specimen.

1: Calculated from eqn. 5.4

microstructures clearly suggest considerable grain growth. However, the amount ofgrain
growth at low stresses during stress relaxation failed to balance the decreasing stresses
because the grain size data do not plot on the piezometric relationship (eqn. 5.4)
extrapolated to low flow stresses (Fig. 5. lOb). It follows that grain growth ceased at some
stage dUring relaxation, and that the average grain size reached a fixed value which does
no longer reflect ambient stress-values. Table 5.3 summarizes the grain growth- or grain
boundary migration rates during stress relaxation and annealing of the "wet" dunites,
calculated under the assumption that, prior to annealing or relaxation, the recrystallized
grain size remained in equilibrium With the steady-state flow stress according to
piezometric equation 5.4. It is clear that grain boundary migration velocities are similar
dUring annealing and relaxation, provided that the temperature and final stress values
prior to relaxation are similar, and that dUring stress-relaxation they are too low to keep
the grain growth in equilibrium With ambient decaying stresses.
It is noted, that the estimated grain boundary velocity rates in "wet" Anita Bay and
Aheim dunites (0.54 - 2.53 *I(}Ol !!fills at 1200-13000c) are somewhat faster than those
calculated by Toriumi (1982) for dry olivine (0.07 -1.67 *I(}Ol!!fil/s at 1240-1500°C).lt is
concluded, therefore, thatgrainboundary migration rates in "wet" olivine are higher than
those in "dry" olivine (see also Karato 1989). The notion that grain growth is a prominent
feature in stress-relaxation experiments discourages the use of olivine recrystallized grain
sizepiezometersinnaturalsystems. Instead, asidetheuncertaintiesinvolved inextrapolation
of laboratory data to natural conditions, subgrain-size piezometers appear to be less
sensitive to stress relaxation and are likelyto yield better estimates of ambient flow stresses
during steady-state deformation in nature.
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CHAPTER 6

Rheological significance of shear localization in the
Ronda peridotite.

6.1 Introduction
The mechanical behaviour of the lithosphere depends primarily on the depth-dependent
physical and chemical environment (e.g. Kuznir and Park 1984, Ranalli and Murphy
1987, Carter and Tsenn 1987). This physical and chemical environment at depth may be
extremely heterogeneous as indicated by significant strain localization within ductile
shear zones that occurs in upper and middle crustal rock units (e.g. White 1979b, White
et al. 1980, Ord and Christie 1984, Rutter and Brodie 1988). Structural studies in peridotite
massifs and mantle xenoliths provide information on the degree of shear localization in
the upper mantle, and on the significance of shear localization to the bulk mechanical
properties of the lithosphere (Rutterand Brodie 1988, Handy 1989, Drury et al. 1991). The
latter aspect forms an important objective of this study, which motivates an analysis of
the mechanical properties of the zones of localized deformation recognized in the
fragment of the W Mediterranean upper mantle now represented by the Ronda peridotite
(Chapter 3).
The prindpal tool used below will be palaeopiezometry, a technique which has been
applied as early as 1970 by Raleigh and Kirby. The present study will employ the newly
obtained "hydrous" olivine recrystallized grain size and subgrain size palaeopiezometers
derived in the previous chapter. The palaeostress estimates obtained from the two
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Fig. 6.1: (a) line-drawing of spinel tectonite microstructure. (b) as (a), for a gamet-spinel mylonite, note
increased recrystallized fraction relative to [a]. (c) Typical frequency histogram of maximum grain
diameters measured from line-drawings of a spinel tectonite. Note the tail towards large grain diam
eters, ascribed to the contribution of large palaeoblasts. (d) As (c), for a garnet-spinel mylonite. Note the
smaller tail towards large grain diameters presumably due to pervasive recrystallization.

piezometers Will be evaluated against each other to place some constraints on the
mechanical evolution of the zones oflocalized deformation identified in the Ronda massif.

6.2 Sample selection and microstructure quantification

Setting and microstructural aspects ofsel«ted samples
For the purpose of a palaeostress analysis, recrystallized grain sizes and subgrain sizes have
been measured in 14 deformed peridotites. Their structural position, microstructures and
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olivine lattice preferredorientation (LPO) patterns have beendescribed in Chapter 3, their
ambient P-T conditions in Chapter 4. Below I summarize essential microstructural
informationofthe samples studied, and proceed with the results ofthe palaeopiezometric
analysis.
The accuracy of palaeostress studies partlydepends on careful sample selection and on
a consistent application of experimental techniques to obtain the microstructural
parameters.Therefore, Iwill first focus in somedetail on the structuraland microstructural
aspects of the selected samples. The sample localities are shown in App. A2
In order to minimize obliteration of microstructural properties, relatively fresh speci
men have been selected with the lowest possible degree of late-stage serpentinization.
Three spinel tectonites have been chosen to studyany effects of a variable intensity of the
tectonite foliation. Sample DR89.23 shows a low intensity of the foliation, whilst sample
DR89.65 shows the most intense foliation development. The average recrystallized
fraction in the spinel tectonites is estimated to be less than 30% (Fig. 6.1a). OliVine LPO
patterns are of the type [100] lOkI}, with an increasing predominance of [100](010) with
increasing intensity of the foliation. All samples contain amphibole as small grains at the
edges of the pyroxenes, suggesting that the tectonites developed under hydrous condi
tions.
All three gamet-spinel mylonites selected for this study are from the 500 m wide
mylonite zone in the NW periphery of the massif. They show no obvious structural or
microstructural variations, and are almost entirely recrystallized (Fig. 6.1b). Olivine LPO
patterns are ofthe type [100](010) with well defined point maxima distributions for all the
crystallographic axes. Hydrous conditionsdUring theirdevelopment are inferred from the
frequent occurrence ofsmall amphibole grains replacingpyroxene grain boundaries. Both
spinel tectonites and gamet-spinel mylonites deformed atrelative low temperatures in the
range 850-900°C (Chapter 4).
As outlined in Chapter 3 and 4, the granular peridotites ofthe Ronda massif are inferred
to result from pervasive high-temperature annealing of a deformed protolith. In order to
test this inferred origin, four granular peridotite samples have been included in this
palaeostress study. The samples have been selected principally on the basis of the lowest
possibledegree ofserpentinization. Some relictdeformation structures such as spinel trails
couldberecognized in theoutcropyielding sample DR89.88. All othergranular peridotites
selected are typical coarse-grained granular peridotites in the sense that annealing
recrystallization and grain growth has removed all remnants of the earlier deformation
(see also Chapter 3). No evidence for magmatic processes such as described in Chapter 3

have been detected in the outcrops from which the samples were taken.
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Finally, four plagioclase tectonites have been selected, two of them from the early S
vergenttectonites (DR89.42, DR91.31) and two from the late-stage N/Frvergenttectonites
(DR89.79, DR91.29). Three samples have been collected along the road section Ronda
san Pedro de Alcantara in the eastern part of the Ronda massif, and are not shown on the
map of App. AZ. The reason for this choice of samples localities is the extensive
serpentinization of the plagioclase peridotites from the western part of the massif such
that the microstructural details required for this palaeostress analysis have been mostly
obliterated. All plagioclase tectonite samples show a considerable recrystallized fraction
(-20-300/0). Olivine LPO patterns are of the type [lOO]{OkI} (Chapter 3). Amphiboles
replacing pyroxene at grain boundaries suggest hydrous conditions dUring their devel
opment.

Measurement techniques
The techniques used to quantify the microstructures in the experimentally (Chapter 5)
and naturally deformed peridotites (this chapter) are essentially the same. One exception,
however, had to be madedue to thedifferentfractions ofrecrystallization. Recrystallization
in the experimentally deformed samples is restricted to grain boundary areas and triple
junction contacts (see. Fig. 5.3), and the recrystallized fraction is low (<20%). This is
mainly due to the limited strains that can be achieved in a gas-medium deformation
apparatus. As a consequence, the distinction between olivine neoblasts and palaeoblast
was alwaysobviousandthe neoblast sizecouldbeaccuratelydetermined. The recrystallized
fraction in the natural peridotite samples mostly exceeds 20% and may be close to 100%
for the garnet-spinel mylonites, presumably reflecting the larger strains accomplished
during deformation. As a result, the distribution of neoblasts is more homogeneous and
not spatially related to palaeoblast grain boundaries or triple junctions. The distinction
betweenintenselystrained palaeoblastsandnewlyrecrystallized neoblasts is therefore not
always clear, yet needs to be accurately assessed before applying recrystallized grain size
palaeopiezometry.
The olivine neoblast grain size in the naturally deformed samples has therefore been
determined following the procedure outlined below, which differs slightly from the
procedure followed in the previouschapter. For each sample, detailed line-drawings of the
microstructure have been prepared from colour photographs taken at six different flat
stage orientations with respect to the polarizing directions of the optical microscope. The
grain diameter of all grains, i.e. neoblasts and the larger palaeoblasts, have been measured
from the line-drawings and plottedina frequency histogram such as shown in Fig. 6.lc+d.
For all the samples analyzed the shape of the frequency curve appeared to be positively
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Fig. 6.2: Photomicrographs of
a naturally deformed
peridotite (DR89.79) showing
decorated olivine (100)
subgrafn wall and disloca
tions. The trace of olivine
(100) is indicated. Scale bar
for both photographs 3 lUll.

skewed, i.e., showed a long tail from the geometrical mean (median) towards large grain
sizes. This tail towards large grain sizes is attributed to the contribution of the palaeoblasts
to the measured grain population. The geometrical mean ofthe frequency histograms has
therefore been taken to calculate the average neoblast grain diameter. As a correction
factor of 1.2 is commonly used in the determination of grain size dimensions (e.g. Karato
et al. 1982, 1986), obtained values have been multiplied with this factor to obtain average
neoblast recrystallized grain sizes. The above procedure may introduce analytical errors
in the palaeostress estimates, but these errors can be expected to be small compared to
many other uncertainties discussed below.
The olivine (100) subgrain wall spacings have been measured following the procedures
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Fig. 6.3: Frequency histograms of olivine (100) subgrain wall spacings (ds) in (a) spinel tectonites and
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errors in the determination of the median subgrain diameter.
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Fig. 6.3 (continued) b.

outlined in the preceding chapter, i.e., on decorated specimen (Kohlstedtetal. 1976). The
decoration time, however, was increased to 30 min. at 90Q0C. Due to late stage
serpentinization affecting all samples, only a small fraction of the recrystallized grains has
preserved their dislocation substructure. Subgrain characteristics are therefore confined
to the olivine palaeoblasts whose average size is listed in Table 6.1. Fig. 6.2 shows some
decorated subgrains and dislocations in one of the natural peridotites studied here
(DR89.79). The olivine (100) subgrainspacings measured in the Ronda peridotite samples
concur with the subgrain data from experimentally deformed Anita Bay and Meim
dunites (Chapter 5) and naturally deformed mantle xenoliths from Eastern China Gin and
Green 1989) in that subgrain spacings show a lognormal distribution (shown graphically
in Fig. 6. 3). This supports application of the subgrain size piewmeters derived in the
previous Chapter, as these are calibrated for the median values of log-normal distributed
subgrain populations.
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Fig. 6.3 (continued) c.

6.3 Results
The results of the grain size and subgrain size measurements as outlined above are listed
inTable 6.1. The meansubgrainspacingis shown as well to allow application ofpreviously
published subgrain size piezometers if desired. The following recrystallized grain size and
subgrain size characteristics seem critical for the mechanical history of the deformational
structures in which theyoccur.
1: The smallest average oliVine (100) spacings were obtained in spinel tectonites and
gamet-spinel mylonites with the smallest recrystallizedgrain sizes. This suggests thatboth
microstructural properties were controlled by the differential flow stress dUring deforma
tion. The granular peridotites and plagioclase peridotites do not show such a distinct
correlation between recrystallized grain size and subgrain siZe data.
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II

calculated
error

N

(11m)

Spinel tectonites
OR89.23
OR89.3O
OR89.65

375
247
277

23
23
18

121
154
100

8.55
8.38
8.77

5.96
6.37
5.06

7.04
6.31
6.78

2.03
2.11
1.71

-0.17
-0.09
0.30

-0.58
-0.23
-0.72

102
75
52

872
1037
709

Garnet-spinel mylonites
OR89.1
OR89.3
OR89.9

208
171
180

10
7
6

97
138
121

6.92
7.59
5.71

4.86
7.61
4.16

5.39
4.61
4.85

1.96
2.36
1.92

-0.02
0.21
0.22

-0.54
-0.46
-0.42

120
110
116

318
240

3180
3580
4220
3740

----_.

---

25
32
27
21

7.53
6.62
10.21
7.69

4.06
3.54
7.32
4.58

6.82
6.06
8.47
7.58

1.66
1.73
2.08
1.90

0.06
-0.28
-0.21
-0.33

-0.30
-0.02
-0.53
-0.76

92
78
98
96

1173
609

72
46

58

63

11.15
11.44
11.43
10.16

10.76
9.58
10.65
6.11

7.14
8.20
7.14
8.20

2.31
2.12
2.39
2.10

0.25
0.16
0.16
0.16

-0.45
-0.37
-0.75
0.02

97
85
119
141

samples

granular peridotites
OR89.88
OR89.89
OR89.91
OR90.10
plagioclase tectonites
OR89.42
OR91.31
OR89.79
OR91.29

Og

---

380

--19

ds

2<J

---

115

ds

2<J

skewness

Kurtosis

N

(median, in ~)

(mean, In 11m)

O·
(11m)

Key: Og = recrystallized grain size, Os = subgrain size, O· = palaeoblast size, N = number of measurements

Table 6.1: Recrystallized grain size and subgrain size data of analyzed samples. N denotes number of measurements.
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(MPa)

range
(5)
(MPa)

range
(6)
(MPa)

range I
(7)
(MPa)
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1:
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5:
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Spinel tectonites
DR89.23
DR89.3O
DR89.65

16
17
20

11-25
12-27
14-32

14
15
18

8-27
9-28
10-35

47
57
50

19-193
22-245
20-209

93
120
101

20-00
23-00
21-

41
54
46

10-72
22-86
14-77

108
136
117

54-158
80-188
63-168

183
188
176

52-966
54-1001
51-924

Garnet-spinel mylonites
DR89.1
DR89.3
DR89.9

25
29
28

17-40
19-46
19-44

23
27
26

13-47
15-56
14-54

74
96
88

28-346
34-484
32-433

176
254
225

31-00
4036-

75
96
89

40-107
61-130
54-123

179
225
210

121-233
165-281
151-265

250
218
334

69-1400
61-1191
88-1962

granular peridotites
DR89.88
DR89.89
DR89.91
DR90.10

3
3
3
3

<10
<10
<10
<10

2
2
2
2

<10
<10
<10
<10

50
61
42

20-207
24-267
15-129
17-164

100
135
60
78

21-00
251417-

45
59
21
33

13-76
26-91
0-50
2-63

116
146
64
89

61-167
91-199
12-112
37-139

221
267
140
214

62-1207
73-1514
42-708
60-1164

plaglodase tectonites
DR89.42
DR91.31
DR89.79
DR91.29

7
11
16
16

5-10
8-17
11-24
11-24

5
9
14
14

3-9
6-17
8-27
8-27

46
36
46
32

19-187
15-138
19-187
14-119

90

19151913-

40
24
40
24

8-70
0-54
8-70
0-54

104
71
104
71

50-155
19-120
50·155
19-120

123
118
118
141

37-606
36-580
36-581
42-714

34

65
90
55

Recrystallized graJn size piezometer, eqn. 5.4 this thesis, 2: recrystallized grain size piezometer, Karato et aJ. 1980,
Subgraln size piezometer, Anita Bay dunltes, eqn. 5.68 this thesis, 4: sUbgrain size piezometer, Aheim dunite, eqn. 5.6b this thesis,
Subgrain size piezometer, Anita Bay dunites, eqn. 5.11 a this thesis, 6: sUbgrain size piezometer, Aheim dunile, eqn. 5.11 b this thesis
SUbgrain size piezometer, Karato et aJ. 1980.

Table 6.2: Calculated palaeostresses based on the microstructural data in Table 6.1
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Fig. 6.4 Microstructure equilibrium diagram for the deformational structures in the Ronda peridotite.
Note the systematic discrepancy between the size of subgrains and recrystallized grains. Key to the
reference curves: 1 and 3: Dg (eqn. 5.4 this thesis) = ds (eqn. 5.6 this thesis) for Anita Bay dunite and
Meim dunite, respectively. 2 and 4: Dg (eqn. 5.4 this thesis) = ds (eqn. 5.11 this thesis) for Anita Bay
dunite and Meim dunite, respectively. 5: Dg = ds (data of Karato et al. 1980)

2: The spinel tectonites do not show any clear correlation between recrystallized grain size
or subgrain size and the intensity of the foliation. This suggests that the intensity of the
foliation in the tectonite domain correlates with the fraction of recrystallized material
rather than stress variations across the spinel tectonite domain.
3: The granular peridotites show grain sizes in the range 3-4 mm, Le. one order of
magnitude larger than the spinel tectonites and garnet-spinel mylonites. Some grains,
however, have preserved subgrainspacingsinthe range 6.06-8.47 ~, i.e., subgrainspacings
in the range of those measured in the spinel tectonites (fable 6.1). It is noted again that
the granular peridotites are inferred to result from extensive high temperature annealing
of earlier spinel tectonites. The observed subgrain spacings in the granular peridotites, of
the same dimensions as those in the spinel tectonites, are consistent with this interpre
tation.
4: The plagioclase tectonites have preserved recrystallized grain sizes in the range 1173 to
380 ~. The early "top to the north" plagioclasetectonites show the larger grain sizes. The
subgrain spacings, however, show no significant differences between the two types of
plagioclase tectonites.
The above grain size and subgrain size data will be checked for internal consistency below
employing microstructural equilibrium diagrams. The palaeostress estimates based on the
measured grain sizes and subgrain sizes are listed in Table 6.2
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Fig. 6.5 Stress-strain curve of a typical hypothetical deformation cycle with the microstructural response
to changing deformation conditions illustrated in equilibrium diagrams. For further explanation see
text.

Microstructure equilibrium diagrams
It is generally assumed that flow stresses derived from recrystallized grain size and subgrain
size piezometers yield consistent results if both grains and subgrains formed during one
and the same syn-tectonic deformation event. If the flow stresses from both piezometers
are inconsistent, however, more than one stress or temperature pulse may be inferred (e.g.
Ord and Christie 1984, Knipe 1989) and the mechanical history of a deformed rock may be
addressed. Any (in)consistency between recrystallized grain size data and subgrain size
data in palaeostress analyses is conveniently obtained from microstructural equilibrium
diagrams such as shown in Fig. 6.4. Reference curves in equilibrium diagrams represent
arrays of recrystallized grain size and subgrain size values developed in a dynamically
stable microstructure for a certain stress range. Theyare obtained by combining internally
consistent recrystallized grain size and subgrain size piezometers such as those presented
in the previous chapter or the data of Karato et al. (1980). Equilibrium diagrams have first
been employed by Nicolas (1978), other examples of the use of equilibrium diagrams can
be found in Toriumi (1979), Norton (1982), Ord and Christie (1984) and Matsumoto and
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Toriumi (1989).
The grain size and subgrain size data from the studied samples are plotted in the
equilibrium diagram of Fig. 6.4. Five reference curves have been drawn, obtained by
combining the recrystallized grain size and subgrain size piezometers for Anita Bay
dunites and Alleim dunites (Chapter 5) and dynamically recrystallized olivine Single
crystals (Karato et al. 1980). It is immediately obvious that the subgrain sizes and
recrystallized grain sizes were not formed during the same recrystallization eventbecause,
in all cases, they would be expected to plot in the area enclosed by the reference curves.
Instead, the subgrain size in all cases is found to be to smaller than expected for dynamic
equilibrium with the recrystallized grain size. Below I will investigate possible explana
tions for this apparent discrepancy for the different deformational structures, using
previously obtained data such as deformation history (Chapter 3), the ambient temperature
conditions allied to their development (Chapter 4) and the stability ofthe microstructures
under investigation (Chapter 5).

6.4 Discussion

A hypothetical deformation cycle
Fig. 6.S shows a hypothetical multistage deformation cycle as envisaged for a tectonic
event in the Earth's upper mantle, illustrated in stress-strain space. This cycle comprises
six different stages: (a) transient creep, (b) steady-state creep, (c) a syn-teetonic stress
relaxation, (d) renewed steady-state creep, (e) a "low temperature - high stress" event
during uplift, and (f) post-tectonic stress relaxation. For each stage in this hypothetical
multistage deformation event it will be investigated whether microstructural equilibrium
can be achieved and, ifnot, what characteristic microstructural discrepandes will develop.
Considerdeformation dUring transient creep prior to steady-state flow (stage 1; Fig. 6.S).
Equilibration of subgrain sizes upon flow stress is inferred to be much faster than
equilibration of recrystallized grain size (e.g. Knipe 1989), I.e., at much lower strains. Thus
at point A, the subgrain size may have equilibrated With ambient flow stress values whilst
the recrystallized grain size has not yet reached a dynamically stable value. The point
defined by the current values of recrystallized grain size and subgrain size at Aplots below
the reference curve in the equilibrium diagram, and will tend to shift in a negative x
direction towards the reference curve. It follows that during stage 1 there will be
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microstructural disequilibrium arising from the insuffidentstrain to achieve microstructural
equilibrium.
During stage 2, steady-state flow is achieved and microstructural equilibrium exists
between subgrain size and recrystallized grain size.
Point C on the stress-strain curve marks the onset of strain softening, hence strain
localization, thatmayoccurdUring high straindeformation as demonstratedexperimentally
by White et al. (1985). In mechanical terms, strain softening can be expressed as a stress
decrease at constant strain-rate or a strain-rate increase at constant stress or, more likely,
a combination of both. Stress gradients, possibly reflected by changing values of the
recrystallized grain size and subgrain size, can be attributed to either preserved localized
stress gradients developed dUring propagation of the shear zone, or to stress-relaxation
towards regional values after strain localization (White et. al. 1980). Strain-rate step
experiments of Ross et al. (1980) and Chopra and Paterson (1981, 1984) have shown that
a strain-rate step is accompanied by a significant stress drop, butalso that the recrystallized
grain size rather rapidly re-equilibrates upon the newly achieved lower flow stress, whilst
the subgrain size previously equilibrated at higher flow stress values may remain
unchanged. Similarobservations havebeen made on rocksalt (Friedman etal. 1981, Carter
et al. 1982). As a consequence, the point in the equilibrium diagram defining the current
values of recrystallized grain size and subgrain size at any stage between C and D plots
below the reference curve, as it shifts in a positive x-direction due to syn-tectonic stress

relaxation.
At stage 4, renewed steady-state flow has been achieved. Onlycomplete recrystallization
dUring this stage, involving grain boundary migration to completely obliterate any
microstructural relicts in equilibrium with previously existing stress conditions, may reset
the subgrain spacing to new values in equilibrium with the newly achieved flow stress in
the newly recrystallized grains. A dynamically stable subgrain size equilibrated upon the
new flow stress will be achieved only in the newly recrystallized grains. From D onwards,
the point in the equilibrium diagram defined by the current values of recrystallized grain
size and subgrain size will thus shift towards the reference curve in a positive y-direction
as a function of the amount of recrystallization dUring stage 4.
Most natural shear zones will probably develop through a history of the type illustrated
by stages 1-4, irrespective of the magnitudes of flow stress, strain-rate, or ambient P-T
conditions during deformation. Instead, stage 5 represents a stage of late high stress -low
strain deformation during"freezing in" of the microstructures inferred by Nicolas (1978)
to occur in most mantle peridotites during slow uplift. The microstructural effects of such
late-stage deformation may be particularlyrelevant for rocks previouslydeveloped at high
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temperatures and low stresses. Uplift may induce some post-tectonic deformation during
which the subgrain size equilibrates with the current stress whilst, due to the low strains
and temperatures, the recrystallized grain size remains equilibrated with the preVious
steady-state flow stress. Astage of minor high-stress, low-temperature deformation during
uplift of the deformed rocks may thus cause a shift of the point representing the current
values of recrystallized grain size and subgrain size at E from the reference curve in the
negative y~irection dependingon the strainachievedduringpost-tectonicuplift. The subgrain
size in such cases will not reflect the dominant creep history of the deformed rock.
Finally, the stress is relaxed after deformation during stage 6. The stress relaxation and
annealing experiments reported in Chapter 5 suggest that rapid grain growth may occur
during stress relaxation or annealing, unless the rate at which microstructural preserva
tion processes can take place is high enough. Two critical factors in the preservation are
the rate of stress drop at the end of the deformation event and the temperature hiStory
which postdates the deformation (Knipe 1989). Thus, the recrystallized grain size may no
longer be representative of the dominant steady-state flow stress whereas the subgrain size
remains equilibrated to the maximum stress achieved either dUring steady-state flow
(stage 2 or 4) or dUring post-tectonic uplift of the deformed rocks (stage 5). A major
difference between the microstructures enVisaged to develop dUring stage 3 and stage 6
lies in the olivine neoblast microstructure, I.e., intensely deformed during stage 3, and
largely undeformed during the stress relaxation experiments (Chapter 5). Extensive grain
growth during {inal stress relaxation would cause a shiftof the point, defined by the current
values of recrystallized grain size and subgrain size at F, in the positive x~irection
depending on grain growth during stress relaxation.
Due to the inferred stability of the olivine subgrain size to maximum flow stress and the
relative sensitiVity of the oliVine recrystallized grain size to stress relaxation, most data
from natural peridotites in equilibrium diagrams are expected to faIl either on or below
the reference curve. Data plotting below the reference curve may indicate: (1) low strains
achieved during deformation, (ii) syn-tectonic stress relaxation during strain softening,
(ill) high stress-low temperature deformation during post-tectonic uplift, or (iv) post
tectonic stress relaxation or annealing. Below, I will consider these options for the
microstructures sampled in the Ronda peridotite.

Spinel tectonites and gamet-spinel mylonites
The structures and microstructures of the spinel tectonites and, in particular, the garnet
spinel mylonites indicate that considerable strain has been achieved (d. Fig. 3.2e). Low
strain, therefore, cannot be held responsible for the observed discrepancy between
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8: dynamic granular microstructure

b: static granular microstructure

..................... olivine (100) subgrain wall traces in old grains
- - - - - - olivine (100) subgrain wall traces in new grains

Fig. 6.6. Synoptic diagrams showing possible microstructural difference between granular peridotites
with (a) a low stress-high temperature deformational origin and (b) granular peridotites originating
from static annealing recrystallization and grain growth. Note that such microstructures can only be
recognized in thin section if all grains have olivine [100] oriented In the plane of sectioning.

recrystallized grain size and the subgrain size preserved in the palaeoblasts in the spinel
tectonites and garnet-spinel mylonites. In addition, the mylonite microstructure with
abundant undulatory extinction and curved and serrated grain boundaries suggests that
extensivegrain growthduetopost-teetonicstress relaxation and annealing recrystallization
can be ruled out. Of the remaining two options, i.e., post-tectonic high stress-low
temperature deformation and syn-tectonic stress relaxation, the latter is preferred for the
following reasons:
1: The transition from spinel tectonites (homogeneous at km-scale) to garnet-spinel
mylonites (homogeneous at 100 m scale; see also Fig. 3.3) involves significant strain
localization possibly accompanied by syn-tectonic stress relaxation.
2: The recrystallized grain size found in the spinel tectonites and garnet-spinel mylonites
suggests flow stresses below 30 MPa which, considering the low ambient deformation
temperatures (-840-900°C: Chapter 4), appear too low to accommodate the high strain
deformation. The higher flow stresses indicated by the subgrains (74-254 MPa) are
probably more realistic for low-T deformation in the upper mantle.
3: There is no significant uplift associatedwith these deformational structures. Instead, the
development of the spinel tectonites and garnet-spinel mylonites is inferred to be related
to progressive metamorphism from Ariegite subfacies conditions towards the garnet 
spinel peridotite transition.
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It is therefore suggested that, in at least the garnet-spinel mylonites, the discrepancy

between recrystallized grain size and subgrain size could be due to syn-tectonic stress
relaxation, where high stresses allied to the initiation of the gamet-spinel mylonites is
recorded by the subgrain spacing in the olivine palaeoblast of both spinel tectonites and
garnet-spinel mylonites (74-334 MPa), whilst newly achieved lower stresses prevailing
during steady-state flow in the mylonite zones (25-29 MPa) are recorded by the sizes of the
neoblasts. Processes involved in the inferred strain softening in the garnet-spinel
mylonites are discussed below. The development of an anastomosing mylonitic shear
zone system in spinel tectonites could induce stress relaxation of the spinel tectonites,
leading to significant growth of the newly recrystallized grains in the spinel tectonites to
equilibrate upon the background stresses ( 16-20 MPa) at the scale of the whole domain.
Asimilar process was demonstrated experimentally on a magnesium alloy by White et at.
(1985).

Granular peridotites
The large discrepancy between the average grain sizes and subgrain sizes in the granular
peridotites appears inconsistent with an origin from high temperature -low stress flow.
A much lower average subgrain spactngwould be expected in such a case, although some
disequilibrium with the grain size may be expected from a contribution of preserved
subgrain characteristics in non-annealed grains of the deformed protolith. Instead, as
illustrated in Fig. 6.6, the observed major discrepancy is better explained by extensive
annealing recrystallization and grain growth where only the non-annealed grains show
a subgrain configuration inherited from the deformed protolith. Note that the
microstructural differences between grains as illustrated in Fig. 6.6 can only be observed
in thin-section if all grains are oriented such that the decorated subgrains can be
observed in all the grains, i.e. when olivine [100] lies in the plane of observation. The
present data suggest that even a regional event of thermally driven annealing
recrystallizationandgraingrowth cannotcompletelyre-equilibratea pre-existingsubgrain
configuration until the total rock volume is swept by migrating grain boundaries. This
observation is at variance with high-temperature annealing experiments on natural
dunites in the temperature range llOO-I700"C (Ricoult 1979) showing significant
subgrain growth due to extensive annealing recrystallization. It is emphasized that the
palaeostress estimates derived here from the grain sizes and subgrain sizes in the granular
peridotites bear no physical meaning to the ambient conditions during annealing.
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8: Low stress / High temperature

recrys1ll.IIisation by ro1ll.~on and extensive migration

b: High Stress /

Low temperature

local recryslallisation at old grain boundaries

Fig. 6.7 Schematic diagrams illustrating
the recrystallization mechanisms at low
stress - high temperature (a) and (b)
high stress -low temperature, after
Drury et aI. 1991. In the latter, the
recrystallized grains define a band
which potentially is both structurally
and geometrically soft as compared to
the old grains.

Plagioclase tectonites
The following characteristics of the plagioclase tectonites may place some constraints to
the rheological significance of the observed discrepancy between recrystallized grain size
and subgrain size:
1: Calculated shear strains (pS) for some N/E-vergenttectonites suggestthat the observed
discrepandes cannot be due to low strains achieved during flow.
2: The NIE-vergent plagioclase tectonites are associated with emplacement of the Ronda
peridotite in the crust (Chapter 3). Therefore, the reason for the low subgrain spacings as
compared with the recrystallized grain size in both types of plagioclase tectonites could
well be a final high stress - low temperature stage associated with emplacement.
3: The S-vergent plagioclase tectonite microstructures occasionally show relatively strain
free polygonal neoblasts (see also Obata 1980), suggesting that some post-tectonic
annealing has occurred at temperatures high enough to facilitate post-tectoniCannealing
recrystallization and grain boundary migration.
It follows that neither the recrystallized grain sizes nor subgrain sizes can be expected
to reflect ambient flow stressesdUring steady-stateflow. Instead, the palaeostress estimates
based on the subgrain sizes (24-141 MPa) probably indicate an upper bound to the
ambient flow stresses, whilst the estimates based on recrystallized grain sizes (5-16 MPa)
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place a lower bound.

6.S Strain softening processes in gamet-spinel mylonites
Four main classes exist of possible strain-related softening mechanisms which may
operate in natural rocks (White et al. 1980, Poirier 1980, SChmid 1982): (i) thermal
softening induced by strain heating, (ii) structural softening induced by strain-dependent
microstructural changes, (iii) geometric softening induced by a change in LPO patterns,
and (iv) reaction softening induced by phase transitions during deformation.
It seems unlikely that strain softening in the garnet-spinel mylonites is accompanied
by thermal- or reaction-softening processes. First, the progressive development of spinel
tectonites to gamet-spinel mylonites is allied to progressive cooling (Chapter 4) which
would counteract, if not overrule, possible thermal softening processes. Second, there is
no evidence for volumetrically significant changes in mineral compositions allied with
possible infiltration of hydrous flUids or melts associated with the transition from spinel
tectonites to garnet-spinel mylonites. In addition, the spinel tectonites and gamet-spinel
mylonites show essentially similar olivine LPO patterns (see Fig. 3.4) interpreted to have
developed during crystal-plastic flow accommodated by the olivine [100]{Okl} slip
systems, with a strong predominance of the [100](010) slip system in the garnet-spinel
mylonites. It seems unlikely, therefore, that this slightchange in slip system will cause any
significant geometrical softening. The only feasible softening mechanism that remains is
structural softening.
Drury et al. (1991) describe how structural softening may arise from a change in
recrystallization mechanism as shown in Fig. 6.7a. At low stresses and higher tempera
tures, recrystallization occurs uniformly on the grain scale by subgrain rotation through
out the old grains and by extensive migration of old and new grain boundaries. The
recrystallization mechanisms operatingathigh stresses and lower temperatures are poorly
constrained but probablyinvolve the developmentofnewgrains nearoldgrainboundaries
by a combination of local grain boundarybulging, subgrain rotation and subgrain growth
(e.g. Ross et al. 1980, Zeuch and Green 1984). For a critical amount of strain, the
recrystallized grains start to define a continuous network at the micro-scale which is,
potentially, both structurally and geometrically soft as compared with the old grain
microstructure (Fig. 6.7b). This type oflocalization mechanism is held responsible for the
development of shear zones and the associated strain softening in eXperimentally
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deformed magnesium alloys (White et al. 1985), feldspar aggregates (fullis and Yund
1985) and possibly dunites (Post 1977, Zeuch 1982). Thus, Significant softening could be
initiated in the garnet-spinel mylonites as soon as the volume fraction of recrystallized
grains reached certain values at which these grains started to form a connected network
carrying the bulk strength of the material. Differential stresses of the order of 25 MPa,
however, seem still rather low for lowT-high straindeformation by dominant dislocation
creep mechanisms.
Grain-size reduction caused by dynamic recrystallization may lead to a change of
deformation mechanism from dislocation creep, hereafter referred to as grain size
insensitive (GSI) creep, to grain size sensitive (GSS) creep (White 1976, White and Knipe
1978, Rutter and Brodie 1988, Handy 1989, Drury et al. 1991). Rutter and Brodie (1988)
have shown that experimental flow laws for "wet" fine-grained olivine aggregates (Karato
et al. 1986) predietan important role of GSS creep at low temperatures (600-900°C) in the
upper mantle. For the ambient conditions associated with the garnet-spinel mylonites
(840-8800C; Chapter 4), the onset of GSS creep may occur in peridotites with grain sizes
smaller than 1 mm (Fig. 6.8). The occurrence of a strong olivine LPO in the garnet-spinel
mylonites, however, may indicate that dislocation creep remained important. On the
other hand, once a strong LPO patterns has developed it remains to be established to what
extend GSS-creep processes may obliterate any strong pre-existing lattice fabric.
A major effect of GSS-creep operating in ductile shear zones is to reduce their viscosity
such thatsignificant strain softeningcan beexpected (Rutter and Brodie 1988). The reason
for this lies in a change of the viscous creep parameters from GSI-creep dominated to GSS
creep dominated ductile flow. For hydrous dunites, a change in creep exponent from n=
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3.67 for GSI-creep to n= 1.4 for GSS creep is envisaged (Handy 1989). Any network of
mylonitic upper mantle shear zones could thus lead to a dramatic reduction by several
orders of magnitude in the strength of the upper mantle underneath orogenic regions
(Rutter and Brodie 1988, Handy 1989, Drury et al. 1991, Vissers et al. 1991).
In the light of a possible contribution of GSS-creep to the flow processes in the garnet
spinel mylonites, it is therefore concluded that the obtained palaeostresses of the order of
2S MPa represent a significant reduction of the strength of the upper mantle subsequent
to the initiation of the gamet-spinel mylonites. This may imply that the rheology of the
W Mediterranean mantle at depths around the transition zone from garnet to spinel
peridotite became much weaker than expected on the basis of dislocation creep mecha
nisms alone.
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CHAPTER 7

Uplift and emplacement of the Ronda peridotite.·

7.1 Introduction
The structural, pressure-temperature and rheological data documented from the western
Ronda massif can be used to test previous and current working hypotheses for the tectonic
setting and modes of emplacement of the W Mediterranean peridotites. In this final
chapter I will focus on the tectonic implications of these data for the geodynamical
evolution of the W Mediterranean region and the Betic-Rif orogen. I will first summarize
existing uplift and emplacement models for the W Mediterranean peridotites and the
various working hypotheses for the evolution of the W Mediterranean lithosphere. These
are then evaluated against the structural, thermal and rheological characteristics of the
Ronda peridotite, taking into account the general features of the Internal Betics and W
Mediterranean region as a whole. It is concluded that the data from the Ronda peridotite
are consistent with uplift and emplacement of the peridotites as the result of extensional
collapseof a collisional mountain chain, driven by detachment at depth ofgravitationally
unstable cold lithosphere.

* Parts of this Chapter have been submitted to Geology as: Van der Wal, D., and Vissers, RL.M. A
tectonic scenario for uplift and emplacement of the Ronda peridotite, SW Spain.
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7.2 Existing uplift and emplacement models

Diapiric models
The earlier uplift and emplacement models proposed for the W Mediterranean peridotites
involved diapiric uprise of the mantle rocks, Dickey (1970) was the first to carry out a
combined field- and geochemical study of the Ronda peridotite. He studied the mafic
layers in the peridotite and suggested that, despite substantial sub-solidus changes in their
mineralogy, some of these layers still retained their magmatic mineralogies. On the basis
of these observations he suggested that the mafic layers formed as partial fusion products
of the peridotite in an ascending mantle diapir.
Loomis (1972a) studied the crustal "aureole" immediately NW of the Ronda massif. On
the basis of the high-temperature petrogenesiS of the metamorphic assemblages within
the aureole rocks, the different metamorphic and structural histories of the aureole rocks
and the peridotite, the abundant occurrence of mafic layers in the mantle rocks and the
steeply dipping foliations in the rocks of the aureole, he suggested that the Ronda
peridotite intruded the crust as a hot diapir driVing radial extension in the crust, and that
the massifin its present-day position still roots in the upper mantle (Loomis 1972b, 1975).
A significant refinement of the above diapir models was made by Obata (1980) who
carried out the first combined petrological and thermal study of the Ronda peridotite. He
concluded that the preservation of all peridotite metamorphic fades within a coherent
peridotite body reflected a degree of recrystallization and deformation much higher than
previously thought, and that this deformationandrecrystallization occurredin essentially
the solidstate, hence, posterior to diapiric intrusion. On the basis of the mineralogical and
thermal data, Obata (1980) proposed that the wnation of the Ronda peridotite resulted
from syn-teetonic recrystallization of a dynamically cooling, hot solid mass, driven by an
unspecified mechanism into the crust. This dynamic cooling during emplacement
involved early crystallization of the LT-HP garnet-bearing peridotites in the outer parts of
the body, continued recrystallization through the spinel-peridotite facies of the more
interior parts, ending in final crystallization of plagioclase-peridotites in the core of the
complex. Aroundthe same time, Lundeen (1978) demonstrated that the Ronda peridotite
forms an allochtonous thrust sheet instead of a mantle diapir rooting in the present-day
upper mantle, and since general agreement exists on solid-state emplacement of the
peridotite into the crust.
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Extmsion on transform faults
Darot (1973, 1974) carried out a pioneering structural and kinematic study of the Ronda
peridotite. Tubia and Cuevas (1986, 1987) performed a similar structural and kinematic
study of the Ojen peridotite east of the Ronda massif (see Fig. 3.1). Their interpretation of
the geometry and kinematics as regards peridotite uplift and emplacement can be
summarized as follows. A phase of possibly diapiric flow at high temperature - low stress
conditions has been preserved in the plagioclase Iherzolites of the central parts of the
massif. The structures allied to this phase are overprinted by mylonitic spinel peridotites
at the upper and lower contacts of the massif. These mylonites deformed at low
temperature - high stress conditions and show a remarkable structural and kinematic
confu:1uity with the surrounding crustal metamorphic units. The oldest deformation
would correspond to mantle flow beneath a continental rift undergoing strike-parallel
motion, whereas later mylonitic deformation could beascribed to thrusting of the still hot
mantle slab over continental crust (see also Vauchez and Nicolas 1991). The entire process
is envisaged to be of Alpine age (fubia and Cuevas 1986).

Uplift and emplacement in the predominantly solid state
Kornprobst (1969, 1974) interpreted the Beni Bousera peridotite in Morocco as a pre
Alpine slice reworked in Alpine thrusts. In his model, uplift of the Beni Bousera peridotite
by a diapiric mechanism brought the peridotites close to the base of the crust. On the basis
of a structural and petrological study indicating strong similarities in metamorphic
conditions across the contact with the granulite-fades crustal rocks, it was inferred that
further uplift occurred in the solid state. More recent structural and petrological studies
of the Beni Bousera peridotite and adjacent crustal rocks (Reuber et at. 1982, Saddiqi et al.
1988) complement these earlier studies, and the uplift path is currently inferred to
comprise a Mesozoic extensional stage, followed by a compressional stage possibly
reflected by the garnet peridotites. Final emplacement is thought to have occurred by
peridotite unroofing during Neogene extensional tectonics (Michard et al. 1991). Below
I show that the Ronda data point to a tectonic scenario essentially consistent with this
interpretation.
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7.3 Working hypotheses for the geodynamics of the Alboran region
Four classes of working hypotheses have been put forward to explain the geometry and
kinematics of the Betic-Rif orogenic belt: (1) oroclinal bending (carey 1958, Didon 1969,
Tubia and Cuevas 1987), (2) dextral strike-parallel motion, in a rift setting, between the
African and Eurasian plates (e.g., Osete et at. 1988, Vauchez and Nicolas 1991), (3)
indentation of the "Alboran microplate" between the margins of Mica and Iberia
(Andrieux et at. 1971, Leblanc an.d Olivier 1984, BouiIlinet at. 1986) and (4) post-orogenic
(DobIas and Oyarzun 1989)or syn-orogenic (Platt and Vissers 1989) extensional collapse of
an overthickenend collisional ridge in the Alboran region. Except for oroclinal bending,
all these working models can be tested with thepresentstructural, thermal and rheological
data of the Ronda peridotite. Oroclinal bending, however, has currently been rejected on
the basis of palaeomagnetic results from the Betic-Rtf chain, revealing opposite senses of
up to 60° rotation of Mesozoic limestone sequences across the Alboran Sea, I.e.,
dominantly clockwise rotations in SSpain and dominantly anti-clockwise rotations in N
Morocco (Osete et at. 1988, Platzman 1992).
A scenario for uplift and emplacement of the W Mediterranean peridotites in a rift
undergoing strike-parallel motion as proposed by Vauchez and Nicolas (1991), and
inspired by the Ojm results ([ubia and Cuevas 1987) possesses two major problems. One
lies in the relativeage relations between the structural and metamorphic domains, the other
in the thermal history of the peridotites. The models predict that the high-temperature 
low stress assemblages possibly related to asthenospheric flow, I.e., the plagioclase
tectonites, should be overprinted by low-temperature - high-stress assemblages (spinel
mylonites in the NW Ojen massif, garnet-spinel mylonites in the NW Ronda massif, ct.
Tubia and Cuevas 1987, their Fig. 10). The opposite is observed in the Ronda peridotite
(Chapter 3). Moreover, the strike-parallel motion hypothesis is inconsistent with the
thermal history of the Ronda peridotite: although it does predict progressive cooling with
emplacement into the crust ([ubia and Cuevas 1986), it does not account for the peak
temperatures at Seiland subfactes conditions recorded in the Ronda peridotite (Chapter
4, this thesis). Note that all structural features documented from the Ojen peridotite such
as increasing degree of strain localization, reversal in shear sense and the kinematic data
for the structures related to crustal emplacement ([ubia and Cuevas 1986, 1987) are also
found within the plagioclase peridotites from Ronda (Chapter 3, this thesis). Therefore, the
structural data obtained from the Ojen massif ([ubia and Cuevas 1986, 1987) are
extremely valuable but may apply only to the later stages ofupliftand emplacement of the
peridotites rather than representing a more complete record of this history. This is already
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suggested by the limited metamorphiC facies in the OJ(m massif dominated by plagioclase
peridotites and limited spinel peridotites but no documented garnet peridotites. In
addition to these considerations, the recent palaeomagnetic data impose another
problem to the uplift and emplacement models proposed by Tubia and Cuevas (1986,
1987) and Vauchez and Nicolas (1991). Tubia and Cuevas (1987, p. 59) state that
"kinematic criteria of shear sense from Betic-Rifean peridotites demonstrate the oroclinal
origin of the Arc of Gibraltar". Their interpretation of the Betic-Rif chain strongly relies
on the present-day orientations of structural features such as stretching lineations (e.g.
Tubia and Cuevas 1987, their Fig. 10).The recently documentedpalaeomagnetic evidence
for rotations of the order of 60° in limestones only few kilometres Nand NW of the Ronda
peridotite (Platzman and Lowrie 1992) casts doubts to anyextrapolationof kinematic data
from the peridotites, in view of hitherto undocumented but quite posSible rigid-body
rotations of the peridotite bodies themselves. Clearly, interpretations of kinematic data
for the purpose of tectonic reconstructions of the region as a whole must take such
rotations into account. In addition, possible rigid-body rotations may have occurred
within the peridotites, as structures developed prior to the plagioclase tectonites may have
undergone rigid-body rotations dUring developmentofa networkofplagioclase-tectonite
shear zones.
An indenting microplate origin of the Betic-Rif chain is currently rejected because such
models do not account for the clearly non-rigid, non-plate character of the Alboran
lithosphere with its ubiqUitous evidence for pervasive faulting in a region of high heat
flow. This is consistent with the palaeostress estimates for the various structures in the
Ronda massif (Chapter 6) suggesting that the mantle rocks underneath the Alboran
domain were mechanically weak dUring a considerable part of their uplift history.
Post-tectonic emplacement of the peridotites, during major Neogene extension,
in"mantle core complexes" as proposed by DobIas and Oyarzun (1989) presumes that the
peridotites in the Betic Zone form deep-rooted bodies with steeplyoriented walls. Among
all current models, the one proposedby DobIasand Oyarzun (1989) most notoriously fails
to explalnany ofthe internal structural and metamorphic features observed in the Ronda
and other W Mediterranean peridotites. Their hypothesis is further contradicted by the
numerous field- and geophysical data indicating that the peridotites are allochtonous
thrusted bodies (Lundeen 1978, Tubia and Cuevas 1987, Chapter 3 this thesis, Tome et
al. 1992). Tubia (1990) confronted the core-complex hypothesis with structural and
kinematic data from the Ojen massif, but in view of the above-mentioned uncertainties
surrounding extrapolation of the peridotite kinematic data, the argument may be limited

to the structural data demonstrating the allochtonous nature of the peridotites which, in
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Fig. 7.1: TomograpWc Image of the deep mantle structure underneath the Betlc-Rifean orogen. From
Blanco and Spakman, in press.

any case, is inconsistent with the proposed core complex hypothesis.
Syn-orogenicextensionalcollapseofoverthickenedlithosphere (Plattand Vissers 1989) driven
by somedetachment process atdeep lithospheric levels seems consistent with the internal
features of the Ronda peridotite. Such a hypothesis may account for the early develop
ment of low temperature - high pressure assemblages during underthrusting related to
convergence between Africa and Iberia, foIlowed by late-stage development of low
pressure assemblages (plagioclase tectonites) dUring extensional coIlapse of the thickened
lithosphere. The hypothesis is also consistent with the palaeomagnetic data (Platzman
1992) and does not a priori contradict any of the kinematic, thermal and rheological data
observed intheperidotites. Instead, the assumption involved in this hypothesisconceming
a thermal anomaly in the upper mantle drivingorogeniccoIlapse(seealso Van Bemmelen
1969, Loomis 1975, Torres Roldan 1979) may dearly be consistent with the observed stage
of annealing recrystaIlization at high thermal gradients documented in Chapters 3 and
4. Below I wiIl elaborate on this hypothesis and investigate if and how the main features
of the Ronda peridotite and its emplacement in the Betic crust may be consistent with
continentalcollision, followed bydetachment ofgravitational1yunstablecold lithosphere
driving extension in the Betic-Alboran crust and emplacement of the W Mediterranean
peridotites.

152

Uplift and emplacement

7.4 General features of the Betic-Rif orogen
Any tectonic model integrating the structural and thermal evolution of the Ronda
peridotite must account not only for the features recorded in the peridotites but also for
the main features of the crustal geology in the Alboran region and for the geodynamics
of the region as a whole. These are as follows: the Alboran basin is underlain by thin (H
20 kIn) continental crust (Banda et al. 1983), shows distinct gravity highs (Bonini et al.
1973), ubiquitous Neogene vulcanism (forres Roldan etal. 1986), high heat flow values
(Albert-Beltran 1979), and has subsided 2-4 kIn since the Middle Miocene (Mulder and
Parry 1977). Onshore in S Spain, there is clear evidence for extensional tectonic
exhumation of previously developed high-pressure metamorphics (Platt et al. 1983).
Extension and subsidence occurred coeval with outwardly directed thrusting in the
surrounding chains of the Subbetic and Prebetic domains to the Nand NW, and the Rif
and Tell to the SW and S. However, Africa and Europe converged slowly during this period
(Dewey et al. 1989), so extension musthavebeendriven within theAlboran system itself. These
observations led Platt and Vissers (1989) to suggest detachment of the underlying
lithospheric root developed dUring Late Cretaceous to Early Tertiary collision, and
convective upwelling of asthenospheric mantle to high structural levels in the Late
Oligocene.
Recent seismic tomography of the W Mediterranean (Blanco and SpakInan, in press)
shows a clear positive velocity anomaly (hence a negative temperature anomaly) in the
depth range200-600 kIn underneath the Alboran region (Fig. 7.1), providing clear support
for a geologically recent detachmentprocess in the region. In addition, the elongate shape
of the anomaly shows a NFrSW trend consistent with an interpretation in terms of a
detached subducted slab (Blanco and Spakman, in press).
Below I combine the above pieces of information with the structural, kinematic,
thermal and rheological data from the Ronda peridotite to arrive ata tectonic scenario for
the uplift and emplacement of the W Mediterranean peridotites.

7.5 A tectonic scenario
The early uplift of diamond-bearing peridotites, from depths of around 150 kIn into the
spinel peridotite stability field, is difficult to constrain because the Ronda peridotite has
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Fig. 7.2: Tectonic scenario for the Alboran Sea and surrounding chains: early uplift accommodated by
(a) low angle detachment or (b) diapirism. Arrows denote movement sense of the different tectonic
units.

only preserved relict assemblages but no structures whatsoever related to this stage.
However, it seems straightforward to ascribe this uplift to the Jurassic phase of extension
and breakup (stage I, Fig. 7.2) well-known from the western and central Mediterranean
(Dercourt et al. 1986). Amuch older age of this uplift event, however, cannot be ruled out.
Low-angle detachment faults penetrating the lithospheric mantle (stage I, Fig. 7.2a) to
accommodate opening of an oceanic basin (Lemoine et al. 1987, Vissers et al. 1991) could
provide a mechanism for rapid uplift of diamond-bearing peridotites towards Ariegite
subfacies conditions, followed by complete re-equilibration. Diapiric uplift, however, can
equallywell explain such uplift (stage I, Fig. 7.2b). Anyfurther inference on this earlyuplift
event requires additional geological data, hence portions of upper mantle less affected by
later deformations and less overprinted by later metamorphic and magmatic processes.
In view of the structural and metamorphic data reported from the W Mediterranean
peridotites there seems limited scope that much of this information has been preserved.
To be consistent with the Late Mesowic to early Tertiary HP-LT metamorphism
documented in the crustal rocks of the Betic Zone ([orres Roldan 1979, Goffe et al. 1989,
De Jong 1991), extension and uplift at high-temperature conditions probably ceased
during the Early Cretaceous. The mineral chemistry data from the Ronda peridotite
indicate a stage of Significant cooling by some 2S0"C, allied with increasingly localized
deformation and development of spinel-tectonites and garnet-spinel mylonites. The
metamorphic assemblages indicate a progressive change of the ambient conditions from
the Ariegite-subfacies towards the garnet-peridotite facies (Chapter 3, 4). It is evident that
such cooling at possibly increasing pressures requires the presence of relatively cold
material close to the rocks now exposed in the Ronda massif. Asa first approximation, such
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Fig. 7.3a-d: Tectonic scenario for the Alboran Sea and surrounding chains: subduction followed by slab
detadunent. See text for explanation.

relatively cold material may have hadternperatures about twice the pertinent temperature
decrea~ (i.e., SOO"C) below the ambient conditions at the onset of cooling. lIDs implies
temperatures for such cold material of the order of 600°C. An obvious mechanism to
account for this temperature decrease is subduction of cool oceanic lithosphere, as
possibly even lower temperatures are inferred to exist in the hanging-wall mantle wedge
above the upper (-100 kIn) parts of sulxluction zones (e.g., Van den Beukel and Wortel
1988 and refs. therein). The spinel-tectonites and gamet-spinel mylonites are therefore
interpreted to reflect ductile deformation, at temperatures decreasing to about 850°C, in
the hanging wall of a major structural discontinuity accommodating large-scale
underthrusting of cool material such as a sulxlucting portion of oceanic lithosphere (Fig.
7.3a, stage 10. Unfortunately, the present interpretation of the early cooling towards the
garnet peridotite field cannot be substantiated by absolute dating of the garnet-bearing
peridotites (see, e.g., Komprobst 1974). The occurrence of minor amounts of pargasite,
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however, may indicate partial hydration at least consistent With fluid ingress released
from an underlying subducting slab. In addition, the later infiltration of melts With a
boninitic signature "behind" the annealing recrystallization front (RemaIdi et al. 1991)
seems also consistentWith subduction, provided that"a mechanism capable of raising the
shallow upper mantle temperature to > 1100"C must be identified" (Crawford et al. 1989,
p. 33). Such a mechanism is proposed below. Additional detailed geochemical studies,
however, are needed to firmly substantiate this interpretation.
Detachment of the gravitationally unstable slab dUring continental collision probably
induced convective counterflow of hot asthenospheric mantle, progresSively replacing
cool lithosphere in the depth range 75-200 km (Fig. 7.3b, stage III). Such an ascent of
asthenospheric mantle provides both a driving mechanism for upliftand a heat source for
the developmentofthegranular peridotites bythermallydrivenannealing recrystallization
of the upper mantle rocks in the subduction zone hanging wall, the subordinate melting
in these granular rocks and the possible generation ofa boninitic magma, the progressive
development of LP fades series in several of the crustal sequences adjacent to the
peridotites (e.g. the Casares unit; Loomis 1972a, Hollerbach 1985) as well as elsewhere in
the Betic Zone (Westra 1969), and the scattered mafic, intermediate and silidc vulcanism
which occurred in the Neogene (forres Roldan etal. 1986). The radiometric ages obtained
from the felsic dikes transecting the Ronda peridotite (Priem et aI, 1979), the LP
metamorphic rocks (Zeck et al, 1992), the major extensional detachment (Moni€~ et aI.,
1991) between the Nevado-Filabride and Alpujarride rocks (Platt and Vissers, 1989), the
Neogene vulcanism (forres Roldan et al. 1986) and the sudden development of partly
fault-bounded, Neogene intra-montaneous basins with an early Neogene continental
record all suggest that the detachment process occurred sometime dUring the Late
Oligocene.
Detachment may have occurred at essentially the slab-hanging wall contact (Blanco
and Spakman, in press; Fig. 7.3b, stage Ill). It is noted in this context that the differential
stresses inferred from the gamet-spinel mylonite microstructures (-25 MPa; Chapter 6) lie
within the inferred range of average stresses along the slab segment between the trench
and the volcanic line (projected down to the subduction zone). These shear stresses are
in the range 10-40 MPa, corresponding to differential stresses of -20-80 MPa (Van den
Beukel and WorteI1988). It is possible that the detachment process was accommodated
by the presence of mechanically weak, low-temperature gamet-spinel mylonite zones,
possibly much wider than those exposed in the Ronda massif. However, the detachment
process implies that such zones will either sink with the detached slab into the deeper
mantle or, if some relics of these rocks remain connected With the hanging wall, will
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become overprinted by intense annealing during juxtaposition with upwelling hot
asthenosphere.
The ascent of asthenospheric mantle in response to a detachment process most
probablycontributed tothe upliftof the peridotites from the spinel-garnet transition zone
through the Seiland facies into the plagioclase stability field, however, part of this
peridotite uplift may have been accommodated by tectonic denudation in the Betic
Alboran crust at an earlier stage, not necessarily in response to the detachment process,
as follows. The total magnitude of depressurization of the Ronda peridotite prior to the
"hot" stage is about equal to that documented for the Nevad~Filabriderocks by Bakker
et al. (1989). Radiometric ages assigned to the early high-pressure metamorphic and late
"hot" stages in the Nevad~Filabrides(de long 1991) indicate a time span for uplift of
around SO Ma. The Nevad~Filabride pressure-temperature path shows distinct cooling
during the earlier part of the uplift trajectory towards a low-greenschistfacies stage dated
at 30 Ma, prior to late heating. It is therefore conceivable that an unspecified earlier part
of the peridotite uplift, from the garnet-spinel transition zone to lower pressures, was
accommodated by tectonic denudation in the upper parts of the Betic-Alboran crust or
by erosion or both.
Uplift of the thickened lithospheric column in response to detachment of the
subducting slab would enhance the gravitational potential energy of the system, driving
ductile collapse, teetonicdenudation (see also England and Houseman 1986) and radially
outward thrusting in the external zones of the system (Platt and Vissers 1989). Once
upliftedtodepthsofaround30km, it is proposed that fragments ofthe upper mantle, now
represented by the western Alboran peridotites, became exhumed along low-pressure,
plagioclase-bearing tectonite shear zones, i.e. major upper mantle extensional faults
accommodating tectonic denudation (Fig. 7.3c, stage IV). The transition from early
plagioclase-tectonite shear zones developed at the scale ofthe entireplagioclase-peridotite
domain to km-scale localized plagioclase tectonites with reversed shear senses (fubia and
Cuevas 1987, Chapter 3, this thesis) may represent a change ofbulkimposeddeformation
inherent to progressive outward translation of the peridotites from the extension
dominated internal part of the system towards the shortening-dominated outer parts
(Fig.7.3c, stage IV). During concomitant cooling, the ductile plagioclase-tectonite shear
zones gradually evolved into cataclastic fault zones bringing the Ronda peridotite in its
present position amidst tectonic slices of crustal origin. Gradual cooling of the anoma
lously hot upper mantle in the Alboran region during the later Miocene accounts for
subsidence in the central part of the system now occupied by the Alboran sea (Fig. 7.3d,

stage V).
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Fig. 7.4a-d: Tectonic scenario for the Alboran Sea and surrounding chains: underthrusting followed by
detachment of a lithospheric root. See text for explanation.

The tectonic process as outlined above accounts for the major features observed in the
I
Ronda peridotite, however, someaspects ofthe process are difficUlt to testwith the present
dataset. TIlis concerns in particular the nature and amount of subducted lithosphere as
follows. Palaeogeographic reconstructions of the W Mediterranean (Dercourt et al. 1986)
as well as the extremely limited occurrence of oceanic rocks in the Betic crust impose
questions as to the nature of the Jurassic oceanic domain in the region. Geochemical
studies (Bodinier et al. 1987) suggest that the mafic rocks of the Betic Zone probably
represent a transitional type of oceanic crust strongly dismembered during the Alpine
orogeny, and that a full oceanic stage ofJurassic extension was only reached in the more
easterly parts of the Neotethys. Such a transitional character and the inferred small
dimensions of oceanic lithosphere in the Western Mediterranean may impose difficulties
on descriptions of the entire process in terms ofa plate-like ocean-continentconvergence.
FollOWing Houseman et al. (1981) and England and Houseman (1989), Platt and Vissers
(1989) and Platt and England (in press) suggest that the Alpine orogeny in the Alboran
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region may possibly be described as largely intracontinental deformation involving
relatively homogeneous lithosphere thickening, followed by convective removal of the
thickened, gravitationallyunstablelowerlithosphere. Such detachmentofthe lithospheric
root would enhance the gravitational potential energy of the system driving late orogenic
extension. Particularly with regard to the thermal consequences of detachment of lower
lithosphere, the main implications of this alternative description are probably similar to
those of a slab detachment process as outline above. It is felt that the Ronda data provide
a poor basis to discriminate between the two alternatives, except that the inferred
homogeneous thickening of the lithosphere at the earlier stages of convergence should
at least allow for heterogeneities in the deformation at a length-scale sufficient to account
for the observed early-stage cooling of the mantle rocks, i.e., for sufficiently large-scale
underthrusting of relatively cold lithosphere. A tectonic scenario analogous to the one
outlined above but describing the process in terms of homogeneous thickening followed
by convective removal is illustrated in Fig. 7.4a-d.
Conclusions

The present tectonic interpretation of the structural, thermal and rheological data of the
Ronda peridotite differs from previous and current diapirism and strike-slip rift models,
principally because it assigns the Ronda body to the lithosphere rather than to ascending
hot asthenospheric mantle. Moreover, in contrast to the diapirism models, the present
scenario possesses the advantage ofexplaining the entire peridotiteemplacementinterms
of a physical mechanism intrinsic to the geodynamic regime of the Mediterranean area,
i.e. continental break-up possibly leading to uplift of diamond-bearing peridotites,
followed by closure of a presumably small oceanic domain during collision-related large
scale underthrusting (subduction) and eventually, detachment ofgravitationallyunstable
cold lithosphere. This scenario can be tested by further seismological, geological and
geochemical studies, as well as by thermal and thermo-mechanical modelling.
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Appendix

AI: Stability and composition relations in ultramafic rocks, calibrated for the
Ronda peridotite.
A major objective of this thesis is the assessment of ambient conditions prevailing during
deformation in the upper mantle. Shown in App. Al are phase relations in the system
CaO-Mgo-Alz03-SiOz-NazO-HzO in a petrogenetic P-T diagram for ultramafic systems
(lherzolites and pyroxenites). For feasible continental and oceanic geotherms, five
peridotite metamorphic facies field can be distinguished. These are, in order of decreasing
pressure conditions:
1: Thediamond-peridotitestabilityfield (DMD), charaeterizedbythestabiIityofdiamonds.
2: The garnet-peridotite stability field (GRl), defined by the stabilityof garnet, both in the
host lherzolites and in enclosed pyroxenite layers.
3: The spinel-peridotite stability field (SPL), defined by stability of spinel in lherzolite and
harzburgite.
4: The plagioclase-peridotite stability field (PLAG) , defined by the stability of plagioclase
in lherzolite, harzburgite or pyroxenite.
5: The chlorite-peridotite stability field (CHl), defined by the stability of chlorite.
The spinel-peridotite stability field can be further subdivided in two fields: the Ariegite
subfades of the spinel-peridotite fades (AR) and Seiland subfades of the spinel-peridotite
facies (SE) (O'Hara 1967). The Ariegite subfacies is defined by the occurrence of garnet
pyroxenite layers in spinellherzolites or harzburgites. Gamet pyroxenites are no longer
stable in the lower-pressure Seiland subfades characterized by spinel pyroxenites.
Although the term"Ariegite" has historically been assigned to high-Cr spinel pyroxenites
from the Pyrenean lherzolites (laCroiX 1917), the O'Hara (1967) classification is fre
quently applied to the Ronda peridotite.
The different facies fields in PI space are strongly dependent on the rock and mineral
chemistry (e.g. O'Neill 1982). For each particular peridotite massif or xenolith suite, a
facies diagram can be constructed which incorporates their chemical signature. Fig. Al
shows a calibrated facies diagram for the Ronda peridotite, compiled on the basis of the
following references: (1): Jenkins 1983, (2): O'Neill 1981 and Caroll Webb and Wood
1986, (3): Obataetal. 1977, (4): Kennedy and Kennedy 1976. The peridotite solidi for dry
systems (5), and H20 (0.3%) and C02 (0.5-2.5%) saturated systems (6) and (7) are from
Takahashi and Kushiro (1983) and Wallace and Green (1991), respectively.
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The position of the transition from spinel peridotite to garnet peridotite has been
corrected for the Cr-content of spinel following Caroll Webb and Wood (1986). For the
appropriate composition of spinel in the spinel tectonites and gamet-spinel mylonites
(Cr/(Cr+Al) = 0.12, see Table 4.2), this correction corresponds to a shift of about 300 MPa
towards higher pressures. This shiftis largelycompensated bya negative It FeO" correction
following O'Neill 1982. This latter correction corresponds to a shift of -200 MPa towards
lower pressures for olivine compositions of Fo90. The transition from spinel pyroxenite
to olivine gabbro roughly coincides with the transition from spinel-lherzolites to
plagioclase-lherzolites and is not shown in the diagram.
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Appendix (continued)

A2: Sample location map
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A3: Tectonic map ofthe western Ronda massif.
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