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ABsrRAcr

The Franqueira deposit is the first documented example of a gem-quality chrysoberyl, emerald, and phenakite deposit in
western Europe. It is located in the northwestern part of the Iberian Peninsula" in the Galicia - Tras os Montes zone, which is
made up of two domains: (l) schistose rocks, including mafic-ultramafic overtlrusted complexes, and (2) granitic rocks,
including peraluminous, heterogeneous, synkinematic two-mica granitic rocks. Bodies of granitic pegmatite intrude the schist
and granitic rocks. At Franqueir4 a pegmatite body related to the heterogeneous granites cross-cuts an ultramafic rock of dunitic
character and associated gabb(oic lithologies. In the contact between pegmatite and dunite, a metasomatic zone has been
developed in which dunite is almost completely altered to pblogopite at the contact; distal to the pegmatite, dunite is altered to
tremolite. Adjacent to the dunite, tle metasomatism produced an orthoamphibole (anthophyllite-rich) rim. The pblogopite-rich
metasomatic mcks contain the minerals of gemmological interes! together with apatite. All these metasomatic rocks have a high
content of Mg and Cr, which come fron the dunite, and of Al, K, Be, and Si, which qome from the pegmatite. Three types of
fluid inclusions have been distinguished. The fluid-inclusion populations of emerald and phenakite are similar. No measurable
fluid-inclusions can be found in chrysoberyl. TVo discontinuous hydrothermal stages have been ident'rfied. The fust stage was
characterized by the trapping of two types of aqueous fluid-inclusions with some volatile components. The two types of
inclusions may be contemporaneous, which suggests immiscibility in fhe system HrO - NaCl - CH4 - CO2 - other volatile
components. Homogenization temperatures range between 318 and 381'C. The characteristics of type-3 inclusions suggest an
independent episode of fluid circulation during later tectonic events. The genetic model proposed involves emplacement of
pegmatite and associated mobile elements (e.9., Be, B, P) hto dunite, with subsequent metasomatism of the dunite into
phlogopite and tremolite rocks near the pegmatite body. The formation of cbrysoberyl is probably due to the fact that it shares
stuctural feafires with the olivine; therefore, the growth of chrysoberyl could be favored by epitactic nucleation on olivine
relics. Emerald is the latest Be miffral to form; it partially replaces chrysoberyl and phenakite, and could have formed by the
reaction chrysoberyl + phenakite + quaxtz -+ emeral{ until quaxtz is exhausted.

Keywords: granitic pegmatite, metasomatism, dunite, emeral4 chrysoberyl, 'alexandrite", phenakite, genetic model, Galici4
Spain.

SoMnaans

Fra:rqueira est le premier exemple d'un gisement h chrysob6ryl, 6meraude et ph6nakite gemmes de lEurope occidentale.
Ce gisement ast situ6 dans la partie nord-ouest de la p6ninsule ib6rique, dans la zone de Galice - Tras os Montes, constitu6e de
deux domaines: (1) socle schisteux, comtnenant des unitds mafiques ou ultramafiques charri6es, et (2) des roches granitiques,
comprenant des granites hyperalumineux i deux micas, h6t6rogbnes, et syncindrnatiques. ks massifs de pegmatite granitique
recoupent les schistes et les roches granitiques. A Franqueira, un massif de pegnatite 1i6 aux granites h6t6rogbnes recoupe une
dunite et un cortlge de roches gabbroiques associ6es. Au contact entre la pegmafit€ et la dunite, une zone m6tasomatique s'est
d6velopp6e da:rs laquelle la dunite a presque compldtemrcnt 6tl transform6e en phlogopite au contact avec la pegmatite;
plus loin, elle est tramform6e en t6molite. Prbs de la dunite, la m6tasomatose a produit un liser6 d'orthoamphibole de type
anthophyllite. I,es roches i pblogopite contiennent les mindraux d'int6r6t gemmologique, accompagnds d'apatite. Toutes ces
roches d'origine m6tasomatique contiennent des teneu$ 6lev6es en Mg et Cq qui proviennent de la dunite, et en Al, K Be et Si,
qui proviennent de la pegmatite. Trois sortes dlnclusions fluides sont pr6sentes. Celles qui sont pi6g6es par l'6meraude et la
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phdnakite sont semblables. Le chrysob6ry1 ne contient aucune inclusion mesurable. Nous dist'rguons deux stades discontinus
dactivit6 hydrothermale. Au cows du premier, deux types d'inclusions aqueuses ont 6td pi6gdes, avec inclusions d'une phase
gazeuse. Ces deux types d'inclusion auraient pu Ctre contemporains, et tdmoigneraient peut-Afie d'un phdnombne d'imrniscibilitd
d"ns le systime HzO - NaCl - CHn - CO2 - autres composants volatils. La tempdrature dhomogdn6isation s'6tale entre 318 et
381oC. Les caratdristiques des inclusions du type 3 font penser qu'il y a eu un 6pisode inddpendant de circulation de fluide lors
d'6v6nements tectoniques tardifs. Le modble g6n6tique propose la mise en place d'une pegmatite et d'une phase fluide associ6e
enrichie en Be, B et P alans la dunite, avec mdtasomatose de la dunite, pour donner des roches i phlogopite et i tr6molite prds
du contact. La formation du chrysob6ryl serait due i la ressemblance structurale de cet0e espbce et de I'olivine, et i la croissance
6pitactique de I'un sur les reliques de I'autre. L'6meraude est plus tardive; elle remplace en partie le chrysob6ryl et la ph6nakit€,
et pourrait avoir cristallis6 selon la r6action chrysob6ry1 + ph6nakite + quaxtz + 6meraude, jusqu'l l'6limination du quartz.

(fraduit par la R6daction)

Mots-cl6s: pegmatite granitique, m6tasomatose, dunite, dmeraude, chrysob6ryl, "alexandrite", ph6nakite, moddle g6n6tique,
Galice, Espagne.

INTRoDUCIoN

In Galicia, in the northwestern region of the Iberian
Peninsula, occrurences of granitic pegmatite may
contain minerals of gemmological interest. The
Franqueira pegmatite is especially interesting because
of its association with crystals of emerald, phenakite
and chrysoberyl (variety "alexandrite"). These
minerals appear where the pegmatites cross-cut dunitic
rocks. The dunite directly in contact with the pegmatite
is totally transformed into phlogopitite, and tremolitite
turther away. The phlogopitite is of special interesq
because it hosts several minerals of gemmological
interest, together with apatite. This paper describes the
results of n mineralogical and geochemical study of
the gem-bearing rocks at Franqueira. Fluid-inclusion
data are reported for emerald and phenakite. Our study
estab[shes a genetic model that can be used as a guide
for prospecting and exploration for this type of deposit.

The Franqueira ore wns discovered in 1971, during
construction of the Paraios-Sendln road. The first
emerald crystals were recognized by a school-teacher,
E. Samartino, who notified several collectors. The col-
lectors were the first to ooexploit" the ore; they took out
the best crystals. Some of these crystals came to tle
University of Oviedo. By 1989, Franqueira was a well-
known locality among collectors, but by that time, it
was dfficult to obtain good crystals. The number of
emerald crystals extracted is unknown, but probably
number a few thousand crystals of quality. The largest
and the best quality is 30 xl0 cm in size and dark green
in color, with good traosparency. Most of the emerald
crystals have good quality for cabochon, but only some
have sufficient quality for faceted stones.

In 1990, a collector looking for emerald brought to
our attention a mineml which was later identified as
chrysoberyl, gemmological variety "alexandrite"
(green under daylight and red under incandescent
light). This paper is the first documentation of the
Franqueira deposit, which is being mined for
chrysoberyl, emerald, and phenakite ore.

GsoroctcAr- SBrrnqc

The Franqueira gem deposit is located in the Galicia
- Tras Os Montes zone Matte 1968), which consists of
two domains, one schistose and the other granitic. The
former is composed of metamorphic rocks and
the Lalin-Forcarey Unit, the southem end of the large
Ordenes Complex @arrera et al. 1989, Montemrbio
1991). The metasedimentary rocks include mica and
quartz schist, paragneiss, quartzite, calc-silicate units
and metavolcanic rocks that are felsic in character. The
lalfn-Forcarey Unit, as well as the Ordenes Complex,
which overthrusts the otler groups of the schist
domain, are made up of amphibolitic gabbro, amphi-
botte, orthogneiss, dunite and other ultramafic rocks
(Montemrbio 1991).

All of the rocks of the schist domain were affected
by at least three main phases of the Hercynian Orogeny
@arrera et al. 1989). The first phase of the Orogeny is
manifested in the region by a schistosity (S1) preserved
in minerals delimited by the second-phase schistosity.
No folds can be attributed to the fust phase. The second
phase of the Hercynian Orogeny in the Galicia - Tras
Os Montes area developed a regional schistosity (S2),
subhorizontal recumbent folds trending north-south,
and tlrust faults. During the third main phase of the
orogeny, a crenulation schistosify and N-S-trending
folds with a vertical axial plane were developed.

Ophiolite complexes in Galicia (Cabo Ortegal
and Ordenes complexes) and Porhrgal (Braganga and
Morais complexes) represent fragments of oceanic
crust that were tbrust over the schist domain during the
second phase of the Hercynian Orogeny @arrera et al.
1989). The study area (Frg. l) is located between the
Portuguese and Ordenes complexes.

The intensity of regional metamorphism affecting
these rocks is quite variable. In the study area,
metamorphic grade varies from the biotite facies with
garnet to an andalusite - staurolite - sillimanite -
K-feldspar facies. Furthermore, it is possible to
recognizs contact metamorphism (andalusite homfels
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Flc. 1. Setting and schematic geological map of the Franqueira area (adapted from Burera et al. L989).

to pyroxene hornfels) caused by emplacemenl of
igneous rocks in the host materials @arr:era et al.
1989).

Most of the rocks in the region are Hercynian
granites. Barrera et al. (L989) subdivided the granites
into three types on the basis of petrology and
geochemisty: (1) type 1, heterogeneous two-mica
granites, (2) type 2, two-mica or muscovite per-
aluminous ganites, and (3) type 3, biotite-amphibole
calc-alkaline granites. The fust two types are synkine-
matic graniies affected by the third tectonic phase
(328-339 Ma), and the contacts between them are
mostly gradational, but in one case @edroso massif),
qpe-2 ganites intruded type-l granites. The third type
of granite is postkinematic (29V3L0 Ma) and is
intrusive in the others. The Franqueira system of
pegmatite dikes is related to the synkinematic hetero-
geneous two-mica granites that form small outcrops in
the area of Franqueira (Fig. 1). The heterogeneous
granites contain abundant xenoliths and roof pendants
of rocks of the schist domain, including ophiolite
complexes, occasionally migmatites. Their texture and
mineralogical composition is variable (Batera et al.
1989). The heterogeneous granites are highly evolved
(differentiation index >80), peraluminous and alkali-
rich (they have more K and less Ca than type-2
granites). Contact aureoles up to 200-300 meters wide
(albite-epidote homfels) surround the heterogeneous
granites and contain conspicuous large porphyroblasts
of muscovite and andalusite. Pesmatite dikes are

ubiquitous and related to type-l and -2 granites; most
pegmatite bodies relaled to the heterogeneous granites
are unzoned.

Tirr FnaNeueRA Drposrr

The bodies of granitic pegmatite occur in an area
located at the top of the Franqueira pass (Fig. 1), along
the road from Paraflos to Sendfn. They form a network
of narrow, anastomosing subvertical dikes that trend
approximalely east-west. The dike system (Fig. 2) is
exposed for 15-20 meters. Dike thickness ranges from
3 to 40 cm. These pegmatitic bodies are hosted by the
schistose domain of Galicia - Tras Os Montes. Owing
to the geometry and the nature of the contact with the
host rocks, totally phlogopitized relics of schists are
commonly found within the pegmatite.

The pegmatite bodies show a simple zonation, with
an aplitic border. Essential minerals are quartz, albite,
muscovite and scarce K-feldspar, with apatite, tourma-
line and zircon as accessory minerals. The main zone
of the pegmatite consists of larger crystals than those
of the border, although its mineral constituents are
similar. However, the relative proportions of the
minerals are differenl. In the main zone, albite is
the most abundant mineral, with quartz in lesser
proportion, and some muscovite. Within the pegmatitic
bodies of greater thickness, a banding can be observed
in the central zoneo in which a coarse-grained rock
alternates with another of saccharoidal appearance. ln
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Ftc. 2. View of the pegmatite dikes with lenticular geometry (A). The pegmatir is hosted by phlogopitite (B) and
tremolitite (C).

the coarse-grained material, there are lamellar crystals
of "cleavelandite" with subhedral individuals of albite,
interstitial euhedral quartz, and muscovite plates. In the
saccharoidal facies, garnet and tourmaline abound.
Other accessory minerals are zitcotr, fluorapatite,
pyrite, ilmenite and pyrrhotite, all of which are
anhedral. All these minerals have been tectonized, as
shown by the curved plagioclase twins, wavy
extinction in quartz, and kinked flakes of flexured
mica. The plagioclase is partially sericitized, mostly
near the phlogopitite.

Owing to the peculiar geometry of the pegmatite
bodies, their iregular edges and imprecise contacts
with the country rocks, the presence of xenoliths, and
the coarse-grained nature of these rocts, samples
selected for a geochemical study are not totally
representative, as in all cases they are partially
contaminated by the host. Results of whole-rock
chemical analyses are shown in Table 1. The pegmatite
has Si, Al and alkali contents that are normal for this
type of rock; the high values for Mg and Fe are
attributed to the above-mentioned contamination.

The host rocks have a sharp contact with the
pegmatites atrd are of a micaceous nature. The mica is
phlogopite, and it is tle most abundant mineral in this

TABTT I. REPRESENTATTVE WHOE.ROCK COMPOSITIONS,
FRANOUEIRA SUITE

BOCKS Pegmat l to  Ph logo Tremo A l le rodMarum.  Gabbro
,  - ,  p l t l t e  l l t l t e  D u n l l s  D u n l t e

w lV .
S l O 2  7 4 . 8 0  4 4 . 1  8  5 6 . 9 7  4 8 , 2 2  3 9 . 8  4 2 . 2 6
A f 2 O 3  1 4 . 4 A  1 4 . s 9  4 , 7 6  3 , 0 7  0 . 0 4  2 1 , 7 5
F e 2 O 3  0 . 6 4  9 . 3 1  4 . 8 6  8 . 6 8  ? . 2 4  1 2 , 8 7
M g O  0 . 1  r  1 8 . 2 8  1 8 . 3 8  3 0 . 8 8  4 9 . 9 3  1 . 1 A
C a O  0 . 3 3  0 , 0 4  1 0 . 6 i  g . B l  o , O s  i 2 . 1 5
N a z O  5 . 5 8  0 . 2 8  0 . 2 5  1 . 1  1  O . O O  0 . 6 7
K z O  1 . 8 4  1 0 , 2 7  2 . O g  1 . 3 3  O . O O  O . 5 2
T l O 2  0 . 0 1  O , 4 4  0 . 3 2  0 . 1 2  0 . 0 0  0 . 6 2
M n O  O . 4 4  0 . 0 9  0 . 1 0  O . 1 2  0 . 1  I  O . 2 4
P z Q a  O . 1 2  O . 0 7  0 , 0 4  0 . 0 0  0 , 0 0  O . 2 " 1
c r 2 o s  o . o o  0 . 2 1  0 . 4 1  0 . 9 6  o . 4 2  o . o t
L O f  1 . 8 0  1 . 4 0  t . l o  2 , 2 0  2 . 5 2  1 . 9 0
T o t s l  9 9 . 9 5  9 9 . 7 9  9 9 . 8 8  9 9 . 7 7  1 0 O . i l  g 9 . g E

ppm
Ag
N I
Cu

L I
BA
S r
L a
Z r

1 0
2

1 5 1  6  1 2 2 0  n o d e t s  t 0
5 0 0  3 5 3  " t 5 4 7  2 5 2 0  1 2
2 9  3  4  4  2 4

C o  5  4 9  ' 1 2  6 9  n o d a t a  5
B e  t A  I A 4 nodala 20

2 4 7  5 6 8  1 7 3  2 2  n o d a t a  4 9
1 3 5  1 2 8 8  1 6 1  3 4  n o d &  t g g
3 2 4 1  8 0  2 9  0 . 0 0  4 s 4
1 8  6 1 9  2
t 0 2 1  2 9  5

no dala I I
n o d E t q  3 9 6

Tolal lDn as F62O3.
'Ohemlcal composltlon ot Dunlts iom lhe Marum Ophloltte (h Mlddlemost'1985) tor comparlsn slth Franquelra altergd dunna.



CHRYSOBERYL. EMERALD AND PHENAKTIE IN SPAIN 779

Ftc. 3. A: Mcroscopic view of phlogopite rock Crossed polarizers, 25x. B: Microscopic view of tremolite rock. The amphibole
(a) is intergrowttr with phlogopite (b) Crossed polarizers, 35x. C: Mcroscopic view of partially altered (serpentinized and
chloritized) dunite rock. Crossed polarizers, 35x. D: Microscopic view of chrysoberyl (alexandrite) (a), phenakite (b),
emerald (c), and apatite (d). Phenakite and skeletal corroded crystals of chrysoberyl are included in emerald,

facies (over 75Vo, ttp to 90Eo) (Fig. 3A). The visible
thickness ofthis rock is up to 3 meters and crops out
for at least 5 meters. The rock has a markedly lepido-
blastic texture, locally banded and crenulated. Where it
contains amphibole, its texture is, in part nernato-
blastic. The accessory minerals are chrysoberyl
("alexandrite"), phenakite, beryl (emerald) (Table 2),
tourmaline, gamet (mainly almandine), apatite (fluor-
apatile, 3.5 wt.Vo F) and zircon. No quartz has been
detected, except in one beryl crystal (we have analyzed
more than 20) in which two small inclusions (10 and
20 tt-) of qumtz and one of orthoamphibole were
found. The rock is partially cbloritized.

Chrysoberyl [Figs. 4A, 3D(a)] appears as subhedral
porphyroblasts isolated in the phlogopite, or as skeletal
intergrowths with emerald, phenakite and apatite. In
every case where cbrysoberyl and phenakite are found
together, they are replaced by beryl and appem as a
skeletal intergrowth with the emerald. The twimed
porphyroblasts, in size up to 1 cm across (Fig. 4A),
show the pronounced pleochroism and color change
(reddish color in lighl from an incandescent lamp,
greenish color in dayligh$ typical ofthe "alexandrite"

variety. Its average Cr content is 0.29 tnt.Vo Cr2O3 (five
crystals). Phenakite fFigs. 4C, 3D(b)] appears as
subhedral and colorless prismatic crystals up to 3 cm in
size. Phenakite is commonly associated with apatite
crystals tFrg. 3D(d)1, and also appears with
chrysoberyl and emerald. Beryl appears as euhedral
prismatic crystals up to 30 cm tFig. 3D(c)l across; their
intense green color and high Cr content (up to
0.2 wt.Vo; average, 0.L1, wt.Vo Cr2O3 in 11 crystals,
Table 2) give it its emerald-like character. It is the
latest Be mineral and replaces the chrysoberyl and
phenakite (Frg. 3D). Tourmaline is developed in the
contact between phlogopitite and the pegmatite. All
these minerals contain solid inclusions, mainly phlogo-
pite scales.

The widespread development and exlensive out-
crops of the phlogopitite enabled us to obtain repre-
sentative samples of this particular rock-type for
geochemical analysis (Iable 1). The major-element
whole-rock composition corresponds to neady pure
phlogopite. Concentations of Cr (0.21 wt.Vo Cr2O3)
and other trace elements, such as Ba, Li, Ni and As, are
relatively high.



780 TTIEcANADIANMTNERALoGIST

TABTE 2. SEI.TCTED RESULTS OF ELECTRON-MICROPROBE ANALYSES, MINERALS OF THE FRANQUEIRA DEPOSIT

Minerals o chr phtl phP phl3 Ty' Tr3 Hbl4 Chy Em Pk ln ce 1r'nd 1lrirn Fs An Grt Chu Alh

(Nd '8 ,4  20 ,7  10 ,5  8 ,4  10 ,5  10 ,5  8 ,4  11 ,5  9 ,5  15 ,11  9 ,5  3 ,1  2 ,1  4 ,1  4 ' 3  4 ,2  16 ' 6  22 ,10  1 ,1

so2 4032 oo1 4158 4253 41!9 5637 5435 4061 O 67f,2 5471 3750 3738 3755 5165 4404 3672 36.44 6392

TIO2 0.10 031 0.44 O.4O 057 0.15 006 035 0 O 0 0.12 027 048 021 002 0!3 332 0Ol

Aho3 a 779 1234 1270 14.13 2OO 2A5 1163 80.03 16.71 0 9150 3007 3053 040 34s4 20:t2 0 0!3

cr2o3 0 5550 0.70 0.71 0.13 043 0.15 Oi2 029 0.11 0 0!5 0.19 029 094 0 0.02 0!5 0

Fo2O3"'0 452 O O O 217 452 551 0 0 0 0 0 0 0 0 227 0 0

rc 13.11 2937 350 4.45 833 054 3A6 2286 A75 0:7't 0r,2 4$1 427 377 28:l 0A 2579 1't99 1.48

Mp 0.15 045 0r3 004 0.11 097 055 020 O 0 0 0.06 0.05 006 044 0 1.45 019 0jJ2

NO OO8 003 o 0 o 0 0 0 0 0 0 012 004 002 004 0 0 007 0.11

l\@ 4731 2s1 26.1s 2429 2OS5 22a7 F.17 290 O 1a7 0 9.15 1035 10.44 139 092 034 46.19 3046

@ a02 oo1 004 oo5 oo3 13.41 12.68 1158 o O 0 0A9 r93 199 101 1924 13!6 001 0.05

llazo ool o 006 0.13 026 036 0.45 056 O 1O7 OA2 ZJ7 187 172 0O2 077 0 0o1 0o9

l(2O O O 9.16 930 9o4 0OO 0.15 o.7O O a12 0 0O2 0O2 0O2 00 0O1 0 0O1 0

B e O " 0  O  O  O  o  0  O  O  1 8 8 8 1 3 2 3 4 5 3 0 0  0  0  0  0  0  0  0

HeO" 0 0 428 428 421 220 2.16 191 0 0 0 138r '1355 1311 00 0 0 0 0

Chr, chromlte; hornblsnd6;gyrrrgub r9r rwtr runrnlg [xrgrurJ aru ar(sr ^rgE trrwr.  vr,

C'hy, chrysoberyl; Em, eirerald; Phe, phonakita; Tui touimalino; Fs, fono8lllte; An, anorthile; Gn, garnot; Chu, cllnohumlto; Alh,
anlhophyllllo
r ln duntts.2 In trqmolltltas ln phlooopldto. 4 In Oabbro.I ln duntts.2 In trqmolltltas ln phlogopldte. 4 In gabbro.
'N: numbsr of polnB analysed. n: number ot crystals snalyssd.
"calculated by etolchlomelry.

The minerals previously described have been ana-
lyzed using an electron microprobe (Table 2).
Phlogopite from phlogopitite contain 20.65 wLVo MgO
and 0.13 vtt.Vo Cr2O3. tn ftemolitite and dunite, there
are also phlogopite scales with a high content of Mg

and Cr (Table 2). In thin section, the tourmaline is seen
to be zoned. Microprobe analyses indicates that the
tourmaline is dravite; Ti, Cr, Mg and Ca increase from
core to rim Cfable 2).

The phlogopitite gades into tremolitite, in which

c
B

FIG. 4. (A) Twinned chrysoberyl (alexanclrite) crystal. (B) Emerald crystal on phlogopite. (C) Phenakite crystal on phlogopite.
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pockets of phlogopite are ubiquitous. In the fiemolitite,
the rock is essentially composed of tremolite and has a
nematoblastic texture. Some phlogopite is invariably
present and locally, along dunite contacts, the ftemo-
litiie is rimmed by anthophyllite Qable 2) and titanite.
This rock unit is at least 6 meters thick.

The amphibole grains are subhedral and partially
altered to phlogopite and zoisite. Accessory minerals
include zircon, apatite and ilmenite. The rock is partly
altered to chlorite. Over a short distance (5 cm), the
hemolitite grades into an anthophyllite zone into
dunite. The major-element composition of the tremo-
litite (Table 1) corresponds to that of nearly pure
fremolite, except for Fe and K due to the presence of
some phlogopite. Relatively high concentrations of Cr
(0.41 wt.Vo CrrO3) and Ni (353 ppm) are observed.

Two populations of temolite are observed in the
tremolitite Qable 2, Fig. 5); one is more magnesian,
and the other one is more ferrous. In turn. the content
of Cr is greater in the magnesian variant. The latter
crystals are located near the dunitic rocks, whereas the
fenous variety is closer to the pegmatites.

The dunite outcrops only as relics about 1 meter
across in the tremolite rock. It has a dark color. is
granoblastic and has a very compact texture, and the
olivine is partially altered to tremolite and phlogopite.
This rock is composed chiefly of olivine; therefore, it is
considered dunite. Olivine @os6.6) forms a hypidio-
morphic, partially serpentinized and chloritized
aggregate. In serpentinized areas, some individual
grains are partially replaced by titanian clinohumitp.
Chromite is found as an accessory minslpl, usually
disseminated although occasionally forming small

0,@
5,75 6,25 

s l  
6 ,75 7 , 2 5 7 , 7 5

Fto. 5. Plot of the Mg/(Mg + Fe) value versu.s Si in calcic amphibole (adapted from
Irake 1978) for the different types of amphibolas at Franqueira. Host rocks are as
follows: A: phlogopitite. B: dunite. C: metasomatized gabbro. D: gabbro.

aggregates. There are also sulfides, genemlly filling
cavities: nickeline, maucherite and pynhotite, with
small quantities of pentlandite, westerveldite, millerite
and chalcopyrite.

The dunite (Iable 1) has an unusual chemical com-
position. The relatively high concentrations of silica,
4lgmin4, and alkalis in the dunite reflect partial
alteration. It contains over 33 wt.7o MgO, which
reflects its olivine-rich composition. As for trace
elements, the high contents of As, Ni and Co in this
rock stand out. The concentations of Cr and Ni in the
rock are around 0.13 wt.%o.The ratios of Ni/Cu (>50)
and Ni/Co (>10), are very high. The concentrations
of As also are high, and resemble those of Ni and Cr
(0.13 txtt.Vo). The alkalis or SiO, corrtent versas
ferromagnesian content of the dunite and pegmatite
represents end members in a sequence in which
phlogopitite and tremolitite are intermediates.

The relatively Fe-rich nature of both olivine and
chromite in the dunite Clable 2) probably reflect
re-equitbration during Hercynian metamorphism. In
terms of mg# and MnO content, the olivine at
Franqueira is distinctly less magnesian than mantle
olivine and overlaps olivine from alpine ophiolites
(Frg.6).

The compositional characteristics of the spinel
grains analyzed with the microprobe agree well with
those from the Moeche mafic suite [Cabo Ortegal
Ophiolitic Complex: Montemrbio (1991)1. As with
spinel compositions from other mafic complexes in the
Hercynian Orogen of the Iberian Peninsula (Herbeir4
Ordones and Badajoz), they plot in the fleld of residual
peridotite and ophiolitic rocks, as defined by Jan &
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0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94
Mgl (Mg+Fe)

Ftc. 6. Diagramfrom Scambelluri et al. (1,991) and projection on their graph of Franqueira
olivine and titanian clinohumite. Note that both minerals have less Mn. but the same
Mg and Fe relationship, as the minerals from Alpine ophiolites. Mantle olivine shows
very different values.
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FIc,7. Diagram fromJan &Windley (1990) showing the projection of spinel compositions

from Franqueira (this study) and Herbeira, Moeche, Badajoz, and Ordenes
(Montem$io 1991). Most of the data project in the field of residual peridotite and
ophiolitic rocks.

0.7
:s
s 0.5
o
c
E

0.1

N
tI[r
m

Franquglra olhlno

Fnnqueln tlhnlan cllnohumlb

HantleolMne

Tttanlan cllnohunlb ln
alp!rc assombhges

OlMno ln alplns assembhgas

Cr



CHRYSOBERYL. EMERALD AND PHENAKTIE IN SPAIN 783

FIc. 8. Plot of t frt - Xif for the chromite-bearing ultramafic
ophiolitic rocks of ftre Variscan Massif. Symbols as in
Fig.7.

Windley (1990) @g. 7) and Xifl (= MclxR'z) - r8J
(= CrDR3+) Grg. 8). Neverth6less, the spinel at
Franqueira is Cr-rich relative to spinel in the other
complexes.

The chemical composition of titanian clinohumite
from Franqueira is close to the theoretical composition
of this mineral. The titanian clinohumite at Franqueira
(Figs. 6, 9) corresponds to that found in alpine peri-
dotites. It can be deduced from the microscopic study
that its formation is, possibly, simultaneous with that
of the serpentine replacing olivine.

The phlogopite present in the dunite is richer in Mg
and Cr than phlogopite from phlogopitite and tremo-
litite. The results of electron-microprobe analyses
allow us to distinguish three types ofphlogopite, which
in tum correspond to specific stages within the peto-
logical sequence. The phlogopite present in the dunite
is the richest ir Mg (26.L9 wt.Vo MgO) and Cr
(0.7 wt.Vo CrrO); phlogopite related to tremotte is
somewhat poorer in Mg Q4.23 wt.7o MgO), with
practically the same content in Cr. Phlogopite located
near the pegmatite body has a lower Mg content
(20.65 vtrt.Vo MgO) and Cr (0.13 wt.Vo Cr2O). Beryl,
chrysoberyl and phenakite of gemmological interest
appear in the last facies.

s
*jc,
o*
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0,72 0.76 0.80 0,84 0.88 0.92 0.96

MgO/(MgO+FeO+Mn0)
Ftc. 9. Diagram adapted from Gaspar (1992) showing the composition of titanian

clinohumite samples from Franqueira.
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Several outcrops of amphibottized gabbro resemble
the duniie because of a dark color and granoblastic
texture where it occurs between the phlogopitite and
fremolitite. The gabbro is possibly related from a
genetic point of view to the dunite, as a rock of the
ophiolitic sequence. On the basis of contrasting
mineralogical compositions, the metasomatism
affecting the gabbro is believed to differ from the
metasomatism affecting the dunite.

The gabbro is composed of calcic amphibole (Mg-
rich hornblende, Fig. 5), and plagioclase (&D,
which appears either intergrown with the amFhibole or
as part of a mosaic, with ferrosilite and quartz.
Accessory minerals include ilnenite, rutile and zircon.
This igneous rock is cross-cut by granitic pegmatite,
which produced in it a second association consisting of
calciferous amphiboles (tschermakite and iron-rich
homblendes, Fig. 5), with almandine, zoisite, titanile
and albite.

Partially metasomatized amphibottized gabbro
(Table 1) may be slightly contaminaled by phlogopite
and tremolite. but because the rock is fine to medium
grained, we believe our whole-rock data are represen-
tative. The hornblende gabbro is poor in Si, rich in Al,
Fe, Ca and P, and poor in alkalis. Trace elements such
as Yo Zr, La and Sr show anomalously high s6assa-
trations. Inclusions of zircon in hornblende produce
pleochroic halos. In the gabbro, the most common
alteration is phlogopitization and biotitization.

From the chemical composition of the amphiboles
(Table 2), two large groups have been distinguished:
orthoamphiboleo corresponding to anthophyllite, and
two t)?es of clinoamphibole. In both associations,
amphibolitized gabbro and metasomatized gabbro,
the more abundant minerals are the clinoamphiboles.
All belong to the homblendes (magnesian, ferrous,
tschermakitic and pargasitic, Fig. 5), Mg-rich hom-
blende in the gabbro and Fe-rich in metasomatized
gabbro.

Finally, in the hornblende gabbro facies, other
mineral phases coexist with the hornblende, such as
tourmaline (dravite), garnet (Alm 57.8Vo, Grs 30.6Vo,
Sps 3.3Vo, Adr 6.9Vo, Prp L.4Vo, uvarovite 0.06Vo),
anorthite (Angl.l) and ferrosilite, the composition of
which is shown in Table 1.

Snr,t:r,an Dposns n rrm Wonr-u

Formation of emerald ores requires special geolo-
gical conditions to bring chromium and beryllium
together. On the basis of this fact, Snee & Kazmi
(1989) proposed that emerald ores will appear in three
geological settings: (1) suture zones, (2) granite--
greenstone terranes and (3) shale/metashale asso-
ciations.

Of the emerald deposits of interest in which the
same mineral association appears, the most outstanding
examples are Tokovaya (Urals, Russia), described in

Sinkankas (1989) and Laznicka (1985), and the
Habachtal deposit (Ausftia) (Sinkankas 1989), both of
suture-zone type. The emerald deposits of Brazil
described by Giuliani et al. (1990) and Sotza et al.
(1992), and the ones in Zimbabwe with the sane para-
genesis, and in Tanzania, without phenakite (Sinkankas
1989), belong to the gran:ite-greenstone type (Snee &
Kazmi 1989).

The Russian emerald - chrysoberyl - phenakite
district, which shares the same geological setting as
Franqueira, consists of tlree zones: the Westem zone is
composed of granites; the Central zone contains
serpentine, phlogopitite and fiemolitite, in which small
lenticular bodies of peridotite are included. This zone
contains the emerald. The Easiern zone is composed
of basic and ulnabasic rocks. According to Fersman
(L929), the formation of the Cenfral zone is the
result of the pinching and compression of the rocks
between the granites of the Western zone aud the basic
and ultrabasic rocks ofthe Eastern zone. The formation
of new minerals is due to the contribution from both to
the Central zone, especially a pegmatite intrusion from
the granites of the Weslern zone. The subsequent
chemical activity altered these rocks and, owing to the
introduction of a broad variety of new components
(among them, rare elements), caused the formation of
up to 80 mineral species. It is here that chrysoberyl
(alexandrite) and phenakite were described for the fust
time. According to Vlasov & Kutakova (1960),
emerald is found in phlogopite-rich zones (phlogo-
pitite).

FLup-Il lcr,ustoN Sruors

The study of fluid inclusions in emerald and
phenakite has the potential to provide valuable infor-
mation on the conditions of metasomatism around the
pegmatite. Fluid inclusions in chrysoberyl are scarce,
and where observed, are too small (less than 1 Um) for
study.

Emerald and phenakite have a significant number of
inclusions isolated or in groups; these are interpreted as
being primary. Other inclusions related to fractures
are classified as pseudosecondary or secondary, on tho
basis of criteria of Roedder (1984). Inclusion mor-
phology is equally variable, being roundd elongate,
tubular, subhedral negative crystal or irregular. The
size of the inclusions studied ranges from 5 to 60 lrm
across @g. 10).

One hundred and twenty-five fluid inclusions have
been selected and studied in the fwo minerals. In all
emerald and phenakite crystals studied (more than 10),
fluid inclusions have the same morphological charac-
teristics and volumetric relations.

Three types of inclusions have been identified
(Figs. 10A, B): Type-l inclusions: Complex CHo-
bearing aqueous inclusions (H2G-NaCl{Ho and other
volatiles). These show two phases (mainly H2O L and
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Ftc. 10. A: Complex CO, aqueous inclusions (type 2) in emerald crystals. Crossed polarizers, 45x. B: Complex CHo aqueous
inclusions (type 1) in emerald crystals. Crossed polarizers, 45x.
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CH+ 9 atroomtemperature. The vaporphase occupies
between ?-0 alLd SOVo of. the total volume of the
inclusions @g. l0A). These inclusions, the most
representative ofthe emerald and phenakite, are found
distributed in groups, isolated or in microfractures.
We consider them as primary or pseudosecondary
inclusions. Type-2 inclusions: Complex CO2-bearing
aqueous inclusions (H,O-NaC1-CO, and other
volatiles). These inclusions contain two phases (mainly
H2O L and CO2 V) at room temperature and show
volumetric proportions Vg/Vt (vapor volume/total
volume) br-low 50Vo (Fig. 10B). These inclusions
appear only in the core of emerald crystals and have the
same distribution as the Type-l inclusions, but are less
abundant. Type-3 inclusions: Mixed-salt aqueous
inclusions (H2O-NaCl and other salts). These show
two phases (H2O L + H2O D at room temperature in
which the vaporbubble occupies less fhan 107o. These
inclusions are found in the two minerals and are
relativd scarce and secondary in character.

On each fractureo the inclusions have similar volu-
metic ratios and chemical compositions, suggesting
that the almost continuous fracturing was accompanied
by an evolution in the nature of the mineralizing fluids.

However. the inclusions that occur in clusters within
the core of the emerald may correspond to the type-l or
type-2 inclusions. Some inclusions show necking-
down and evidence of leakage, and so were not
analyzed, since they could give anomalous micro-
thermometric results. Volumetic ratios are constant
except where altered by these processes.

The inclusions commonly contain crystalline solids,
interpreted to be trapped mechanically at the moment
of inclusion formation. The number and size of these
solids are variable, in such a way that the ratio of
volume of solids to total volume can reach 30Vo. T},rc
crystals are hexagonal, prismatic or completely
anhedral, being transparenl colorless, and at times
birefringent. They may correspond to phlogopite,
emerald or phenakite, among others. The variable
ratios of the volume of such solids to the volume of
the fluid phase, together with the fact that some of the
inclusions contain no solid at all, suggest that the
crystals are not true daughters but were accidentally
trapped.

The microthermometric results are summarized in
Table 3. and the behavior of the fluid inclusions during
heating-freezing experiments is described below.

TABLE 3. MICROTHERMOMFTRC RESULTS ON EMERALD
AND PHENAKITE SAMPLES

samples typ€ No TmCO2 TmICE TmHyd ThCOZ ThCH4 Th

Effi@cdd I 39 _- -3 to -5.2 'l 
1.5 to t 9 -82 to -90 L

-83 to -t 06 G
3 1 8 t o 3 6 9 !

354 G

320 to 378 L

381 G
381 C
1 6 0 t o 2 4 5 1

Emlorald 2 31 -60.8to -3to-7 11.9to22 '11.2to

-62.1 10G

E rrcfald 3 7 -1 .3 to -23

P[r60!ddto t 40 *- -3.5 to -5.2 't 4.8 to 18.3

F[iendhto 3 8 '2.1to'11

-88.6 to-'109 L 322,to 350 L
-86 to -l 06 G 363 to 373 G
-86.7 to -89 C

1 9 3 t o 2 6 5 L

Tm: meltlng tsnperature. Th: homogenization temperaturo. L: llquid, G: gas, C: crlgcal.
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Type-l inclusions

These inclusions were cooled to --170'C. After
cooling and on warming, the CHa liquid and vapor
phases homogenized either into the vapor (V), liquid
(L) state or with critical (C) behavior at temperatures
ranglng from -83 to -106'C into V and from -82 to
-90oC into L phases in the emerald, and from -86
to -106'C into V, -88.5 to -110.5'C into L, and -86.5
and -89'C into C phases in the phenakite. In general,
all inclusions homogenized (Th CHa) at temperatures
below the critical temperature of CHa (-82.1'C,
Bumrss 1981). As a significant number of inclusions
(7) found in phenakite have critical temperatures of
homogenization slightly lower than the critical
temperature of CHa, some others components are
dissolved in the CHa phase. The most likely dissolved
component is COr, as CO2 is known from inclusions
within emerald (Souza et al. 1992). However, the
possibility of gases such as N2 and other hydrocarbons
and volatiles ca:rnot be ruled out, and is being tested
uging laser Raman and bulk chromatographic analyses.

The CHa homogenization temperatures for those
inclusions that homogenized into the vapor, liquid and
critical phases may be used to calculate an estimate of
methane densities using the data of Zagoruchenko &
Zhuravlev (1970) for the CHa system. The densities
calculated are variable and range between 0.005 and
0.034 glc#. The formation of ice or hydrate (or both)
could affect the measured density of CHa because the
molar volumes of both water ice and CH, hydrate are
greater than the same mass of H2O. The resulting
conffaction in the volume of the CHa fluid phase would
result in an increase in its density. This effect
would shift the measured Th CH4 to higher lempera-
tures than those in a water-free inclusion.

The temperature of initial melting, where measur-
able, was found to be mostly around the stable eutectic
for the system NaCl-H2O, -20.8"C @otter & Brown
1977). These results suggest that the aqueous solutions
contain malily Na cations in solution, and belong to
the system HrO-NaCl. The exclusion of NaCl from the
sfructure of the clathrate results in artificiatly high
salinities in the aqueous phase of the inclusions where
CHa hydrate is present. Thus, measurement of the melt-
ing point of ice yields erroneously high values of. wt.Vo
eq. NaCl. The interpretation is further complicated by
the presence of CO2 and other volatiles in the CHa
phase. Although the use of wt.Vo eq. NaCl in such
inclusions seems inappropriate, the overestimate of the
salinity based on final temperature of ice melting, with
reference to the system H2O-NaCl @otter et al. 1978),
ranges between 5 and 8 wt.7o eq. NaCl.

Temperafures of total homogenization range from
318o to 369'C in the liquid state and from 354o to
373'C n the vapor state. Some of the measured
inclusions decrepitated before total homogenization
was achieved.

Type-2 inclusions

The complex COz - H2O inclusions show two
phases at room temperature, one aqueous phase and
one carbonic phase composed of CO, vapor. During
cooling, the two-phase inclusions in some cases
transform into tbree-phase inclusions (H2O L + CO, V
+ CO2 L). The type-2 inclusions were cooled to
--170"C. During cooling, the aqueous liquid phase of
these inclusions freezes at temperatures above -35oC,
and small amounts of the clatbrate form around -45oC;
the formation of CO, L and CO2 V phases was
observed in some inclusions, and these carbonic phases
freeze at temperatures above -100'C. The melting of
solid CO2 has been measured to be between -60.8o and
42.1"C. These melting points indicate the presence of
significant amounts of another component (e.9., CHq,
Nr, among others) dissolved in the CO2 phase
(Hollister & Bumrss 1976). It is not possible to
estimate an equivalent mol. Vo CHa value for these
inclusions because the presence of H2O leads to
clathration.

The temperature of the lrst observable melting of
ice is invariably above -20.8'C. The salinity of tle
aqueous phase, expressed in terms of wt.Vo eq. NaCl,
cannot be calculated using the melting temperatures of
clatbrate, because the equation of Bozzo et al. (lW3)
can be used for Tm clathrate between 0 and 10'C.
However, salinities were overestimated approximately
from the Tm ice values and the formulae proposed by
Pottsr et al. (1978) for the system H2O-NaCl, and were
found to range from 5 to 10.5 wt.7o eq. NaCl.

The homogenization of the Colrich phases occurs
between -11,2" ard 10.2"C into the vapor state,
indicating that the enclosed carbonic phases have a low
density (0.07 and 0.L4 glc#). Most of the total
homogenization occurs between 320o and 378'C into
the liquid state, and only two inclusions homogenized
to 381'C, into the gas and critical state, respectively.
This degree of variability in pattern of homogenization
can be explained by small diffetences in the bulk
composition of the fluid.

Type-3 irrclusions

Temperatures of first melting of ice vary between
-45o and -55oC; these temperatures are lower than the
eutectic temperature of the H2O-NaCl syslem @otter
& Brown 1977). Forthis reason, the inclusions proba-
bly contain cations in solution such as C&+,M{+ and
K+ in addition to Na+ (Crawford et al. 1979, Cravrford
1981). The final temperature of melttng of ice ranges
between -2.1 and -23'C. Taking into account these
temperatures and the experimental data of Potter et al.
(1978) for the system II2G-NaC1, an overestimate of
the salinity ranges from 3.5 to %[.7 wt.7o eq. NaCl.
Homogenization temperatures range between 160' and
265"C i^to the liquid state. With reference to the
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ftc. 1 l. Th-Tm ice diagram from Franqueira fluid inclusions.
Two hydrothermal stages can be distinguished. The first
hydrothermal srage was characterized by the cirbulation
and trapping oftype-l and type-2 inclusions, circulating at
minimum temperatures of between 3l8o and 381"C. The
characteristics of type-3 inclusions, showing lower
temperatures of homogenization, variable salinit5r, and
solutions containing several cations, suggest an indepen-
dent episode of fluid circulation.

T-salinity graph of Bodnar (1983), tle density of
the type-3 inclusions varies between 0.9 and
1.15 g/cm3.

In order to define the hydrothermal evolution of the
fluids trapped in the emerald and phenakite samples of
the orebody, the homogenization temperature and the
temperature of final meltrng of ice for the tbree types of
inclusions have been correlated (Fig. 11). In a graph
of Th versus Tm ice. the fluid inclusions can be
grouped as follows: at temperatures between 318 and
381'C, inclusions of type I formed in the emerald
and phenakite samples, and only type-2 inclusions
occurred in fhe core of emerald crystals, with Tm
ice between -3 and -:7"C; at temperatures between
160 and 265"C, t14re-3 inclusions occurred in the two
minslals, with Tm ice data varying between -2.1 and
-23"C.

From the above microthermometric data clearly no
great differences exist ?mong the fluid inclusion
populations of emerald and phenakite, and two discon-
tinuous hydrothermal stages can be distinguished. The
first hydrothermal stage was characterized by the
circulation and trapping of aqueous fluid with volatiles
represented by the trye-l and -2 inclusions (complex
CH4-{O2 aqueous inclusions), with salinities below
l0 wt.Vo eq. NaCl, a low density of bubbles, at
minimum temperatures of between 318' and 381"C.
The lithostatic or hydrostatic pressnre was sufficient to
prevent boiling.

The fact that fluid inclusion of types I and 2 have
high temperatures of homogenization into liquid and,
less commonly, the gas and critical states, similal
values in salinity, with some of them being primary and
pseudosecondary in character, means that these
inclusions may be considered to be contemporaneous.
This suggests a stage of heterogeneous entrapment
(immisqilility) in the system Hro - NaCl - CHa - Co2
- other volatiles. The magmatic fluids from the
pegmatite may have reacted with the host rocks or with
other solutions of a different nature (metamorphic,
connate or meteoric waters) to give rise to solutions
trapped as fluid inclusions in the emerald and
phenakite.

The characteristics of type-3 inclusions (secondary
character, a lower temperature of homogenization, and
lack of CHa, CO2 and other volatiles, variable salinity,
and presence of several cations), suggest an inde-
pendent episode of circulation of hydrothermal fluid
during later tectonic events. Thus, the second
hydrothermal stage is considered to correspond to the
circulation and trapping of aqueous solutions of
salinity below 24.7 wt.Vo eq. NaCl, containing cations
such as C*+, xlg2*, K+ and Na+, among others,
densities ranging 0.9 to 1.15 glcfr, at minimum
temperatures of trapping rangrng from 160 to 265C.

The different physicochemical characteristics found
between the first stage and the second are probably due
to circulation and mixing of fluids with different source
(magmatic, 6s1am6rphic, connate and meteoric
waters). However, to confirm this hypothesis, it will be
necessary to carry out stable isotope studies.

CorwenrsoN wmr Lrrm.aruns Dara
oN FLI'ID INclusroNs [{ EN{ERALD

There are many references to fluid-inclusion studies
from various types of emerald deposits (e.9., Barros &
Kinnaird 1985, Barros 1986, Kupriyanova & Sokolov
1984, Mendes & Svisero 1988, Ottaway et al. 1986,
1994, Schwarz & Mendes 1985, Souza et al. 1992,
Giuliani et al. 1995), althougb the results obtained me
disparate owing to the different geotectonic conditions
of formation. These studies show that there is a great
variability in temperatures and pressures, and the
inclusions may be aqueous fluids rich in CO2 and other
volatiles or aqueous solutions containing NaCl and
other chlorides with very different salinities. ln
addition, isotopic studies show that the aqueous fluids
associated with emerald may be predominantly
meteoric, metamorphic or magmatic in origin, as well
as connate waters, e.9., brines derived from evaporitic
sedimentary sequences. (Ottaway et ol. 1995).

Only a few references offluid inclusions in emerald
mention the presence of CHa. This type of inclusion is
important in emerald of the Franqueira ore and
distinguishes these crystals of emerald from the other
emerald ores in the world. Nevertheless. the fluid-

E m e r a l d
Type 3
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inclusion studies of Brazilian emerald (Souza et al.
1992) show that from a morphological point of view
(obe-like, canal-shaped, and geometric cavities), the
emerald crystals of Franqueira and Brazil are similar.

Guverrc Moom,

In order to explain the genesis of this type of
deposit, the possible origin of each one of the different
rocks will be discussed.

The presence in the northwestern sector of the
Iberian Peninsula of the Ordenes, Braganza and Morais
complexes, all of which are overtlrusted, ophiolitic
(Barrera et al. 1989) and dunite-bearing, leads us to
propose that the dunite and hornblende gabbro
considered here belong to a remnant ofperidotitic and
gabbroic rocks from the overtlrusted complexes. The
compositional characteristics ofthe spinel, olivine and
titanian clinohumite analyzed with the electron micro-
probe @gs. 6-8), coincide with those analyzed by
Montemrbio (1991) in the Ordenes and the Cabo
Ortegal Complexeso and the olivine is typical of alpine
peridotite. Later, during the intrusion of the Hercynian
granites, the dunite and hornblende gabbro could have
remained in the roof zone of the peraluminous hetero-

geneous two-mica granites, which normally have a
suite of associated pegmatite bodies.

These pegmatites, in contact with the dunite and
Be-, B- and P-rich fluids, caused metasomatic adjust-
ments, with the corresponding transformation of
the dunite to phlogopitite and nemolitite near the
pegmatite bodies @g. l2). In the zones closest to
the pegmatite, the dunitic rock was transformed
entirely (in response to watero Si, Al and K from the
pegmatite) into a rock made up for the most part of
phlogopite. In the zones farthest from the pegmatite,
where only Si and H2O were introduced ftom the
pegmatite, the dunite was transformed into ftemolitite.
Close to the dunite, orthoamphibole (anthophyllite)
was formed. The Mg and Cr of these rocks were
provided by the dunite.

The addition of boron and P formed tourmaline and
abundant apatite in the metasomatic facies, with
phlogopite. In the zones closest to the pegmatite, the
Be spreads out in the system and first developed
chrysoberyl ("alexandrite") and phenakite porphy-
roblasts, isolated or both intergrown in the phlogopi
tite. Subsequently, beryl porphyroblasts developed and
partially replaced the other two Be minerals.
Invariably, where chrysoberyl and phenakite are
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Frc. 13. Schematic genetic model of the Franqueira gemstone deposit.
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together, they are replaced by beryl and appear as a
skeletal intergrowth within the emerald. The fact that
chrysoberyl formed early is probably due to the fact
that this mineral and olivine have the same type of
crystal structure; therefore, the growth of chrysoberyl
could be favored by a decrease in fhe energy threshold
necessary for epitactic nucleation on olivine relics
during the phlogopitization of the dunite, always with
tle appropriate activity of Si. The presence of
orthoamphibole inclusions in emerald crystals could
represent olivine, which is transforrned owing to the
presence of H2O.

A thermodynamic approach to the evolution of the
beryllium mineralization of Franqueira can be made on
the basis of the equilibrium model in the
tseG-Al2Q-SiO2-H2O system developed by Barton
(1936). Fluid-inclusion data give us temperatures of
formation much lower than those corresponding to the
stability field of chrysoberyl + quartzo and close to
the euclase = beryl + phenakite + cbrysoberyl join.
The absence of euclase indicates a minimum range of
temperatures and pressures, corresponding to a P of
4 kbars and a T rangmg from approximately 350'C
(for P = 1 bar) to about 450'C (for P = 4 kbars), in the
stability field of andalusite. The pressure in the system
must have been, in fact, much lower than 4 kbars,
because the mineralization is formed as a result of
contact metamorphic - metasomatic processes.
Pressures in the order of 1-2 kbars and temperatures of

EXOMETASOMATISM

about 38G-420oC are proposed, rrhich are consistent
with the fluid-inclusion data.

Some of the emerald crystals could have forrned
according to the reaction beryl - phenakite +
chrysoberyl + quLartz @arton 1986), until ths exhaus-
tion of quartz. Skeletal remains of phenakite and
cbrysoberyl appear in emerald crystals. In tle bulk of
the phlogopitite, there is no quartz. Only two small
remnants of quartz (20 and 10 t-) included in one
emerald crystal were observed. However, these
considerations must be evaluated with care, because
the results of Barton (1986) for this reaction were
obtained in dry experiments with pure quartz and
Be-minerals, and in relation to the stability fields of the
Al2SiO5 polymorphs with the assumption that
aluminum is relatively immobile. At Franqueir4 the
mineralization consists essentially of phlogopite, and
most of the Si and Al present in the system are involved
in its formation. The evolution of the mineralization
appears to be connolled by the addition of water, silica'
alrmina and Be to the system, in nonequilibrium
conditions. The role of minor elements present in
phlogopite and Be-minerats in relation to the stabiliza-
tion of these phases also cannot be neglected. The
content of alkali metals in the emerald suggests an
activity of beryl clearly lower than 1.

It is evident that in the Franqueira deposit, Be oxides
are replaced by Be silicates. This implies increasing
activity of silica assuming a negligible decrease in
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temperature during the two main stages of mineraliza-
tion, as can be inferred from fluid-inclusion data. A
projection in terms of silica activity (as log m"os16) -
temperature showing a path consislent with this
assumption can be seen in Figure 12. A log hH4sioc
ranging between -1.6 and -2.0 is infened for the
assemblage present at Franqueir4 assuming a total
pressure of I kbar and an activity of beryl equal to 0.1 .

Thus, the model proposed (Fig. 13) to explain the
genesis of the Franqueira gemstone deposit is based on
a metasomatic interaction between dunite and granitic
pegmatite. Between both rocks, a zone of chemical
interchange is established in which the most important
contribution is from the pegmatite to the dunite
(exometasomatism), whereas the contribution from the
dunite to the pegmatite is not important. According to
the fluid-inclusion data, the fluid involved was
complex in the system HrO-NaCl-COr-CHo- ..other
volatile". The formation of the beryllium minerals took
place around 400oC from a heterogeneous fluid (under-
going immiscibility) trapped as rype-l and -2 fluid
inclusions. The characteristics of type-3 inclusions
suggest an independent episode of fluid circulation
owing to the development of hydrothermal cells during
later tectonic events.

The conditions of geological formation of the
Franqueira deposit lead us to include it in the Suture
Zone group (Snee & Kazmi 1989), in which the Cr-rich
mafic rocks were overthrust onto continental crust and
subsequently cross-cut by Be-rich granitic pegmatite.
This is the first cited locality in the Hercynian belt with
the association of emerald, chrysoberyl and phenakite.
The presence, in the Galicia - Tras os Montes zone of
the Iberian Massif, of a number of ophiolitic overthrust
complexes that are cross-cut by pegmatite-bearing
granites, some of them rich in beryllium minerals,
gives it special interest as a potential source of emerald
and chrysoberyl ("alexandrite"). The Franqueira ore
increases tle interest of tlte zone for prospection of
new ores with the same characteristics.
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APPEN'DX:
ANaryucer Tecwrqrms

The mineralogical study of this rock has been made
using transmitted and reflected-light polarizing micro-
scopes, refractometerso electron microprobe (with
international standards) and scanning elecfion
microscopy. For mineral idenffication, we also used
X-ray powder diffraction, especially for fluorapatite,
emerald, phenakite and chrysoberyl. The philips pW
1729/1710 diffractometer was used with CuKa radia-
tion at 40 kV and 30 nA.

Whole-rock and trace-element analyses were per-
formed in Canada at ACME Analytical Laboratories
Ltd. Concentrations of SiOr, Al2Or, Fe,O, (as total
lon), MgO, CaO, NqO, K2O, TiO2, p2O5, MnO,
CrrO3, LOI, Ba, Sr, Zr, Y werc established-by ICp.
Samples (0.2 g) are fused with l.Z g of LrBO2and are
dissolved in 100 mL 57o HNO2. fhe dslecfion limits
areo for all oxides 0.0l%o,for Sr and Y, l0 ppm, for Z,
20 pm, for Ba, 5 ppm. Concentrations of As, Ni, Cu,
Co, Be, Li and La were established by ICp. gamples
(0.5 g) were digested with 3 mL 3-1.-2
HCI-HNO3-H2O at 95'C for one hour and were
diluted to 10 mI. rvift water. The detection limits are:
As, Ni, Cu, Co, Li, La 2 ppm, Be 0.2 ppm. Sample
preparation was performed at the University of Oviedo.
Five kg of rock were reduced to 3-4 mm bv crushino
and 10-0 g were pulverized t" 

"ir"JiiO';;;;';mild steel to minimize Cr contamination.
The most important minerals were analyzed with a

CAMEBAX SX50 electron microprobe. In all cases,
the standard deviation of results is less than 5Zo.
Concentrations of the light elements have been
calculated by stoichiometry. Electron-microprobe
analyses were performed at the University of Oviedo.
The beam conditions were L5 kV and 15 nA: the data
were ZAF-corrected. The following international
standards were used: ALBI, ORTH, ALBI, FE2O,
MNTI, ANDO, McO, CR2O, MNTI, NIO. The derec-
tion limits were 0.03 wt.Vo for Ni, Mn; 0.02Vo for Fe.
C1 Ti, Al, and 0.0l%o for the others.

Microtherrnometric studies of fluid inclusions were
performed on 300-pm thick plates using a microscope
equipped witl a UMK5O Leitz obiective and a

Chaixmeca cooling and heating stage (Poty et al. 1976)
in the Laboratory of Geology of the University of Las
Palmas (Spain). The stage was calibrated according to
the procedures outlined by Poty et al. (1976). Most
populations of fluid inclusions could not be distin-
guished on the basis of room temperature Q2to25"C)
observations. Most inclusions were cooled below
-140oC, in order to check for low-temperature phase
changes. In all cases, freezing measurements were
completed before the inclusions were heated above
25'C. The following phase-transition temperatures
have been measured: Tn ice, Tn hyd CHo, Tn clath,
Tn CO2, Tm CO2, Th CH4, Th CO2, Te ice, Tm iceo
Tm hyd, Tm clath and Th [microthermometric
abbreviations after Roedder (1984)1. Estimates of the
precision of individual measurements were made by
repeating inclusion runs. Precision varied from t0.l"C
for Tm to t2oC for Th. The dark borders ofthe cavities,
high volumetric ratios and small sizes of some inclu-
sions makes microthermometry ditficult, particularly
in the measurements of Th CO2, Th CHa and Th data.

Gas hydrate was detected in the inclusions by tne
presence of a double freezing event during cobting
(hydrate and ice; Collins 1979). However, as only
amounts of hydrate fonned, it rvas impossible to
observe hydrate melting directly. In order to determine
the melting temperature of the hydrate as accuraiely as
possible, a freezelrefreeze technique was used
@oedder 1962). This technique involves raising the
temperature of the inclusion to a fixed point (e.g.,
10"C) and then freezing it again rapldly. If any solid
clathrate remains in the inclusion, a solid phase will
grow back immediately on cooling, resulting in
shrinkage and "squashing" of the vapor bubble. When
a temperature is reached at which no further deforma-
tion of the vapor bubble occurs on quenching, then the
hydrate has melted. Using this lecbnique, hydrate
measurements were made with a precision of 10.5.C.
As will become clear from the salinity calculations, it
is necessary to determine the melting point of the
hydrate as precisely as possible.


