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ABSTRACT

Submicroscopic magnetite-silicate inclusions in igneous oliv
(BOA) of the Mulhac6n Complex, Betic Cordillera, southeastel
history of these rocks includes a stage of ocean-floor metamorph
phic climax being developed under conditlons of subduction- Tht

of magnetite that formed during the metasomatic and metamorph

ite precipitates display a fixed orientation relative to the olivrne

monoclinic amphibole, orthorhombic amphibole and monoclini

being the most common. Chemically, the exsolved amphibole

without Na, and edenite and pargasite, containing Na. The presence in the exsolution-induced blebs of a hydrated silicate phase,

together with the existence of rAn" inclusions ln the olivine, point to the ocean-floor stage for the influx of seawater, which

contributed to the exsolution process. Petrographic observationi and cornparison of the chemical composition of the exsolved

amphiboles with that of the amphiboles developid during the several metamorphic stages registered in the host gabbros allow us

to infer the p-T conditions during the exsolution proceis. Exsolution probably began during ocean-floor metamorphism, and

continued during the prograde stag! ofthe eo-Alpini event, at which time the kelyphitic amphibole-bearing coronas formed in the

olivine.

Keywords.exsolution, magnetite - amphibole - pyroxene, TEM-AEM analysis, olivine metagabbro, ocean-floor metamorphism,

Alpine orogeny, Mulhac6n Complex, Betic Cordillera, Spain.

SoltveInp

Nous d6crivons, au moyen d'analyses TEM-AEM, des incl

m6tagabbroiques de I'association ophiolitique b6tique du corn

I'Espagne. L'6volution mdtamorphique de ces roches a d6but6

6pisode de m6tamorphisme alpin polyphas6, menant d un parox

couleur brune, que nous attribuons a la pr6sence de micro-inclut
m6tamorphiques qui ont affectd I'olivine primaire. Les pr6cipit,

port d 1'olivine h6te, et sont en intercroissance avec des silicates.^orthorhombique, 
et pyroxdne monoclinique, I'association magn6tite - amphibole monoclinique 6tant la plus.rdpandue' Les

amphiboles dins ces^intercroissances sonfcalciques et d'un de deux types, soit actinolite. sans sodium, soit 6denite et pargaslte'

ave'c sodium. La pr6sence dans ces micro-inclusions form6es par exsbiution d'un silicate hydrat6 et I'existance d'inclusions de

saumure dans I'oliivine t6moignent de I'apport de l'eau de mer jors de 1'6pisode de m6tamorphisme en milieu marin' qui favorisa

le processus d'exsolution. Les observations p6trographiques et une comparaison de la composition chimique des amphiboles

exsoiv6es avec celle des amphiboles d6velopp6ei uo 
"oot, 

des divers dpisodes de m6tamorphisme qu'ont subis ces roches
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gabbroiqu,es permettent de pr6ciser les conditions P-T au cours du processus d'exsolution. L,exsolution a probablement d6but6
au cour.s du m6tamolphisme du_fond oc6anique et s'est prolong6e pendant l'6pisode prograde de 1'6v6nemeni6oalpin, responsablg
de la formation de couronnes d'amphibole kelyphitiques dans I'olivine.

(Traduit par la Rddaction)

Mots-cl4s: exsolution' magn6tito - amphibole - pyroxd4e, analyse TEM-AEM, mdtagabbro d olivine, m6tarnorphisme du fond
oc6anique, orogenbse alpine, complexe de Mulhac6n, Cordillbre B6tique, Espagne.

Iurnooucrror.l

Spinel-silicate precipitates have been identified in
both metamorphic and igneous olivines from the Betic
Ophiolitic Association (BOA) of the Mulhac6n Com-
plex, located in the Betic Cordillera, southeastem Spain.
The metamorphic type is a "spinifex"-textured olivine,
present in meta-ultramafic rocks; it contains chromite_
talc and chromite-enstatite micro-inclusions, whereas
the igneous olivine, present in olivine gabbro cumulates,
contains magnetite-amphibole precipitates. Both types
of rocks were submiued to a stage of ocean-floor meta-
rnorphism followed by polyphase Alpine rnetamor-
phism. During the Alpine metamorphic cl imax,
developed under conditions of subduction, the ultrarna-
fic rocks, previously serpentinized at the oceanic stagc,
were transformed into "secondary" harzburgites (puga
et al. 7999),whereas the gabbroic cumulates were partly
transformed fo eclogite (htga et al. 1989a). This Com-
plex offers, as a result" an exceptional opportunity to
evaluat€ tlrc influence of factqrs such as the chernical
composition and origin of the pargnt olivine, as well as
other factors related to the metamorphic evolution of
the hsst rock, on the formation of these precipitates.

The exsolution-induced inclusions in olivine of the
BOA ultramatic rocks have been recently described by
Ruiz Cruz et al. (1999). The submiproscopic inclusions
of talc identified in that olivine constitute the only case
described so far of hydrated silicate phases associated
with spinel.

In fhis contribution, we present results of an elec-
tron-microprobe investigation of the BOA curnulitic
gabbros and of a TENVAEM srudy of the inclusions
contained in the olivine that these rocks contain. We
elucidate the chemical cornposifion and structure of the
inclusions, the rnechanisms of their exsolution, and the
physicochemical factors of their formation.

Menrooor-ocy

Polished and carbon.coated thin secfions were im,
aged using back-scattered electrons and analyzed by
electron rnicroprobe (EMPA), using a Cameca SX-50
instmment" Wollastonito (Si and Ca), synthetic .A.lzO:
(Al)" orrhoclase (K), albite (Na), synthetic FezO: (Fe),
periclase (Mg), and synthetic MnTiO3 (ffi and Ti) were
used as standar-ds.

From the optical study, a set ofolivine grains show-
ing vari,ous orientati,ons was selected for the TEM study.

Samples were prgparod from thin sections in which grids
were attached to the selected areas and later lifted from
the glass backing. These areas were ion-thinned and
carbon-coated and examined in a 200 kV Philips CM-
20 transmission electron microsgope (TEM) fittgd with
a scanning transrnission device and a solid-state detec-
tor for engrgy-dispersion analysis (EDX). Micro-analy-
ses were carried out in STEM rnode. Quantitative
determinations used the thin-film approximation of Cliff
& Lorimer (1975). Albite (Na)" muscovite and annite
(K), albite, spessartine and muscovite (Al), forsterite and
annite (Mg and Fe), spessartine (Mn), and titanite (Ca
and Ti) were used as standards. Interpolation between
Mn and Ti values was used forquantification of Cr con-
centrations.

The abbreviatiens of minerals suggested by Kretz
(1983) have been used in the text, tables and figures,
with some additions indicated in the captions of some
figures.

Pnrnocnapny or rrrs Sar\4pr-Bs

The metabasic rocks of the Mulhac6n Complex have
been interpreted as being the remains of a digmembered
and rnetamorphosed ophiolitic association (Puga 1990).
They are similar to the Western Mediterranean
ophiotrites of the Ligurian Tethys, and to the rocks
dredged from the Atlantic Ridge at 36oN, 45oN and
63'N, i.e., at points with P-type ridge magmatism (Puga
et al.1989a, b, 1995). In most cases, fhe igneous tex-
tures and mineral associations have been almost com-
pletely obl i terated by the metamorphic events.
Nevertheless, in the Cdbdar outcrop (Almeria Province,
southeastem Spain), the primary textures, stmctures and
mineral associations are generally exceptionally well
preserved (Puga et al. 1989a).

The C6bdar Formation consists of volcanic, hy-
pabyssal, and plutonic ophiolitic metabasic rocks, dated
from the Triassic-Jurassic transition to the Upper Ju-
rassic (Portugal et al. 1988, Puga et al. 1991, 1995),
covered by oceanic metasedimentary rocks containing
relics of foraminifera, probably Cretaceous in age
(Tendero et al. 1993). The base ofthe C6bdar Forrna-
lion is composed of amphibolitized gabbros, and irs low-
ermost lirnit is a thrust surface with rnylonitic rocks and
breccias. Above the gabbros, metabasaltic rocks pre-
serve rnore-or-less deformed pillow-lavas and flow
struc.tures, and are cut by sparse basaltic dykes. The plu-
tonic sequepce is norrnally composed of an.alternation



of troctolitic cumulates, olivine-pyroxene gabbros, and
pyroxene gabbros, mainly transformed to amphibolites,
which locally contain relics of an eclogite paragenesis.
All these horizons are cut by decimetric to metric
metadolerite dykes.

The C6bdar metabasic rocks have undergone a com-
plicated metamorphic history, beginning with ocean-
floor conditions, followed by the Alpine orogenic
conditions, which led to a succession of metamorphic
parageneses that, however, only locally obliterated the
previous ones (P uga e t al. I 989a). The process of ocean-
floor rnetamorphism produced mineral associations in
the amphibolite and greenschist facies. Subsequently,
these metabasic rocks were transformed first to eclogites
during an eo-Alpine metamoryhic event, and then to
albite-epidote amphibolites during a later meso-Alpine
event. The most common metamorphic association cor-
responds to the albite-epidote amphibolite facies; it
paftly replaces the eo-Alpine eclogite assemblage, or the
igneous mineral relics directly.

Figure 1 shows a cumulitic olivine metagabbro rn
which relics of the igneous texture and paragenesis are
preserved. The igneous paragenesis is composed of cal-
cic plagioclase + forsterite + augite + ore minerals, ac-

TABIJ I SEIECTED RBSIJLTS OF EPMAANALYSES OF
IGNEOUS MINERALS IN TTIE COBDAR CUMULMC GABBRO
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companied by minor quantities of intercumulus brown
amphibole and biotite. The grains of olivine have a
brown color due to magnetite precipitates developed
during the metasomatic and metamorphic processes su-
perimposed on the igneous crystallization stage. The
composition of the more signihcant primary minerals is
reported in Table 1

The most characteristic mineral formed during the
ocean-floor metamorphism is a brown amphibole, which
mainly fills millimetric veins in metabasalts, and also
appears as isolated crystals along tiny fissures in the
matrix of the metagabbro and in the olivine phenocrysts
that it contains. This type of amphibole (not visible in
Fig. 1) has been dated by the aoAr/3eAr method as upper
Jurassic (Puga er aI.1991,1995).

The eo-Alpine stage of metamorphism mainly leads
to the development in the gabbros of coronas around
the olivine grains in contact with plagioclase (Fig.lA)
In these coronas, the following temporal sequence of
blastesis may be deduced from the textural relationships:
(1) crystallization of kelyphitic amphibole, (2) replace-
ment of olivine by acicular orthopyroxene, and (3) re-
placementof the kelyphitic amphibole by almandine and
of the acicular orthopyroxene by omphacite. Represen-
tative results of chernical analyses of the various meta-
morphic minerals in the C6bdar metagabbros are shown
in Table 2.

TABLE 2 SEI,ECTED RESTJLTS OF EPMA ANALYSES OF
METAMORPHIC MI}€RALS IN THE C@DAR CUMI,JLIfiC GABBRO
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Ftc I A. Brown olivine coexisting with pnmary clinopyroxene (Cpx) and calcic plagioclase (Pl), partly transformed into
clinozoisite (Czo) in the core, in a cumulitic olivine metagabbro from the C6bdar region The olivine contains several micro-
scopic magnetite inclusions (Mag) and is surrounded by a double corona, formed by kelyphitic aggregates of pargasite 1Prg.),
at ther im,andenstat i te(En)at theinnerzone B Enlargementof thewhi tedashedl inerectangle,drawnrntheupperr ightpart
of the brown olivine from A, showing the tiny exsolved crystals of magnetite, concentrated in the ( I I 0) and ( I I 0) cleavage
planes of the olivine
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FIc 2 Low-magnification TEM images showing the most common types of inclusions in olivine. A Parallel growths of mag-
netite and pyroxene forming a band perpendicular to (101) of the olivine. The inclusions appear elongate following the b axis
of the olivine B Very elongate inclusions of magnetite-amphibole form bands parallel to the a axis of the olivine, whereas
the elongation is parallel to the b axis of the olivine. C Oriented inclusions of magnetite formed near the arrays of dislocations
D Rounded inclusions of NaCl and small magnetite-silicate inclusions. In the SAED patterns A, B and C, which correspond
respectively to the textural images A, B and C in this figure, only the directions of olivine have been labeled. The indices in
SAED D correspond to NaCl. Am: Amphibole, Hl: Halite, Mag: Magnetite, Px: Pyroxene

TEM-AEM Resur-rs

Low-magnification TEM observations reveal an ir-
regular, low concentration ofprecipitates, large areas of
the olivine being inclusion-free. The inclusion-bearing
and inclusion-free areas may be tentatively correlated
with the differently colored bands observed in optical
microscopy (Fig. 1B).

Most of the inclusions consist of masnetite and a

silicate phase. The inclusions range in size from 0.1 to 2
pm long, whereas the dimension perpendicular to the
elongation is, in most cases, in the order of several hun-
dred A. Two main types of inclusions occur (Fig. 2).
One type shows slightly elongate crystals of magnetite
and silicate sharing the longest dimension (Fig. 2A). The
other type consists of elongate precipitates in which
magnetite and silicate share the shortest dimension of
the prisms (Fig. 2B). Complex precipitates showing both
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types of orientation relationships between magnetite and
silicate are locally observed. Occasionally, the longest
inclusions show an alternation ofmagnetite and silicate,
and resemble large symplectitic platelets viewed edge-
on by TEM (Moseley 1984). Although most of the ob,
served precipitates are formed in defect-free areas of the
olivine, occasionally the inclusions-rich bands are ob-
served in relation with arrays of regularly spaced dislo-
cations (Fig. 2C), similar to those described by Boland
et al. (1971) and Otten (1985). Numerous inclusions of
NaCl together with magnetite and silicate precipitates
also are present in the olivine (Fig. 2D).

Inclusions generally occur on the (001) planes ofthe
olivine, following the [010] direction. Nevertheless,
some inclusions lie on the (01 l) plane of the structure,
and show elongation parallel to [011]. A smaller num-
ber of precipitates lie eitlrcr on the (032) or the (&0/)
planes of the olivine, showing, respectively, elongation
parallel to the [023] and [010] ofolivine.

Analytical electron-microscopy (AEM) data on oli-
vine, obtained on several grains, show minor variations,
mainly related to the presence of minor Al, Ca, and Ni
(Table 3). The structural formulae, calculated on the
basis of four atoms of oxygen, display an incomplete
tetrahedral occupancy and a slight excess ofcations in
the octahedral positions, suggesting that some Fe may
be present as ferric iron in the tetrahedral positions- The
ratio Fe/Mg ranges from 0.1 1 to 0.32.

Magnetite inclusions display a fixed orientation rela-
tive to the host olivine (Fig. 3), with [00]6 // [1 1 l]yu*;
[0l0l"r / /  [2 ]  l ]Mug. and [001].r / /  [0] I  lMas. the magne-
tiie cryshls showing an elongation parallel to (1ll).
Since the close-packed (100) planes of the olivine are
parallel to the close-packed ({11) planes ofrnagnetite,
the two spacings also being similar, and in yiew of the
fixed orientational relationships between both phases,
the interface olivine-magnetite appears as a coherent

TABLB 3 AEMDATAON OLTVINEANDSTRIJCTURALFORMIJIAE

F.iS-2A Fig 38 Frg2D Fig2C Fig 10

straight boundary. A narrow zone with moir6 fringes
indicates the superposition of both olivine and silicate
structures (Fig. 3). Magnetite comrnonly presents a
mottled aspect, previously observed by a number of in-
vestigators, and interpreted either as an incipient order-
ing-induced transforrnation (Putnis 1979) or an artifact
introduced by the ion-thinning process (Moseley 1984,
Otten 1985). The AEM data on magnetite are uniform
and indicate an almost end-member composition.

Because of the small size of the inclusions, analyti-
cal data for the silicate phases may be affected by con-
tamination by adjacent olivine, and their identification
is very diffrcult on the basis ofthe AEM data alone. The
interpretation of the commonly complex selected-area
electron-diffraction (SAED) pattems, together with the
high-resolution irnages, become indispensable in the
identification of the silicate. Both chemical and struc-
tural data have permitted the identification of several
types of silicate phases, which include monoclinic am-
phibole, orthorhombic amphibol,e, and monoclinic py-
roxene. Sorne of the more common crystallographic
relarionships between silicates and olivine have been
sumrnarized in Table 4.

Amph i bol e -be a ri n g inc I u s i on s

Amphibole is the most cofilmon silicate phase in
elongate inclusions such as those shown in Figure 28.
On the basis of chemical composition, two main types
of arnphibole have been identified: a calcium-rich acti-
nolite type, and a sodium-bearing calcic arnphibole, with
a composition ranging fromedenite to pargasite, accord-
ing to the classification of Leake et al. {1997)" Bcr'h
types show, moreover, some chemical variations among
the several analyzed larnellae and even within a single
lamella. Together with the chernical varia.lions, several
struchrres of amphibole may be distinguished on tie
basis of infonnation supplied by both the SAED pat-
terns and tbe high-resolution images.

Inclusions of actinolitic amphibole comraonly show
a C-centered rnonoclinic lattice, rerrealed by the pres-
ence of, (hkl) reflections with /r + k = 2n only (Figs" 4,
5). Figure 4 shows a composite magnetite-arnphibole
inclusion together with two single inclusions of magnet-
ite and amphibole. The SAED pattern of the single am-
phibole inclusion (inset) reveals that the a* directions

TABLE 4- ORIENTATION RELAIIOI.ISIfiPS BETWEEN OJVINE
AND INCLI'DED PI{ASES

Olivire l[agn€tite Aqthibole

C2lm Orth phass

Si aimic% 2t55 3065
Al 0 50 0,,14
Fe 13 65 l l 23
!.,IS 57 30 57 68
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64s 1  05  11  53
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0 1 4
0 3 0  0 2 0  0 0 8

089 094 097 097
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o42 034 0 .2  021
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0 0 1  0 0 1

31.41

6 5 8
6t 58

037

0 9 5
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:1.45

sqfu
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|t t_54 I 51
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[00r] // [oo1] il loorJ r (24D

[0r0] // [0r0] ll l01ol r G2,3r)

d

tr
The proportim of caioro is oqres€d in atffi pr forrula mit (agtt)

[ool] // [oT1] /i [oI4]
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Frc. 3. High-resolution image of the magnetite-olivine boundary. This permits the observation of the fringes with 4.8-A perio-
dicity coresponding to the (1 1 1) planes of the magnetite and the fringes with 10.3-A periodicity corresponding to the (010)
planes of the^olivine. The magnetite-olivine boundary shows a narrow zone with moir6 fringes, which display a periodicity
of about 9.6 A. The SAED pattern (inset), viewed along the [001] of olivine, shows the orientation relationships between both
phases. The large arrows mark the lattice ofthe olivine, and the small arrows, the [1 1 1]* and equivalent reciprocal directions
of the magnettte. Mag: Magnetite; O1: Olivine.

of olivine and amphibole are parallel, the b* axis of the
amphibole being parallel to [011] of the olivine. The
AEM data of these amphibole inclusions (Table 5) show
some contamination by adjacent olivine, as revealed by
the ratio R = (Si + Al)/(Fe + Mg + Mn + Ca), which
should be on the order of 1.1 in actinolitic amphiboles.
The most common orientation relationshiD between oh-
vine and amphibole is shown by the SAED pattem inset
in Figure 5, which images the ax-c* plane of the am-
phibole and the a*-b* plane ofthe olivine. The lattice-
fring^e image of the amphibole shows fringes with a
4.5-A periodicity. These change, in the upper part of
the figure, to 18-A fringes, which are perpendicular to

fringes showing a 10.3-A periodicity. These may be
interpreted as mixed moir6 effects due to the superposi-
tion of the amphibole and the olivine lattices. Neverthe-
less, we have also observed periodicities of9.4 and 10.3
A, which cannot be explained as moir6 fringes, in some
other Ca-rich amphibole inclusions, and which suggest
the occasional presence of primitive monoclinic lattices
The composition obtained for this inclusion (Table 5)
shows minimal contamination, as revealed by the R
value, and the calculated formula (Table 6, anal. 1) cor-
responds to actinolite.

The Na-bearing calcic amphiboles show structural
features different from the Na-free calcic amphiboles.
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These analyses reveal a relatively high A1 content and
variable Na-content, the orthorhombic areas being char-
acterized by higher Na content than the monoclinic ones.
Using the nomenclature of the monoclinic amphiboles
(Leake et al. 1997), these may be classified as edenite
and pargasite.

TABLE 5 AEM DATA ON AMPHIBOLE AND PYRO)GNE INCLUSIONS
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Frc. 4. Single-phase inclusions of amphibole (Am) and mag-
netite (Mag), and composite amphibole-magnetite inclu-
sion The SAED pattern (inset) corresponds to the single-
phase amphibole inclusion and reveals a C lattice in which
the b* axis of the amphibole coincides with the [03 1]+ di-
rection of olivine.

Thus Figure 6 shows the TEM images of an amphibole
inclusion that displays areas with variable contrast
(Fig. 6A). The high-resolution images of the areas with
dark contrast display a 4.5-A periodicity (not shown),
whereas the areas with light contrast, which ar- e rapidly
damaged.  show the  t rans i t ion  f rom I  8 -A to  9 -A
periodicities along the a* axis of the amphibole
(Fig. 68), both showing a 10.3-4 periodicity along c*.
The SAED pattern A shows reflections of olivine, mag-
netite and C-centered monoclinic amphibole. The com-
plex SAED pattern B shows, in addit ion, weak
reflections with about 18-A periodicity and more intense
reflections with about 9-A periodicity, which corre-
spond to the (100) planes of the amphibole, together
with reflections with a 10.3-4 periodicity, which is
double that corresponding to the (001) plane of the
amphibole. Both directions, being perpendicular, indi-
cate the presence of orthorhombic lattices with a (001)
spacing of 10.3 A. Since this inclusion is relatively large,
some analyses free of the contribution from the host
phase were made (Table 5), the corresponding structural
formulae being shown in Table 6 (anal. 2, 5 and 6).
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Composite amphibole - pyroxene -
magnetite inclusions

Two morphological types of composite amphibole -
pyroxene - magnetite inclusions have been identified.
The first type corresponds to the elongate inclusions,
whereas the second corresponds to the shorter inclu-
sions. Transitions between these types also are observed.

In the first case, the amphibole is the dominant sili-
cate phase, whereas the pyroxene forms a thin area that
overgrows both amphibole and magnetite (Figs. 7, 8).
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The high_-resolution image shown in Figure 7 is viewed
along [012] of olivine, which permits the observation
of the (1 10) fringes of the amphibole, with a periodicity
of about 8.4 A. The orientation of the hhO reflection
rows of the amphibole, present in the SAED pattern (A),
reveals a limited crystallographic control by the olivine
structure, the ax direction of the olivine being parallel
to the [31 l]x ofthe amphibole. This pattem corresponds
to a C-centered monoclinic lattice. The high-resolution
imase reveals the occurrence of a narrow band with
frinles having a 9.5-A periodicity; these overgrow both

MAGNETITE_SILICATE INCLUSIONS IN OLIV]NE, MULHACEN COMPLEX

FIc. 5 High-resolution image showing the 4.5-A periodicity of an amphibole inclusion (Am) and the mixed moir6 fringes with
I 8-A periodicity. at the boundary amphibole-olivine (Ol). Parallel black lines mark the lack of coincidence between the 1 0.3-
A fringes of olivine and the 10.3-.4 fringes observed in the inclusion. The SAED pattem (inset) shows amphibole reflections
corresponding to a C lattice.
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Frc. 6. A Low-magnification TEM image showing a large magnetite-amphibole inclusion where a monoclinic lamella appears
between areas with orthorhombic lattices. SAED pattem A shows reflections of magnetite (Mag) and monoclinic amphibole
(CAm). B. Enlargement of theblack square drawn on Figure 6,{. The high-resolution image reveals that the transition be-
tween olivine (Ol) and the 18-A phase occurs through a narrow area with a periodicity of about 9 A. The SAED pattem B
shows reflections of both clinoamphibole (CAm) and orthorhombic phase (OPh), which dispiay a (001) spacing of 10.3 A.
Numbers correspond to compositions shown in Table 6.
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Frc. 7. Lattice-fringe image of a magnetite-amphibole inclusion overgrown by a narrow band of a phase with 9.5-A periodicity,
interpreted as pyroxene (P lattice). SAED pattern A reveals the poor relationship between amphibole and the host olivine.
SAED pattern B shows the orientation relationships between olivine and magnetite. Am: Amphibole, Mag: Magnetite, 01:
olivine. Px: Pvroxene.

t201:
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the amphibole and the magnetite precipitates. The re-
flections giving rise to these fringes do not appear in the
SAED pattern, but they may be interpreted as coffe-
sponding to the (100) planes of pyroxene, on the basrs
of information obtained in other similar inclusions.

Figure 8 shows a different relative orientation of oliv-
ine and amphibole, which permits the obser",ration of the
(100) and (01 0) planes of the olivine but does not allow
high-resolution images of the amphibole.^Nevertheless,
fringes showing a periodicity of about 9 A also seem to

Frc. 8. High-resolution image of a magnetite-amphibole inclusion overgrown by a phase showing 8 9-A periodicity. This
periodicity corresponds, according to the SAED pattem B, to the (010) spacing ofpyroxene and reveals a P lattice. SAED
pattem A shows sparse reflections of an amphibole that shows a 9-A periodicity along the ax axis, which also indicates a P
lattice Am: Amphibole, Mag: Magnetite, Ol: olivine, Px: Pyroxene



overgrow the amphibole. These fringes belong to a py-
roxene, as revealed by the SAED pattern obtained near
the interface amphibole-magnetite (B), which indicates
a P lattice. The SAED pattern obtained from the am-
phibole precipitate (A) shows weak reflections due to
an amphibole, together with intense hl{ reflections of
the host olivine. The periodicity of about 9 A along the
ax axis of the amphibole also indicates a P lattice. The
AEM data forthese inclusions Oable 5. anal. 3 in Table
6) are similar to those shown by the amphiboles with a
C-centered monoclinic lattice. Moseley (1984) attrib-
uted the larger parameters of the external phase to an
orthopyroxene in a similar overgrowth.

One example of the second morphological type of
amphibole - pyroxene - magnetite inclusions is illus-
trated in Figure 9. The textural relationships between
magnetite and amphibole are similar to those described
in the amphibole-magnetite inclusions, whereas the
shorter precipitates ofpyroxene share the longest dimen-
sion with magnetite. Figure 9 shows two SAED pattems
obtained with different orientations. The SAED oattern
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A shows reflections of the type ftkO of the pyroxene with
h + k = 2n, which indicates a C-centered lattice. The
SAED pattern B reveals that the orientation relation-
ships between pyroxene and olivine are similar to those
determined in pyroxenes overgrowing amphibole (Figs.
7, 8). The AEM data for some of these inclusions (Table
5, anal. 7 in Table 6) reveal that the pyroxene shows a
higher Ca content than the associated amphibole. The
formulae, calculated from the uncontaminated compo-
sition, correspond to diopside.

Py r o xe ne - b e ar in g inc lu s ions

Some rare inclusions show the single association
magnetite-pyroxene. Figure 10 shows two of these in-
clusions. Figure 10A permits the observation of the tex-
tural relationships between magnetite and pyroxene, but
the corresponding SAED pattern supplies scanty infor-
mation. In contrast, the SAED pattern obtained with the
orientation shown in Figure 10B images the b*-[101]*
plane of the pyroxene, which shows a periodicity of 9 A

MAGNETITE-SILICATE INCLUSIONS IN OLIVINE. MULHACEN COMPLEX

FIc. 9. Magnetite (Mag) - pyroxene (Px) - amphibole (Am) inclusion viewed along the [001] of pyroxene (SAED pattern A).
In this pattern, the lack of reflections with h + k + 2n indicates a C-centered lattice for pyroxene. The SAED pattem B was
obtained with a different orientation, and reveals orientation relationships between olivine and pyroxene similar to those
determined in Figure 8 Only the pyroxene directions have been labeled in the SAED pattems.
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Flc. 10. Low-magnification images of magnetite (Mag) - pyroxene (Px) inclusions, obtained with different orientations. A.
This image shows the straight boundary between magnetite and olivine. The SAED pattem (inset) shows intense reflections
of olivine and the weaker ones of magnetite (Mag) and pyroxene (Px). B. This image shows the aspect of the magnetite-
pyroxene inclusions with a different inclination- The SAED pattern (inset) reveals close orientational relationships between
magnetite and pFoxene. The latter shows a (010) spacing of 9 A, which indicates a P monoclinic lattice.

along the b* axis, and may be interpreted as belonging
to a monoclinic P lattice. This pattern also illustrates
the orientation relationships between pyroxene and
magnetite, the a* direction of the magnetite being par-
allel to the [01]* of the pyroxene, which suggests that
the orientation of the pyroxene is not controlled by the
host olivine but by the structure of magnetite. The AEM
data for some of these inclusions (Table 5) permit the
deduction of the formula, which corresponds to augite
(anal. 8 in Table 6).

Drscussror.t

Origin and sequence of crystallization of spinel
and silicate precipitates

The magnetite-silicate precipitates in olivine from
gabbro, described here, as well as those of chromite-
enstatite and chromite-talc in "spinifex"-textured oliv-
ine from the BOA ultramafic rocks (Ruiz Cruz et al.
1999), show close similarities in morphology and ori-
entation to some precipitates previously identified in
other ultramafic and mafic rock outcrops, which were
interpreted as originating by exsolution (e.g., Putnis
1979, Moseley 1984, Banfield et aI.7990). Neverthe-
less, the presence ofhydrated phases (amphibole in the
case of the gabbros and talc in the case of the ultramafic
rocks of the BOA) is a peculiarity of inclusions in oliv-
ine from these meta-ophiolitic rocks. This peculiarity

clearly indicates that availability of H2O, probably re-
lated with the metamorphic episodes that affected the
BOA host rocks, was an important factor controlling
both the composition and the structure of the silicate
phases formed by exsolution.

Two main hypotheses have been put forward to ex-
plain the occurrence of spinel-pyroxene intergrowths in
olivine. The first hypothesis, based on observational
data, assumes that exsolution occulred by solid-state
diffusion and precipitation of phases hosting minor ele-
ments, such as Cr, Ti or Ca, out of the olivine structure
(Bell et al. 19'75, Arai 1978, Moseley 1984). The sec-
ond hypothesis, based on experimental data (Champness
& Gay 1968, Champness 1970), assumes that exsolution
of spinel and pyroxene follows the oxidation of the oli-
vine (Goode 1974, Kohlstedt & Vander Sande 1975,
Putnis 1979, Banfield et al. l99O).

In the inclusions studied here, the oxidation of oliv-
ine, which would result in the direct formation of mag-
netite, seems to be the most likely initial mechanism. In
fact, the concentration of inclusions in olivine is not
homogeneous; the inclusions-rich areas, as revealed by
the brown color, preferentially develop near the mar-
gins of the grains and following microfissures (Fig. 1),
zones in which the oxidation would be expected to oc-
cur preferentially (Banfield et al. 1990). Moreover, the
presence of a magnetite core in some of the silicate in-
clusions (e.g.,Fig.9) suggests that magnetite may lo-
cally be the first phase to precipitate. The development



of silicate precipitates would follow, owing to solid-state
diffusion, as a host for minor elements such as Ca, pre-
viously located in the olivine structure, and, more lo-
cally, Na, which probably derives from saline inclusions
contained in it.

The almost simultaneous precipitarion of amphibole
and magnetite and the subsequent precipitation of py-
roxene probably determined the orientational relation-
ships among the different phases, some of which had
not been previously described. The orientation ofmag-
netite is cleady controlled by the structure of the host
olivine, the planes of close-packed oxygen atoms being
parallel in both structures. This orientation, which rs
typical in exsolved spinel, leads to coherent boundaries
between olivine and magnetite. Similarly, the orienta-
tion of the amphibole precipitates relative to the olivine
maintains, in most of the precipitates, the (100) planes
of the olivine parallel to the (100) planes of the amphi-
bole, also indicating that the amphibole growth was
controlled by the host olivine. This orientational rela-
tionship favors the rapid growth of the amphibole crys-
tals parallel to the c axis, and the slower growth
perpendicular to this direction, thus explaining the shape
of the magnetite-amphibole inclusions. These relation-
ships between olivine and amphibole also favor the for-
mation of coherent boundaries between these phases,
along the longest dimension of the precipitates. th" u.-
commodation of the olivine and amphibole structures
is, on the contrary, more difficult along the c axis of the
amphibole, and leads to incoherent boundaries, along
which the presence of defects leads to rapid damage in
the electron beam.

In conffast to the precipitates of magnetite and am-
phibole, both the pyroxene inclusions and the pyroxene
overgrowths in composite inclusions show subtle ori-
entation relationships with the host olivine. A closer
relation is, however, observed between magnetite and
pyroxene orientations, indicating that the growth of the
pyroxene was mainly controlled by the orientation of
the previously formed magnetite. These relations ac-
count for the coherent boundaries between magnetite
and pyroxene, which share well-developed faces, and
incoherent ones between pyroxene and olivine (e.g.,
Fig.7).

The orthorhombic structures observed in some am-
phiboles commonly develop at the amphibole--olivine
boundaries (Fig. 6) and may be tentatively interpreted
as superstructures, which would favor the accommoda-
tion of the olivine and the amphibole lattices. Another
question arises from the presence of monoclinic P lat-
tices in some of the pyroxene and amphibole precipr-
tates. Commonly, the pyriboles showing such a lattice
are Ca-poor (e.9., cummingtonite, pigeonite and
kanoite), the transition from the ordered P lattice to the
disordered C lattice being a displacive, temperature-
dependent reaction (Ross er al.1968, 1969,Papike et
al. 1969, Brown e/ al. 19'12, Arlt & Armbruster 1997).
Nevertheless, Woensdregt & Hartman (1969) identifred
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hornblende with P2rlm symmetry. Similarly, the or-
dered P2ln space group has been identified in omphacite
(Matsumoto et al. 1975),tfus structure being interpreted
as due to the presence of some order of Mg and Al rn
two different Ml sites and of Na and Ca in two M2 sites
(Rossi er a/. 1 983, Boffa Ballaran et al. 1998). Recently,
both C2lc and P21lc clinopyroxenes were identified
during the thermal decomposition of tremolite by Xu el
al. (1996. The chemical formulae deduced from the
AEM analyses indicate in that case that the P21/c
clinopyroxene is enriched in Mg, whereas the C2lc
clinopyroxene is enriched in Ca. In the opinion ofXu et
a/., the decomposition of tremolite was accompanied by
a segregation of Ca and Mg atoms. In fact, the compo-
sitions we have obtained inboth Alc andprobable P2y/
c structures show a similar trend, the C2lc structure
showing higher Ca content and lower (Mg + Fe) con-
tent than the primitive structure (anal.7,8 in Table 6).
In our opinion, the primitive lattices identified in both
pyroxene and amphibole inclusions probably represent
intermediate, metastable phases, tlie formation of which
would require lower activation energy, because their
structure is more closely related to that of the host
olivine. A similar interpretation was proposed by
Champness & Lorimer (1974) to explain the presence
of Ca-enriched primit ive pyroxene exsolved in
orthopyroxene.

Time and the physical conditions of formation
of the precipitates

Several types of criteria, including textural, cheml-
cal, and mineralogical ones, may be used in the inter-
pretation of time and physical conditions of formation
of the precipitates.

The textural relationships between the oxidized oli-
vine and the surrounding corona indicate that the oxida-
tion process began before, or concomitantly with, the
beginning ofcorona development, and progressed dur-
ing this process. This fact would explain how the oliv-
ine surrounded by incipient coronas of amphibole
(nomally less than 0.1 mm in thickness) only show the
brown color in the external part of the rim and over ir-
regular patches. On the other hand, the olivine grains
that are totally brown in color, showing evidence of a
more advanced and homogeneous process ofexsolution,
are surrounded by thicker amphibole--enstatite double
coronas, which completely replace the smaller crystals
of olivine (Fig. lA). A comparison of the physical con-
ditions of development of amphibole in various ocean-
floor environments, mainly leading to a corona as a
result ofthe olivine + plagioclase reaction, with the con-
ditions in which the amphibole-bearing coronas sur-
rounding the olivine were formed in the C6bdar gabbros,
suggests an orogenic origin for the latter. Moreover, the
coronas were formed prior to the eo-Alpine metamor-
phic climax, during which they were replaced by the
almandine + omphacite paragenesis of eclogites. In

MAGNETITE-SILICATE INCLUSIONS IN OLIVINE. MULHACEN COMPLEX
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other words, exsolution must occur, at least in part, dur-
ing the prograde eo-Alpine stage. The required oxidiz-
ing conditions for the formation of magnetite and the
mobility of the fluid phase could have been attained ei-
ther during the ocean-floor metamorphic stage or dur-
ing the subsequent metamorphic process under
conditions of subduction. Nevertheless, some mineral-
ogical and chemical criteria point to the ocean-floor
stage as the most probable for the beginning of the
exsolution process or, at least, for the influx of minor
amounts of seawater into the olivine, facilitating the
local development of both the hydrous silicates as
exsolved minerals and the saline inclusions also present
in the olivine (Fig. 2D). Seawater penetration in the oli-
vine gabbro during this stage of metamorphism had to
have taken place above the stability field of serpentine
because this mineral has not been found among the pre-
cipitated phases. High-T conditions, near or above
500oC, are common at the gabbroic levels of the oce-
anic crust near slow-spreading oceanic ridges (Ito &
Anderson 1983, Gillis et al. 1993), and also during the
eo-Alpine stage of prograde metamorphism in the sub-
sequent episode of subduction (Puga et al. 7989a, b,
1995; Ruiz Cruz et al. 1999).

In an attempt to elucidate more precisely the physi-
cal conditions under which exsolution could have taken
place, we have compared the chemical composition of
the exsolved amphiboles with that of the amphibole
coronas surrounding the olivine, and with other types
of amphibole present in the metagabbro matrix and in
other C6bdar metabasic rocks (Figs. 11, l2). We have
also plotted, in these figures, the composition of am-
phiboles of basic rocks, mainly forming coronas, from
various locations on the present ocean floor along the
Mid-Atlantic Ridge (MAR) and the Mid-Cayman Rise
(MCR); these amphiboles are interpreted as products of
ocean-floor rnetamorphism (Ito & Anderson 1983, Gillis
et al.1993). The comparison is constrained by two fac-
tors: a) the small size of precipitates, which makes it
unlikely to obtain uncontaminated compositions of am-
phibole, and b) the irregular and difficult entry of fluids
in the olivine, to provide the Al, Ca and Na necessary to
form the silicate inclusions, as these are not present in
the olivine structure.

The better characterized inclusions of amphibole
(Table 6) are subdivided into two types, corresponding
to Na-free calcic amphibole of actinolite composition
and Na-bearing calcic amphiboles of edenite and
pargasite composition. All these amphiboles have a
lower Al content than the majority of the amphiboles
plotted in Figure 11. Some similarities may be envis-
aged between the IvAl values in inclusions of the
Na-bearing calcic amphibole type and the C6bdar
ocean-floor brown amphiboles. The ratio VIAVAI (= fAl)
is directly dependent on the pressure of amphibole de-
velopment, according to Smith (1988), whereas the IvAl

value normally increases with temperature, as also do
their Ti content and IVAVAI values. A plot of fAl versas

IVAI in the amphibole inclusions (Fig. 11) suggests a
wide range of P for the actinolite inclusions, similar to
that corresponding to the field of C6bdar coronas,
whereas the Na-bearing calcic amphibole type, with a
lower value offAl, could have been developed at lower-
P conditions than the coronas, and even lower than those
registered for the amphiboles formed at present ocean-
floor locations, and at similar T conditions to those de-
duced for the C6bdar ocean-floor amphiboles.

Figure 12 allows an estimation of the P conditions
for the various types of amphiboles, from C6bdar and
the oceanic environments, represented in Figure I 1, on
the basis of their 8Na versus rv Al values. According to
this diagram, proposed by Brown(1977) for amphiboles
developed by metamorphism ofbasic rocks, the C6bdar
orogenic coronas were developed in a range from about
2 to 7 kbar, whereas the ocean-floor coronas and the
amphiboles from the C6bdar metabasic rocks, inter-
preted to have formed at conditions ofocean-floor meta-
morphism (Puga et al. 1989a), would have developed
below 2 kbar. We have also represented in this figure
the composition of the exsolved amphiboles. Their Na
content, being very low or nil (Fig. 12, Table 6), makes
it impossible to estimate directly the pressure of their
formation using Brown's diagram, which is valid for
calcic amphibole coexisting with albite, among other
phases. The absence of orthopyroxene as precipitates in
the C6bdar olivine, despite its presence in the inner co-
ronas surrounding this mineral (Fig. 1a), could reflect
the fact that the pressure condit ions during the
exsolution process were lower than those attained dur-
ing the development of the inner orthopyroxene-bear-
rng coronas.

CoNcr-uorNc Reuams

Magnetite - amphibole - pyroxene micro-inclusions,
present in olivine from the BOA cumulitic gabbros, are
interpreted as precipitates formed by high-temperature
exsolution, which followed the oxidation of the host
olivine. Actinolite, edenite and pargasite were identi-
fied among the amphibole inclusions, whereas the com-
position of the associated pyroxene corresponds to
diopside and augite. These silicate precipitates differ
from the previously described ones by the presence of a
hydrated phase, which indicates that availability ofH2O
was an important factor controlling the type of silicate
phase formed during exsolution.

Textural relationships between the oxidized olivine
and the surrounding coronas, as well as chemical and
mineralogical criteria, point to an early stage of ocean-
floor metamorphism as the most probable for both the
influx of seawater in olivine, the oxidation of the oliv-
ine, and the beginning of the exsolution process, which
seems to have continued during the prograde eo-Alpine
stage, together with the development ofcoronas around
the olivine. The influx of hydrous fluids in the BOA
olivine gabbros during the ocean-floor stage would also
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explain the presence of submicroscopic inclusions of
NaCl alongside the other precipitate phases in the oliv-
ine. Thus, in contrast to most of the previously described
cases of exsolution in olivine, in which this process is
mainly related either to subsolidus cooling or to oxida-
tion of this mineral during weathering, the complex his-
tory of these ophiolitic metagabbros seems to present the
physicochemical conditions needed for the formation of
exsolved phases in olivine by a high-temperature epi-
sode of oxidation during metamorphic recrystallization.
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