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Framework and evolution of Hercynian mineralization
in the Iberian Meseta "

By
L. J. G. SCHERMERHORN *
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Resumo: O ciclo hercinico, que comegon no Precimbrico superior e terminou no final do Paleozdico, estd associado na
Peninsula ibérica com a deposi¢iio duma grande variedade de jazigos minerais metilicos e ndo-metilicos. Os mais famosos sho
o8 sulfuretos de metais bisicos da Faixa Piritosa Ibérica (incluindo Rio Tinto e outros jazigos). o estanho, o volirimio (Panasqueira)
¢ 0 merciirio (Almadén).

A fase deposicional do ciclo hercini izou-se pela acumulagio de depdsitos minerais singendticos, resultando do
jogo de scontroless paleogeogrificos, sedimentares e volcdnicos. Subsequentemente, durante e depois da fase orogénica, formaram-se
minerais epigenéticos como produtos da actividade ignea, na sua maior parte por deposigio directa de liquidos de origem magmdtica
e também, indirectamente, em consequéncia da activagio térmica de rochas pre-existentes. Em ambas as fases o magmatismo
féi‘l.a:;:jo foi 0 agente dominante da mineralizagdo, tanto para os depdsitos vulcanogénicos de maior importincia como para os jazigos
plutdnicos.

O dmbito e a evoluglo da mineralizagdo hercinica definem-se pelo quadro geotectdnico intraplaca da Meseta e pelo desen-
volvimento paleogeogrifico e estrutural da mesma, modificado por factores regionais o locais, sendo os mais importante o transporte
vulednico e plutdnico de calor e de material.

Distinguem-se provincias e periodos metalogenéticos, definem-se metalotectos ¢ discutem-se as possiveis origens dos
clementos metilicos introduzidos.

Abstract: The Hercynian cycle, starting in Late Precambrian times and terminated at the end of the Paleozoic, is
associated in the Iberian Peninsula with the deposition of a wide variety of metallic and nonmetallic mineral resources. The most
famous of these are the base-metal sulphides of the Iberian Pyrite Belt (Rio Tinto and other deposits), tin and tungsten
(Panasgueira), and mercary (Almadén),

The depositional stage of the Hercynian cycle saw the accumulation of syngenetic mineral deposits, resulting from the
interplay of paleogeographical, sedimentary and volcanic controls, During and after the following orogenic stage epigenetic
minerals originated through magmatic activity, mostly as direct deposits from magmatic-derived fluids and also indirectly
through thermal activation of existing rock. In both stages felsic magmatism was the dominant agent of mineralization, both for
the more important volcanogenic and for the plutonic mineral deposits,

Framework and.evolution of Hercynian mineralization are defined by the geotectonic intraplate — not plate-margin —
setting of the Meseta and by its paleogeographical and structural development during the cycle, modified by regional and local
factors, foremost among which are volcanic and plutonic heat and mass transfer. -~

Metallogenetic provinces and epochs are distinguished, metallotects outlined and possible sources for the introduced
ore elements discussed.

1. INTRODUCTION Paleozoic (fig. 1). The Iberian Meseta, or Hesperic
: Massif, occupying a large part of the Peninsula,
The Iberian Peninsula is well endowed with was consolidated during the Hercynian orogeny.

mineral resources, a large part of which were crea- It is the site of a great variety of metallic and
ted during the Hercynian cycle, that is, the geolo- —_—
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Fig. 1 — Generalized section illustrating timing and evolution of mineralization in the Iberian Meseta



nonmetallic mineral deposits. Three world-famous
Iberian ores belonging to the Hercynian cycle
spring to mind: the base-metal sulphides of the
Iberian Pyrite Belt, with Rio Tinto as their most
celebrated representative; the tin-tungsten belt,
with Panasqueira as the most important tungsten
mine outside the Far East; and the mercury of
Almadén.

Two factors dominate the context of mineral
deposition in the Iberian Peninsula during the
Hercynian cycle. They are, first, the long-drawn
evolution of the Hercynian geosyncline, starting
in Late Precambrian times, with volcanism
occurring throughout, and, second, extensive
granitic intrusion.

The depositional stage, when the geosyncline
was being filled, provided the setting for the
accumulation of syngenetic mineral resources,
ranging from sedimentary ironstone to volcano-
genic polymetallic sulphides. During the subse-
quent orogenic stage the earlier deposits were
deformed, metamorphosed and intruded. The
deformed geosynclinal rocks served as hests to
a wide range of epigenetic mineral deposits, from
barite and fluorite to the famed Iberian tin and
tungsten lodes. The geosynclinal mineral deposits
are the result of the interplay of paleogeogra-
phical, sedimentary and volcanic controls, and
the orogenic and postorogenic minerals arose
from magmatic activity, directly as plutonic
deposits or indirectly through thermal activation
of existing materials. Thus were produced a
great variety of mineral deposits, some of them
on a grand scale indeed: the Iberian Pyrite
Belt contains the largest massive sulphide
bodies in the world, the Panasqueira mine is
the largest tungsten producer in Europe, and
Almadén is far the vastest mercury concentration
known.

Hercynian geosynclinal and orogenic evo-
lution in Europe and North Africa is of a different
type than the evolution of the Alpine and other
orogens related to lithosphere subduction, though
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this is still an endlessly debated point. This diffe-
rence however is undeniable as it makes itself
felt in a number of ways, one of which is the scar-
city of Hercynian ultramafic rocks and in parti-
cular the absence of true ophiolite, that is, oceanic
crust complexes. As a result, the minerals asso-
ciated with ultramafic magmatism, such as the
ores of nickel and chromium, are rare in the Iberian
Meseta.

Geotectonic and structural setting

The sedimentary, volcanic and tectonic history
of the Meseta during the Precambrian and
Paleozoic is very complex and has not yet been
completely unravelled. There is a clearcut zonation
across the orogenic trend, Lotze’s well-known
subdivision into six zonmes which has suffered
little change in the 34 years since it was first
propounded. JULIVERT ef al. (1974) point out that
the significance of these zones is essentially
paleogeographical: sedimentary facies and
thicknesses change from one zone to another
but tend to remain constant within each zone,
that is, along the strike. The zones represent
not only different paleogeographical domains and
different stratigraphic and sedimentary facies but
also more or less different tectonic, metamorphic
and magmatic styles together with different
mineralizations (fig. 2 — this figure follows the
adaptation by Juriverr ef al. (1974) of Lotze's
original scheme).

The Hercynian geosyncline in Iberia was a
multiplex, ceaselessly shifting assemblage of subsi-
ding basins, more or less stable platforms and
geanticlinal uplifts, evidencing pronounced verti-
cal mobility of the basement underlying the
geosyncline, Positive epeirogenic movements in a
region at one time may turn to negative soon after,
and so on. In consequence, formation thicknesses
can vary greatly between regions. Moreover,
voleanism took place in all periods from the
Precambrian and Cambrian on (fig. 1).
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Fig. 2 — Principal metallogenetic provinces in the Iberian Meseta

LATE PRECAMBRIAN

The Hercynian cycle in the Iberian Peninsula
begins when the Hercynian geosyncline formed
and sedimentation started, on a floor of older
Precambrian rocks, some time during the Late
Precambrian.

Upper Precambrian strata crop out in several
places in the Meseta. In the south they are known
generically as the «Seric Negras, a slate-greywacke
suceession containing thin layers and lenses of
black quartzites and cherts, and some limestone.
Locally intermediate wvolcanics appear at the
top of the sequence (VEGas 1974). The serie Negra



is overlain by the Lower Cambrian and the junc-
tion is conformable, disconformable or locally
even unconformable. Similar slate-greywacke
successions appear elsewhere in the Meseta below
Cambrian or probable Cambrian beds and may
contain felsic volcanics at or near their top.
Little is known as yet of the relationship between
the Upper Precambrian successions and the older
schists and gneisses of the crystalline basement to
the Hercynian geosyncline.

No syngenetic mineralizations have been recor-
ded from the Upper Precambrian (meta)sediments
‘and their slate-greywacke lithology — often called
flysch-like — does not faveur the occurence of
synsedimentary ores of any importance. Nor are
important orebodies known from the wvoleanic
intercalations, with the possible exception of the
copper deposits at Arinteiro and Fornds.

Late Precambrian (?) copper sulphides

The Avrinteiro and Fornds cupriferous pyrrho-
tite deposits near Santiago de Compostela in
Galicia, in exploitation since 1975, are metamor-
phosed sulphide lenses interbedded with garne-
tiferous amphibolites in the polymetamorphic
Ordenes complex. The rocks and ores underwent
polyphase deformation and were metamorphosed
to the hornblende granulite facies, suffering retro-
gradation to the amphibolite facies (van ZUUREN
1969). The Ordenes complex consists of paragneiss
and schist (mostly original greywackes according
to van Zuurexn) enclosing amphibolites in the
lower levels. Its age is considered to be probable
Late Precambrian (E. den TEX, personal comuni-
cation). The occurrence of thin beds of black
quartzite (van Zuuren's graphite-bearing schists)
does in fact recall the black quartzites and cherts
of the Serie Negra (unless they are metamor-
phosed Silurian black cherts).

At Fornis three stacked lenses of disseminated
to fairly massive sulphides (pyrrhotite with
chalcopyrite and pyrite), together 30 m thick by
a strike length of about 200 m, are enclosed with
sharp contacts in unmineralized garnet amphi-
bolite. They total 750 000 tonnes grading 1.029%;, Cu.
Arinteiro is a much larger orebody of pyrrhotite

95

with chalcopyrite and pyrite disseminated in
garnet amphibolite in the east flank of an anti-
clinorium. The west flank contains a similar
orebody, Bama. Sulphide mineralization is found
in other places in this structure as well (CaanoD
et al. 1976).

At Arinteiro and Bama the mineralization is
linked to a particular level of garnet amphibolite
20-80 m thick. The three sulphide deposits add
up to almost 25 million tonnes of copper ore
reserves grading 0.66%, Cu (Wmrte 1977a). The
Fornds ore is much more massive than Arinteiro
and Bama, grading 20-30% S as against 5-79% 5
for Arinteiro (N. RHODEN, personal communica-
tion), but is still moderately diluted by gangue
minerals such as anthophyllite or gedrite and
other silicates, with little garnet (Yrma 19686).

From their field aspect and their simple com-
position (iron sulphide with chalcopyrite and little
else), these deposits appear to be original synge-
netic stratabound cupriferous pyrite minerali-
zations in submarine mafic volcanics. Subsequent
recrystallization under high-grade conditions cau-
sed the coarse grain of the sulphides, destroying
any original depositional structures and textures,
and the alteration to pyrrhotite of original pyrite,

As the ore-bearing amphibolites of the Ordenes
complex are mafic to intermediate metavolca-
nies interbedded among metasediments, the Fornds
Arinteiro and Bamba deposits may be classified
as belonging to the Besshi type of volcanogenic
sulphide mineralization (see discussion of sul-
phide-deposit classification under Lower Carbo-
niferous base-metal sulphides).

CAMBRIAN

The Cambrian of the Iberian Meseta is generally
very thick and Cambrian volcanism is well deve-
loped, especially in south Portugal and southwest
Spain.

The Lower Cambrian (Georgian) is a sandy-
slaty sequence with a limestone-dolomite level
in its upper part that is thick and continuous in the
south, thinning northwards and thickening again
in the northern Meseta (SCHERMERHORN 1955,
Juuverr e al. 1974, Scumrrz and Warnrter
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1974, WarrEr and Scumrrz 1975). This carbonate
level is locally interbedded with mafic or felsic
voleanics (GuiLrou 1971a, VAsguez GuzmAw and
FernAnpEz Pompa 1976) and volcanics are also
found near the base of the Cambrian in several
places. Less important carbonates, the Cindana
Limestone, occur in the lower part of the Lower
Cambrian in northwest Spain.

The Middle Cambrian (Acadian) consists of
slates and sandstones and contains spilites and
some felsic wvolcanics. Where still present, the
Upper Cambrian (Potsdamian) shows a sandstone-
slate lithology. Fossiliferous Cambrian crops out
in south Portugal, south Spain and northwest
Spain. In addition, the Beira Schists and the
Ollo de Sapo formation are here regarded, in
common with many Spanish and Portuguese
geologists, as essentially Cambrian successions.

The Beira Schists of Portugal and equivalent
formations in Spain occupy vast tracts in the
central and western Meseta. The name Beira
Schist Formation, or Beira Schists for short,
is to be preferred since it has clear priority (Xistos
das Beiras, Formagiio Xistosa da Beira: DELcADD
1907); this formation has also become known as
axistograuviquicos, an equivocal designation not
in accordance with modern lithostratigraphical
nomenclature. The Beira Schists and coeval
formations in Spain (such as the Valdelacasa
Series, the Villalba Series, the Porto Series and
the upper Alcudiense) are generally unfossilife-
rous, but other arguments show their equiva-
lence to, at least, the Middle and Lower Cambrian
(ScrmErMERHORN 1956, 1956, Barp et al. 1972,
Marringz Garcia 1973, Risgiro 1974) and locally
they pass conformably up into the basal Ordo-
vician (A. Riseiro, personal communication).
They overlie Serie Negra rocks, and the precise
chronostratigraphical age of the junction between
Serie Negra and the Beira Schists or the fossili-
ferous Lower Cambrian is still uncertain.

The Beira Schists (and equivalents), like the
Serie Negra, consist mostly of interbedded slates
and greywackes — often called flysch-like (as
also the fossiliferous Middle Cambrian of southeast-
central Portugal and southwest Spain) — and
represent the infilling of a large, fairly deep basin.
The fossiliferons Cambrian of the northern and

southern Meseta was largely deposited in shallow
waters and it shows a much greater development
of carbonates.

Characteristic for the Beira Schists and coeval
formations are thin interbeds of guartz conglome-
rates made of rounded pebbles of quartz and
quartzite, with rare clasts of black quartzite and
chert derived from the Serie Negra. Characteristic
too, and like the quartz conglomerates useful
for correlation purposes, are amphibole schists of
Garbenschiefer type. They occur as thin beds of
metamorphosed impure calcareous sediments, con-
sisting of quartz, calcic plagioclase and amphibole
{often hornblende) poikiloblasts, frequently accom-
panied by garnet and other silicates. They have
been described from the Beira Schists in Portugal
(ScHERMERHORN 1966) and from similar successions
in Spain (CappEvVILA 1969 (his fig. B shows a rock
entirely similar to ScHERMERHORN's fig. 13),
Marrivgz Garcia 1973, Mamrringz Garcia and
Nicorau 1973); these rocks are of interest because
they host scheelite mineralizations (see below).

The Ollo de Sapo is a sequence in which coarse
augengneisses are dominant, mostly consisting
of metamorphosed feldspathic sediments, with
interbedded felsic metavolcanics. This formation
is exposed in northwest and central Spain. It is
a lateral equivalent of Cambrian and Beira Schist
rocks, and may extend into the basal Ordovician.
Ollo de Sapo-like rocks occur at lower levels too,
though their relationship to the Serie Negra is
not always clear.

The Ollo de Sapo constitutes a regional litho-
facies largely made of the freshly eroded debris
of Precambrian porphyritic granites. Its deposition
went on from the early Cambrian or earlier into
the Ordovician, indicating the continuous exis-
tence during this period of a granitic source area
within the Hercynian geosyncline.

Thus Hercynian geosynclinal sedimentation
starts with a great thickness of terrigenous clastics,
mostly sand and clay, deposited during the Late
Precambrian and Cambrian. However, basin
configuration was not uniform over the extent of
the Meseta. One or more geanticlinal ridges
exposing older Precambrian basement shed felds-
pathic detritus into the basin, and shallow-water



conditions prevailed during most of the Cambrian
along the northern and southern edges of the
Meseta. Here carbonate deposition attained great
importance during part of the Lower Cambrian.

The Cambrian carbonate rocks and the asso-
ciated mineralizations are economically important.
Though very extensive, the terrigenous clastics
making up most of the fossiliferons Cambrian,
the Beira Schists and the Ollo de Sapo do not
contain syngenetic mineral deposits of any signi-
ficance. Locally the quartz conglomerates are
auriferons: Tamainw (1971) refers to grades up
to 16 g/t Au in the Valle de Alcudia in southern
Spain. The slates, sandstones, schists and gneisses
are quarried to some extent to provide local
building and roadmaking material, but it is the
Lower Cambrian limestones and marbles that
are extensively exploited as ornamental stone
and for industrial purposes in south Portugal,
northwest and southwest Spain.

Local sedimentary differentiation to magne-
sium-rich rocks within the Lower Cambrian carbo-
nates has led to the formation of several magne-
site deposits in northwest Spain. The largest is
worked at Pacios near Incio (Lugo province) and
is one of the two active magnesite mines in the
Peninsula. Here the magnesite is associated with
dolomites belonging to the Cindana formation
and is of lagoonal origin (Dovar, et al. 1977).

Cambrian scheelite

Scheelite has been found disseminated in the
thin layers of amphibole schist (sometimes called
quartzite or gneiss) in the Beira Schists and equi-
valent sequences, as south of Salamanca in western
Spain (PerLitero ef al. 1976). Though formerly
ascribed to the epigenetic Sn-W mineralization
generated by the Hercynian granites, discussed
later, occurrences such as near Castro Daire in
northern Portugal where scheelite is found dis-
persed in hornblende schist (outside the granite
contact aureoles) over a strike length exceeding
400 metres (SCHERMERHORN 1956, p. 77, 537) lead
to reinterpretation as a syngenetic mineralization
in marly sediments. This problem will be examined
when reviewing the similar scheelite occurrences
in Silurian cale-silicate rocks.
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Cambrian lead-zinc sulphides

The Lower Cambrian carbonates form an
important metallotect for Pb-Zn mineralization.
In west and northwest Spain Upper and Lower
Georgian limestones carry syngenetic stratiform
base-metal mineralizations sometimes associated
with antimony and traces of mercury (GuirLou
1971a, Mownsgur 1977). These are considered
by GuiLrou to represent marine concentrations
of elements leached and transported from a
weathered landmass.

Rubiales in northwest Spain (Piedrafita del
Cebrero, Lugo province), a recent discovery, is
a zinc-lead mine. The ore is found in silicified
limestones alternating with mudstone layers, in
the dragfolded east imb of an anticline. Reserves
are at least 12 milion tonnes grading 8.1% Zn
and 1.5% Pb (2.5-3%, Pb has also been quoted)
with some Cu and Ag (WHITE 1977h).

Pb-Zn sulphides are widespread in the car-
bonates near the top of the Lower Cambrian in
the southwest Meseta. In south Portugal a lower
Paleozoic lead-zinc-magnetite belt (Faixa Zincifera
e Magnetitica Alentejana, also known as Faixa
Zincifera, or Zinc Belt, for short; fig. 3) has been
defined and thoroughly explored by the Servigo
de Fomento Mineiro (ANDRADE 1969, 1972, Gor-
NHAS 1971, CARVALHO ef al. 1971a, b). This metallo-
genetic province continues into southwest Spain
(GumLou 1971). Here stratabound sulphide mine-
ralizations occur as disseminations near or at the
top of the carbonate horizon in the upper part of
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Fig. 3 — The South-Portuguese zinc-magnetite belt,
After GOINHAS (1971)
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the Lower Cambrian (Upper Georgian) and as
massive bodies at the base of disconformably
overlying volcanics which also contain magnetite
orebodies. The age of these volcanics is not yet
known with certainty. In the opinion of the
Servigo de Fomento Mineiro geologists they are
Lower Silurian (or at most Upper Ordovician)
and the Middle and Upper Cambrian and the
Ordovician are lacking in the Zinc Belt (Goivmas
1971, CarvarLuo ef al. 1971a, b, CarvarHO 1976a).
According to others the volcanism could be
Middle Cambrian (ANDRADE 1972, GurLrov 1971a).
We will follow S.F.M. opinion and regard the
Zinc Belt as a metallogenetic province where
mineralizations dating from different epochs have
become superposed. All rocks and ores have been
strongly folded and metamorphosed during the
Hercynian orogeny.

The carbonate level, here mostly dolomitic, is
unique in the whole Late Precambrian-Paleozoic
succession of the southwest Meseta: it is a marker
herizon and by dint of its singularity reliably
correlated with the less metamorphosed fossili-
ferous Upper Georgian carbonates nearby in
southwest Spain (Carvarmosa 1965).

There are two types of sulphide mineralization
in this mineral belt. The most frequent type,
found at Preguica, Ficalho, Balsa and other
prospects, consists of stratabound accumulations
of marmatitic sphalerite, argentiferous galena and
pyrite in siliceous metadolomite horizons, with
the sulphides mostly forming veinlets along
microfractures. The other type, found at Algares,
comprises massive orebodies discussed under
Silurian metallization. At Vila Ruiva, near Pre-
guica, and elsewhere, primary sulphides were
weathered, leached and redeposited on a karst
surface developed in the Cambrian carbonates,
possibly during the Tertiary. The ore consists of
iron oxides and calamine, that is, zinc oxides,
silicates and carbonates, such as smithsonite,
hydrozincite Zn; (COy), (OH); and descloizite
Pb (Zn, Cu) (VO,) (OH).

The disseminated sulphides in the dolomites
of the Zinc Belt are thought to be synsedimentary
mineralizations unrelated to wolcanism. Later
remobilization caused redistribution of the sul-

phides in veinlets following cracks in the dolo-
mites, accompanied by silicification and redolo-
mitization.

In the continuation of the Zinc Belt in south-
west Spain the same two types of sulphide mine-
ralisation occur. According to GuiLrou (1971b)
Pb and barite occur disseminated in Cambrian
dolomites, accompanied by subordinate Zn and
little Cu, Ag, Sb, while the overlying volcanics
(felsic pyroclastics) contain sulphide lenses (pyrite
with pyrrhotite, magnetite, sphalerite, chalco-
pyrite and galena) associated with carbonate
and chert lenses, GuiLrou concludes to a syn-
genetic origin of both mineralizations: Cu, Pb,
Sb, Hg and Ba were deposited with the carbonates
at the top of the Lower Cambrian carbonate level,
with the metals deriving from weathered land
masses, while Zn — locally abundant, elsewhere
almost lacking — is volcanogenic.,

All in all, the age difference between the
Cambrian dolomites and the overlying volcanics,
whether Silurian, Ordovician or even Middle
Cambrian, seems sufficiently significant that,
taken together with their different modes of
occurrence, the two types of mineralization must
belong to two different periods of deposition
and represent different environments. Cambrian
carbonates are a metallotect for lead-zinc ore
and it seems likely that the end of the period of
Lower Cambrian carbonate sedimentation became
favourable for the deposition of terrigenous-
sedimentary lead and zinc sulphides. Concentra-
tion instead of dissipation of Pb and Zn in the
Cambrian sea could have been brought about by
suitable sedimentary and paleogeographical con-
figurations.

Cambrian (7) mercury

At Usagre in sonthwest Spain (near Burguillos
del Cerro) was a mercury mine working stratiform
cinnabar impregnations along three horizons in
Lower Cambrian limestones, accompanied by
cinnabar veinlets; other minerals included pyrite,
galena, chacopyrite, barite and quartz. It is not
certain whether this mineralization is syngenetic



or epigenetic, postdating the Cambrian. VAsourz
Guzmin and FErnAxDEz Pompa (1976) think it
may well be of pre-orogenic age and related to
volcanism, with subsequent remobilization due to
Hercynian tectonism,

Cambrian iron

No important iron mineralization is found in
the Cambrian or supposed Cambrian sequences
of the morthern and central Meseta. However,
iron assumes considerable economic significance
in the south.

In southwest Spain a magnetife Dbell extends
from near Cérdoba to south of Badajoz (VAsgurz
GuzmAn and FrrwAwpez Pomea 1976), conti-
nuing in Portugal in the Elvas region (fig. 2).
In this metallogenetical province magnetite depo-
sits of skarn type occur in Lower Cambrian
carbonates within the contact aurcoles of Hercy-
man granites to quartz diorites,

Thus, in the Elvas region of central Portugal,
near Spain, the Alagada deposit of stratiform
magnetite bodies, totalling one million tonnes at
409, Fe, 129, Si0, and 0,739 S, is enclosed in
Lower Cambrian marbles, calcsilicate hornfelses
and skarns in contact with a Hercynian granite
(CArvarHO ef al. 1971a, CarvarHO 1976a).

In Spain several iron mines are found in this
belt (San Guillermo near Jerez de los Caballeros,
Monchi near Burguillos del Cerro, Cala, Teuler,
etc.). The ore is magnetite, sometimes hematite
and rarely siderite, and averages 48-529 Fe, with
sulphur and silica as principal impurities (19 S
or over); the phosphorus content is negligible
(DoErscH 1967). ;

The most important deposit is Cala, with over
a hundred million tonnes of reserves, Here magne-
tite associated with copper sulphides is worked
by opencast and underground mining, producing
Fe and Cu. The magnetite ore forms eonformable
levels and lenses and is banded (5-30 cm), with
layers and zones rich in pyrite and chaleopyrite.
The deposit occurs interbedded in limestone-
~quartzite-slate country rock and is associated
with much skarn, near granite.

The origin of the mineralization in this belt
is controversial. Many authors favour a pyro-
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metasomatic mode of formation, with the iron
and the sulphides deriving from intruding magma,
but a syngenetic sedimentary or volcanic origin
modified by later metamorphism caused by
granite intrusion has also been defended (Dorrscn
1967). In favour of syngenetic deposition is the
occurance of minor iron ore as folded layers older
than the granites. Elsewhere there are strong
signs of epigenetic mineralization, such as the
formation of mineralization skarns in a carbonate
horizon that outside the contact aureole consists
of rather pure limestone only. More study is
needed.

Early Paleozoic chromium

Ultramafic rocks, the source of chromium, are
rare in the Meseta. They can be divided into two
groups: (1) the Early Paleozoic ultramafics — peri-
dotites and serpentinites — that occur associated
with mafic rocks and paragneisses in a number
of high-grade massifs in the northwest corner of
the Meseta (fig. 2), and (2) ultramafics occurring
associated with mafic intrusives and extrusives
of ages varying from Early to Late Paleozoic;
these are discussed on a later page.

In the northwest Meseta are found the Cabo
Ortegal, Santiago de Compostela (only mafics
exposed), Sobrado, Mellid and Lalin mafic-ultra-
mafic complexes in Galicia and the Braganca
(or Braganca-Vinhais) and Morais mafic-ultra-
mafic complexes in Trids-os-Montes (northeast
Portugal). The best known is the Cabo Ortegal
complex which consists of amphibolite, granulite
and eclogite-facies ultramafics, mafics and para-
gneisses, These complexes are mushroom-shaped
intrusions and they are seen as mantle diapirs
whose emplacement was attended by high-grade
metamorphism and various other effects (van
CarsTEREN ef al. 1979). The ultramafic rocks
(Iherzolite, harzburgite and dunite) are derived
from the mantle. Rb-Sr whole-rock isochron
dating of Cabo Ortegal lherzolites indicates that
intrusion took place about 500 + 100 Ma ago (van
CaLSTEREN et al. 1979).

Little chromite occurs in these complexes,
most perhaps in northeast Portugal where the
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Abessedo mine in the Braganca massif has pro-
duced some thousands of tonnes of ore during
the last world war. Extraction was on a small
scale and no chrome mines are working any more,
for the chromitite deposits are small, irregular
and mostly rather low-grade.

The chromite occurrences in the Braganga and
Morais complexes in Portugal have been described
by Corero NEmwA (1947a). Chromitife is present
as vaguely bounded pockets, lenses and layers
in peridotite and serpentinite. The Abessedo
mine worked chromitite pockets grading 40-48%,
Cry0,; some pockets yielded up to 1500 t chromite.
In these ores chromite is associated with serpen-
tinized olivine.

Platinum occurs as minute inclusions in chro-
mite (CotrErLo NEmva 1947a, b).

ORDOVICIAN

During the Upper Cambrian a phase of folding,
tilting, uplift and erosion, often called the Sardic
phase, affected the Cambrian over a considerable
part of the Meseta, after which the Ordovician
transgressed (ScHRMERHORN 19556, 1956). Thus
the Cambrian-Ordovician junction is conformable,
disconformable or unconformable in different
localities.

The Lower Ordovician generally begins with
quartzites that reach a few hundred metres in
thickness, locally underlain by conglomerate. This
level is the so-called Armorican Quartzite, well
developed in central and west Iberia but thinning
out in southern Spain and Portugal, where Silu-
rian overlies Cambrian carbonates, and in north
Portugal and northwest Spain. In a few places
the quartzites enclose interbedded volcanics.

The quartzites are followed by a sequence
of dark trilobite slates and the Upper Ordovician
contains slates, sandstones and locally limestones.
Felsic and mafic volcanism took place during
the deposition of these sequences. Towards the
end of the Ordovician tectonic movements caused
local uplift and emergence, and the Ordovician-
Silurian junction, though mostly conformable,
can be locally disconformable or even unconfor-
mable. During the late Ordovician some granites

and peralkaline massifs were emplaced in east-
central Portugal and western Galicia (PriEM ef al.
1970).

Ordovician iron

The Lower Ordovician quartzites of the
northwest Meseta often enclose stratabound ma-
rine-sedimentary iron-ore deposits, especially near
or at their top (RiBERO and REBELO 1971,
ArmExcor de Pepro and Camros Jurid 1971,
RiBEIRO, 1974). The largest deposits are near
Ponferrada in northwest Spain (Coto Vivaldi and
Coto Wagner mines) and Moncorve and Mardo
in north Portugal. The ore is mostly oxidic, some-
times sideritic or chamositic. Guadramil in north-
east Portugal is a deposit of oolitic siderite in
this horizon. The Mario mine exploited magnetite
interbedded at the top of the quartzites and in
the overlying slates; the ore is metamorphic
(PriEy 1962).

By far the largest occurrence is Moncorvo in
northeast Portugal, which has been intermittently
worked since the 13th century and is to be deve-
loped into a 1.5 million tpy producer in the near
future. The reserves exceed 550 million tonnes
and may be as high as one billion tonnes (J. A.
ResELo, personal communication) though the
average grade is low (36%, Fe) and the phosphorus
content (0.4-0.5%,) troublesome. The main deposit
is 8 km long by 1 km wide and occurs in the north
limb of the Moncorvo synclinorium. A smaller
deposit, 0.5 by 1 km in size, is found in a syncline
nearby. These deposits have been folded and
suffered regional and contact metamorphism
during the Hercynian orogeny. The ore is mainly
hematitic, including specularite and martite,
and rather siliceous. Below a depth of 80-100 m
magnetite predominates (REBELO, personal com-
munication). Banded ore/quartzite alternations
are frequent. The orebodies occur as distinct
levels in the upper part of the Armorican quartzite
formation and pass laterally to quartzites. They
were deposited in a shallow sea, apparently as
crossbedded iron oxide sands (Tmapru 1962,
1965a).

The Ordovician iron ores of northwest Spain
and north Portugal are low to medium grade



{(up to 559, Fe), contain varying proportions of
siliceous and aluminous gangue, and are characte-
rized by phosphorus contents, in apatite and
collophane, that may exceed 0.8% (Dorrsch
1967, Carvarmo, 1976a).

They show a sedimentary facies indicating
deposition in a shallow epicontinental sea and owe
their existence to the paleogeographical configu-
ration that arose as a result of the Upper Cam-
brian tectonic movements (Sardic phase). The
northwest corner of the Meseta remained as an
emergent landmass during the Ordovician while
around it the Lower Ordovician quartzite trans-
‘gressed over more or less eroded Cambrian strata.
The iron-ore deposits in the Lower Ordovician
surround this landmass, according to RiBEIRO
and Resero (1971; Risemo 1974), the source
area for the iron which they think may have been
leached from weathered mafic rocks (fig. 4).

The iron precipitated in coastal waters, mostly
as oxides, in places as silicate or carbonate,
dependent on local physicochemical conditions.
After some current transport, the ore became
concentrated in local accumulations.

Spain has no large iron ore production, unlike
for instance France, Sweden or Russia. The

Oviedo

Fig, 4 — Distribution of Lower Ordovician iromstone
deposits around an emerged landmass in the northwest
Meseta. Stippled: zone in which ironstone occurs; hatched:
probable land during Ordovician, After RipEmro (1974).
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largest mine, the Marquesado open pit in the
southeast, produces 3 million tonnes per year of
hematite-goethite ore in Triassic limestones, from
reserves estimated at 100 million tonnes grading
b5-569%;, Fe. Spanish production figures indicate a
decline in iron ore output; 7,684,000 t ore (50%; Fe)
was produced in 1976, 10.89 below 1975 pro-
duction, itself 4.39% below 1974 (Mining Mag.,
Avcusr 1977). Portugal produced 51,989 t magne-
tite, hematite and ferromanganese ore in 1977
(Bol. Minas (Lisboa), December 1977). These
figures illustrate the potential importance within
the Iberian context of the Moncorvo orebody
with its enormous reserves.

Ordovician antimony

In northwest Spain antimony has been mined
from several small deposits associated with Upper
Ordovician (Ashgill) carbonaté lenses. This is
interpreted as a synsedimentary mineralization
in a shallow marine environment, remobilized and
redistributed during the Hercynian orogeny.
The origin of the Sb could be sought in earlier
Ordovician volcanism, with pedological concen-
tration during subsequent emergence, and rede-
position along the coast following erosion (Gurr-
rou 1969, 1971a).

SILURIAN

The Silurian of the Meseta usnally presents a
monotonous facies of dark graptolite slates with
frequent interbeds of sandstone, limestone and
black chert (lydite). The Upper Silurian often is
sandy. In south Portugal the Lower Silurian is
highly volcanic, with abundant levels of mafic and
felsic extrusives. In northeast Portugal and north-
west Spain the Silurian is developed as a thick
eugeosynclinal facies of flysch-type turbidite grey-
wackes and slates containing black chert layers,
with plentiful felsic and mafic velcanics.

Near the base of the Silurian occur important
mercury, iron and base-metal mineralizations.
At higher levels stratabound scheelite is found.

The Silurian-Devonian junction is generally
a little disturbed transition.
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Silurian mercury: Almadén

The celebrated mercury deposit of Almadén
{i. e. ¢the mines in Arabic) is by far the largest
and richest known Hg accumulation on earth.
It is a stratiform mineralization consisting of
three cinnabar-impregnated quartzite layers, each
about 10 m thick, within the quartzite formation
known as ecuarcita del criaderos (ore-deposit
quartzite). This quartzite horizon is the host of
the ore at Almadén and several much smaller
occurrences in the area.

The grade at Almadén reached 209, Hg
(cinnabar and native mercury) in some places in
the richest lodes. Even richer is the recently
(1975) discovered cinnabar deposit of El Entre-
dicho, 17 km from Almadén, where ore consisting
of 509, cinnabar occurs (Bol. Geol. Minero (Madrid),
vol. 89, 1978, p. 188), The average grade of the
Almadén ore worked during the first quarter of
this century was 8%, Hg, around 1940 it was
still 6-7%, Hg and it is now around 1,5%,. No
other mercury deposit anywhere has ever approa-
ched these extremely rich grades. Almadén accounts
for 189, of world mercury production.

The cuarcita del criadero is by analogy consi-
dered to be of Eearly Silurian (Valentian) age.
In the Almadén area, mafic volcanism started
before the deposition of this quartzite formation
and continued afterwards during the Silurian
and Devonian.

The cinnabar, accompanied by native quick-
silver and some pyrite, shows sedimentary features
indicating its early introduction, before diagenesis
(Savrfs 1976). Saurk: suggests a direct genetic
relationship between the Hg mineralization and
the Silurian volcanism which reached its greatest
development in the mineralized area, in the
sense that the Lower Silurian volcanic activity
set into motion the convection of solutions relea-
sing mercury preconcentrated by adsorption in
Ordovician carbonaceous muds and transporting
it into overlying Silurian sands where the mer-
cury was trapped and redeposited by sulphidi-
zation. MAvcHER (1976) considers such an origin
unlikely and proposes a volcanic source for the Hg.

Silurian base-metal sulphides and magnetite

In the lead-zinc-magnetite belt of south Portugal
(fig. 8) and southwest Spain, as discussed, massive
sulphide and magnetite orebodies occur associated
with volcanics overlying the Lower Cambrian
carbonate level. These volcanics, in south Portugal,
are greenstones or greenschists (intermediate to
mafic metavolcanics) enclosing lenses of metali-
mestone and caleschist. This formation passes
up into felsic metavolcanics, likewise associated
with calcareous metasediments but not contai-
ning orebodies,

At the Algares zinc prospect in south Portugal
the two types of sulphide mineralization characte-
ristic of this metallogenetic belt (see above) are
met with: in depth, beneath a gossan, a massive
pyritic mineralization overlies a disseminated
Pb-Zn mineralization, The first consists of banded
to almost massive orebodies made mostly of
pyrite, with subordinate pyrrhotite, magnetite,
sphalerite, barite, and some chalcopyrite and
galena. These occur at the base of presumably
Silurian greenstones (intermediate to mafic meta-
tuffs) which rest on Lower Cambrian dolomites
containing sphalerite, pyrite and galena veinlets
(ANpRADE 1969, Gomwmas 1971, Carvaruo ef al.
1971a, b)..

Magnetite occurs disseminated and as massive
lenses in the intermediate to mafic metavolcanics
and has been worked in several small mines in
south Portugal (Nogueirinha and Monges near
Montemor-o-Novo, Alvito, Pedrégio, Orada and
others) the most important of which was Orada
(fig. 8) where mining ceased in 1971 (its original
reserves were two million tonnes — CARVALHO
1971, 1976a). Magnetite may be accompanied by
pyrite, locally plentiful, and pyrrhotite (Carvaruo
1971, Carvaruo ef al. 197la, b). The largest
orebody known reached 30 m thickness by a
length of about 250 m.

The polymetallic pyritic lenses at the base of
the greenstones and the magnetite-pyrite-pyrrho-
tite lenses within the greenstones are now mostly
regarded as syngenetic exhalative-sedimentary
deposits (ANDRADE 1969, 1972, Carvaruo 1971,
1976a, CarvarLuo ef al. 1971a, b).



The Maria Luisa mine near La Nava in the
Sierra Morena is an old cupriferous pyrite exploi-
tation later worked for copper with gold and
silver as byproducts. The ore consists of pyrite
with chalcopyrite and sphalerite, and in places
magnetite and pyrrhotite. The minerals are con-
centrated in bands parallel to the metamorphic
layering in the host rocks (greenstone, jasper and
schist). Detailed studies of the complex parage-
netical relationships by VAzouez Guzmin (1972,
1974) revealed the existence of syngenetic sulphide
and magnetite mineralizations on which an epige-
netic sulphides-magnetite assemblage has been
superposed through skarntype (re)erystallization
(with diopside, actinolite and epidote) caused by
diorite intrusions.

Marfa Luisa and other occurrences in the
same region originated as submarine exhalative-
sedimentary sulphide accumulations in volcanic
horizons and associated jaspers; locally too the
jaspers contain manganese ore. The age of these
ores is uncertain since their host rocks have not
yet been dated. They were regarded as Middle to
Upper Devonian by VAzouez GuzmiN and FEr-
NAnDEZ Pomrea (1976). Other authors, such as
Mowsgur (1977), favour a Cambrian age. Still,
since the syngenetic stratiform ores of these
occurrences are clearly a volcanogenic (or at least
volcanic-associated) sulphide-oxide mineralization,
of the type found in the lead-zinc-magnetite belt,
a Lower Silurian age seems possible.

In Galicia, the metasediments and metavol-
canics surrounding the Cabo Ortegal mafic-ultra-
mafic complex, formerly thought to be Precam-
brian, have recently been shown to be of Silurian
and, possibly, Devonian age (Marrinez Garcia
et al. 1976, van der MEEr Monr 1975). In the
Moeche area and elsewhere in the same zone occur
small stratiform massive to disseminated ore-
bodies containing pyrite, hematite and chalco-
pyrite, interbedded among Silurian metasedi-
ments and metavolcanics.

Asbestos (tremolite-actinolite) has been worked
on a small scale in the Arado do Castanheiro mine
near Portel in south Portugal, in a small mass of
serpentinized ultramafics associated with metas-
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pilites belonging to the presumably Silurian
greenstone formation overlying the Cambrian
carbonates (Gaspar 1971, Cawrvaruo ef al
1971b).

Silurian scheelite

As mentioned above, scheelite disseminations
are found in calc-silicate interbeds (amphibole
schists: originally impure marls) in the greywacke-
slate sequence of the Beira Schists in northern
Portugal and western Spain. Similar tungsten
mineralization occurs in the cal-silicate inter-
calations in the Silurian greywacke-slate facies
of northeast Portugal and adjacent Spain (L.
Risrmro 1971),

However, the Silurian metacalcareous inter-
beds containing this mineralization are unlike
the amphibole schists of the Beira Schists in
aspect: they range from fine-grained, thinly banded
rocks consisting of quartz, intermediate plagio-
clase and varying amounts of garnet, actinolite-
tremolite, epidote-group minerals, sulphides and
other minerals such as diopside (Sousa 1975,
Noroxsa 1976) to skarns (L. Risgmo 1971).

Scheelite may be of wider distribution in
Cambrian and Silurian metamarly intercalations
than was previously supposed. Carvarmo (1971)
refers to the occurrence of some dispersed scheelite
in Silurian calc-silicate hornfelses near the old
Orada iron mine in south Portugal.

In northeast Portugal the Cravezes scheelite
prospect is being actively explored. Mineraliza-
tion extends over three cale-silicate horizons up
to 34m thick and up to 2,5km long (Sousa 1975,
Viecas ef al. 1976). Provisional tenors obtained
by surface sampling before drilling started are as
follows: 1.43-3.2 kg/t WO,, that is 1134-2538
ppm W, and 420-770 ppm Sn.

It seems likely that most of the tungsten in
these marls is syngenetic. It may have been
deposited as scheelite or, as Noronma (1976)
proposes, originally dispersed tungsten may have
been remobilized by metamorphism to produce
scheelite. In either case the syngenetic tungsten
and accompanying tin may be of sedimentary or
voleanic origin. However, though the Silurian



104

contains volcanics in the vicinity of the scheelite
beds, this is not so for the Cambrian. It is more-
over difficult to explain the preference of syngenetic
tungsten for marly sediments. More study is
needed.

DEVONIAN

Over most of the Meseta the Devonian presents
a variable epicontinental facies of interbedded
sandstones, shales and carbonates not attaining
any great thickness.

In northeast Portugal and part of northwest
Spain the Devonian is a flysch-type greywacke-
slate sequence and in the southwest Meseta (the
Iberian Pyrite Belt) it consists of monotonous
shales with quartzite and rare limestone beds.
Devonian volcanism, mostly mafic, is rare. No
important mineral deposits are associated with
the Devonian.

EARLY TO MIDDLE CARBONIFEROUS

After the Devonian lull, the Carboniferous
gave rise to extensive mineral resources of some
importance in the Therian economy. At the Devo-
nian-Carboniferous boundary the Meseta became
differentiated into a large central block which
emerged and two flanking troughs in which subsi-
dence and sedimentation continued. The central
block englobes the West Asturian-Leonese, the
Central Iberian and the Ossa-Morena Zones. The
flanking troughs are the Cantabrian Zone in
northern Spain and the South Portuguese Zone
in south Portugal and southwest Spain. (fig. 2).
These external basins are secondary geosynclines
that were to a large extent fed by detritus from
the central block, a geanticlinal source area. This
block is composite, containing internal basins,
though the Upper Paleozoic sediments here depo-
sited do not reach the great thicknesses attained
by contemporary strata in the flanking troughs in
northern and southwest Iberia.

As a result, marine Carboniferous up to and
including Westphalian strata is well represented in
the Cantabrian Chain and the South Portuguese

Zone, In the Cantabrian Chain the Lower Carbo-
niferous is very thin, a condensed marine succession
of shales and limestones not bearing mineral
resources. The South Portuguese Zone, on the
other hand, is the site of the Pyrite Belt geosyneline
and here a thick eugeosynclinal sequence was
laid down, divided into three conformable groups.
Devonian shales and quartzites, the Phyllite-
Ouartzite Group, are conformably overlain by
Lower Carboniferous volcanics and sediments of
Tournaisian and Early Viséan age, the Volcanic-
Siliceous Complex which hosts the Pyrite Belt
mineralization. It is covered conformably by a
thick barren flysch sequence of turbidite grey-
wackes and shales, the Culm Group which ranges
from the Upper Viséan into the Westphalian A
in south Portugal. Geosynclinal deposition was
then brought to an end by orogeny (SCHERMERHORN
1971a, CarvALEO ef al. 1971b, 1976).

Early Carboniferous base-metal sulphides: the
Tberian Pyrite Belt

The Iberian Pyrite Belt (fig. 5) is a metallo-
genetic province of polymetallic pyrite deposits,
copper and copper-zinc disseminations, some copper
veins and manganese orebodies, occupying a
zone 230 km long by up to 30 km wide. Mining
here goes back for at least 30 centuries, at first
for copper and noble metals, since 1866 also for
sulphur, with iron and other metals a byproduet.
Annual production of pyrite ore is 2.5-3 million
tonnes but new projects in Spain and Portugal
aim to double this figure. The Spanish Pyrite Belt
contains five large pyrite occurrences of which
three are large mines, Tharsis, La Zarza and Rio
Tinto, while Aznalcéllar will soon enter production
and Sotiel Coronada is still under study. In
addition there are several smaller workings. In
the Portuguese Pyrite Belt three important occur-
rences, together with some smaller ones, are, or
have been, worked: Aljustrel, Sdo Domingos and
Lousal. The annual production of Aljustrel is to
be raised from 300,000 to 2 million tonnes.

The Iberian Pyrite Belt is the type area of the
Iberian type of volcanogenic polymetallic pyritic
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Fig. 5 — Geology and major pyritite deposits in the Therian Pyrite Belt. Note regular spacing of the
large deposits. Adapted from CARVALIIO ef al. (1976)

deposits (as discussed at the end of this section).
These are stratiform, associated with felsic vol-
canism and are composed of pyrite with small
proportions of chalcopyrite, sphalerite, galena
and other minerals, Massive pyritic deposits of
this and other types consist of pyritile (ScHER-
MERHORN 1970).

The Volcanic-Siliceous Complex consists of
sediments (including prominent jaspers), felsic
volcanics (largely quartz-keratophyric tuffs), mafic
volcanics (spilite lavas and tuffs and diabase sills),
salphide deposits and manganese ore deposits.
The sulphide mineralization and most of the
manganese is genetically linked to the felsic volca-
nism in the geosyncline (SCHERMERHORN 1971a,
Strauss and Mapen 1974, CArvaLHO ef al.
1976, Strauss ef al. 1977).

The pyrite deposits of this belt are lenticular
or sheetlike bodies conformably interbedded among
volcanics andfor sediments: they overlie felsic
voleanics or overstep onto shales and siliceous
slates (dust tuffs) or may be wholly enclosed in
shales, as at Tharsis.

The felsic volcanism was explosive, along
submarine strike fissures (SCHERMERHORN 1976),
and generated mostly subaqueous flow tuffs,
with few lavas and breccias. Most pyrite occurs
at or near the top of felsic piles: it was produced
at the end of an eruptive cycle when the explosive
activity waned. In each mining centre the mine-
ralization is related to an eruptive centre and
occurs at one, or ravely more, stratigraphic levels.
When two felsic cycles are present, each may have
its pyritic mineralization, so there will be two
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ore levels (Srravss and Maper 1974, Ramirez
Corrmo del ViLar 1976). However, the timing
of sulphide deposition wvaries between centres:
it is relativelv early, Tournaisian, in some mines
and rather late, Lower Viséan, in others where
microfossils in associated limestones permit dating,
as at Sotiel Coronada. As a result, the local
volcanic and ore stratigraphic columns cannot
be correlated from mine to mine: detailed stra-
tigraphy at Rio Tinto is quite different from
Tharsis to the west or Aznalcdllar to the east.
This fact has sometimes been ignored.

The orebodies may be divided into autochthon-
ows and allochthonous deposits. Some of the
pyritite bodies enclosed in felsic voleanics are
antochthonous, as at Rio Tinto, which is to say
that they overlie feeder zones, now stockwork
pipes strongly altered by chloritization and sili-
cification (Srravss and Mapen 1974, Williams
et al. 1975). This is relatively rare in the Pyrite
Belt where most pyritite has suffered some trans-
port during or shortly after its original precipi-
tation on the seafloor as a very finegrained pyritic
mud, subsequently consolidating elsewhere as
allochthonous stratiform deposits. The pyritite
is usually thinly and rhythmically bedded, except
in the autochthonous deposits overlying their
own feeders. The frequent occurrence of internal
structures denoting primary sediment movement,
such as small slump stroctures, cut-and-fill,
low-angle crossebedding and graded bedding,
together with the varying lithological environment
of the orebodies, from volcanic to sedimentary,
led to the recognition of allochthonous pyritic
masses mobilized and redeposited by gravity
flow at some distance downslope from the feeder
vents (SCHERMERHORN 1970, 1971b). The pyrite
is first precipitated on the seafloor around exha-
lative orifices as a sulphide gel containing pore
water (seawater). Thixotropic gel-sol transforma-
tion causing liquefaction of sulphide muds is
the mobilisation mechanism and the gravity
gradient existing on the slopes of submarine
volcances sets the instable mass in motion. This
process, many times repeated, produces the well-
bedded allochthonous pyritite lenses. Farthest
travelled, away from the volcanic feeder vents,
are the orebodies overlying sediments on the

basin floor, Thus there is a gradation from pro-
ximal to distal pyritite deposits. All Pyrite Belt
pyritite is exhalative-sedimentary in the sense
that it was originally laid down as a chemical
sediment, namely a hvdrothermal surface precipi-
tate, The transported allochthonous pyritite may
then be termed exhalative-resedimented since
it has been redeposited at some distance from
the site of primary precipitation.

Usually the autochthonous pyritite bodies are
large single lenses or sheets, as at Rio Tinto
(WiLtiams et al. 1975) or La Zarza (Srravss and
Mapzr, 1974) while the allochthonous deposits
often occur in clusters: five pyritite lenses at
Tharsis North and eighteen at Lousal (Strauss
and MapEr 1974).

The Iberian Pyrite Belt contains several
pyritite deposits of giant size, the largest sulphide
accumulations in the world. Most important was
Rio Tinto where owing to folding and subsequent
uplift and erosion most of the original deposit has
been removed. It had been folded into an anticline,
with pyritite left in the north and south limbs
and as a gossan on its crest. Reconstitution by
unfolding yields an original pyritite sheet mea-
suring approximately 4.5km long by 1.6km wide
and up to 80m thick (SCHERMERHORN 1971b).
This works out at an original tonnage of roughly
three-quarter billion tonnes.

Present reserves in the Pyrite Belt total
620 million tonnes (CARVALHO ¢f al. 1976). Largest
are the reserves of Aljustrel (250 million tonnes)
and Tharsis (130 million tonnes) while Rio Tinto
still has 55 millions tonnes. Taking into account
the amount of pyritite removed by erosion,
extracted by mining and still to be discovered,
and applying Zipf's law, the total amount of sul-
phide deposited in the Iberian Pyrite Belt will
have been somewhat over 2 bellion tonnes (SCHER-
MERHORN, in preparation).

The distribution of this enormous amount over
the 230km length of the Pyrite Belt presents a
regular rather than a random pattern. The large
pyritite deposits are isclated: where other ore-
bodies are found in the same area they are very
much smaller. A plot of the large deposits shows
them to lie at roughly similar intervals (fig. 5).
The Neves-Corvo prospect, a large blind orebody



was only discovered in 1977 and the apparent
lack of significant mineralization in the interval
between Aljustrel and Sdo Domingos, which
seemed twice as large as the normal strike distance
between comparable pyritite bodies elsewhere in
the Pyrite Belt, was an incentive to prospecting
in that area. It thus seems that large accumulations
of pyritite, 20 million tonnes and over, were only
produced at distances between 23 and 35km. La
Zarza and Sotiel are separated by 12km only
but this is across the strike in a strongly folded
area and the original distance must have been
at least twice that amount. Between the major
deposits numerous small deposits were generated
in the Spanish Pyrite Belt but not — curiously
enough — in the Portuguese half of this orefield
where only a few small oceurrences are known
beside the four large deposits.

There are four main alignments of sulphide
mineralization along the strike. The most northerly
alignment is in Spain and comprises several
small to medium-sized deposits such as Concep-
cién. The next alignment joins Rio Tinto, La
Zarza and Sio Domingos, The third alignment has
Aznaledllar, Sotiel, Tharsis and Aljustrel. The
southernmost alignment is in Portugal and runs
through Lousal and Neves.

Very approximately, the known pyritite reser-
ves of 620 million tonnes present the following
average composition:

Sulphur . . . 46 9,
O ey S S S g
MR L S SR S e T
Bine o o i A e T Y
T e SRS o e
YRR S LT SRUT L CRESO0Hg 9%
Gald -« .0, 08gft
Silver. . 30 gt

The remainder is largely siliceous, chloritic and
carbonate gangue: as the high sulphur content
shows, most pyritite in this province is massive
sulphide ore of high purity.

In the very large deposits the copper tenor
is low, 0.3-0.79, though zinc can be relatively
high, up to 4-5%,. It appears to be a geochemical
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law in the Pyrite Belt that pyritite bodies excee-
ding 30 million tonnes, or over 40 m thickness,
do not contain over 0.7% Cu. Higher copper
tenors occur in smaller orebodies (up to 2%, Cu)
and locally as oreshoots in larger pyritite masses.

Vizouez GuzmAn (1976) has established that
primary magnetite and hematite, together with
some siderite, appear in small quantities in pyritite,
especially in the northern part of the Spanish
Pyrite Belt.

The massive sulphides may be associated
with disseminated sulphides constituting syngenetic
(pre-folding) or epigenetic (post-folding) stockwork
ores underlying pyritite deposits, or syngenetic
stratabound ores in hanging wall or footwall
tuffs and slates. These may contain workable
proportions of chalcopyrite, sphalerite and galena,
and reach large tonnages. This type of minera-
lization — sulphides diluted by volcanic material
at the source —is common though not often
economic.

Of considerable metallogenetic and explora-
tional interest are two lithofacies that accompany
pyritite: chloritite and jasper. Chloritite, first
studied and named at Aljustrel, consists mostly of
a fine-grained chlorite aggregate generally con-
taining disseminated sulphides and sometimes
carbonate; it may grade into chloritic tuffs. When
cleaved it could be, and has been, mistaken for
black slate. Choritite bodies may be found in
the footwall or sometimes in the hanging wall of
pyritite deposits, and may reach 50 m thickness.
At Aznaledllar a massive pyritite orebody is
overlain by tuffaceous chloritite carrying copper-
zine sulphides. Chloritite mostly occurs near or
at the periphery of an orebody. In a similar
peripheral position, generally beyond the ore
boundary and slightly higher stratigraphically,
are jasper lenses, silica rocks containing some
chlorite and pyrite but mostly poor or lacking
in iron oxides, unlike the red or black jaspers
unrelated to sulphide mineralization.

Pyrite, chlorite and silica are intimately
associated, as bodies of pyritite, chloritite and
jasper, or intergrown and even interlaminated.
This association is widespread the world over,
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constituting a velcanogenic sulphide-chlorite-silica
association.

Chlorite and silica accompany sulphide pre-
cipitation both as subsurface replacements in
the feeder zones underneath autochthonous pyritite
and as surface deposits accompanying auto-
chthonous and allochthonous pyritite. Chloriti-
zation and silicification of footwall rock in altera-
tion pipes is caused by syngenetic hydrothermal
activity around the feeder channels below the
seafloor on which pyritite was deposited. Such
replacement bodies show irregular, discordant
shapes. Chloritite and jasper deposited on the
seafloor, as volcanogenic muds (they may grade
into tuff) and transported downslope along with
allochthonous pyritite masses, are stratiform,
concordant bodies. Chloritite deposits were formed
immediately preceding, and sometimes succeeding,
the phase of sulphide precipitation, while the
jasper represents siliceous precipitation occurring
slightly later in sequence, and travelling farther out.

Pyritite originates through an interaction
between volcanogenic emanations and seawater
that gives rise to the precipitation of colloidal
sulphides on the seafloor (pyritite may show
original colloform gel textures). There is a whole
range of possibilities here, between the extremes
of voleanic heat only plus seawater supplying all
the components of pyritite and of seawater only
serving to chill upwelling hot ore solutions wholly
of volcanic origin, to precipitate pyritite.

However, it appears likely, in the light of
data on the isotopic constitution of sulphur at
Rio Tinto (WILL1ams ef al. 1975) and elsewhere,
that the sulphur in pyritite represents a mixture
of juvenile sulphur associated with the felsic
volcanism and of sulphur derived from seawater
sulphate. Seawater circulating as pore water in
the tuff piles building the submarine volcanoes,
participating in convective hydrothermal systems
driven by magmatic heat, would supply the
sulphate sulphur component. The Iberian ore
carries an extremely wide range of metals (ScHER-
MERHORN 1971b): tin, for instance, is widespread,
occurring as cassiterite, sometimes accompanied
by stannite (Ave and Prcor 1976). The source
of the metals would be voleanic too, either directly

from the magmatic residue or by leaching from
volcanics.

As the geology shows, pyritite is deposited
at the end of a volcanic cycle, from hydrothermal
solutions discharging on the seafloor and building
up large volumes of very pure sulphides. During
active volcanism the hydrothermal process cannot
take place without interruptions and the sulphides
produced are scattered. Moreover, the minera-
lizing fluids bringing the sulphides were accom-
panied by solutions from which chlorite and silica
were deposited, within the wents (chloritization
and silicification of footwall tuffs) or on the surface
(primary chloritite and jasper). The Mg, Fe and
Si needed for these processes are likely to be of
volcanic origin too, either directly or indirectly.

The mafic voleanism of the Pyrite Belt — mafic
to intermediate spilites and diabases —is comple-
tely distinct from the felsic voleanism, showing no
transitions. Though the mafics are likely to be
mantle-derived, such an origin seems less probable
for the felsic volcanics, and the few known initial
57Sr/%Sr ratios favour a crustal origin (ScHER-
mERHORN 1976). If such is the case, then the
sulphur and metals brought up by the magmas
either have an origin in remelted Precambriam
rocks, or have been transferred from mantle-
derived mafic magma to ascending deep-crustal
felsic magmas, a problem awaiting resolution.
Either type of source involves a pre-existing
sulphur-metals concentration, to explain the
vast tonnage of Pyrite Belt deposits.

According to their volcanic environment there
can be distinguished three fypes of volcanogenic
polymetallic pyritic deposits, grading from massive
(pyritite) to disseminated.

1. The Cyprus type is found in the mafic
(spalitic) lavas at the top of ophiclite complexes.
The best known example is Cyprus and similar
deposits have been described from Newfoundland
and elsewhere. This type represents polymetallic
sulphide mineralization in an oceanic environment,
outside continental plates,

2. The Iberian type is linked to submarine
felsic voleanics (often quartz keratophyres) and
it comprises most of the important pyritite deposits



through time and space, including the Iberian
Pyrite Belt. This type may be found along or
within continental plates.

3. The Besshi fype is associated with non-ophio-
lite mafic and intermediate volcanics, along or
within continental plates.

Though the Tberian type is sometimes called
the Kurcko type, the kuroko ores form a subtype
of infrequent occurrence and small tonnage.
Briefly, the differences between the Kuroko and
Therian types are as follows:

1. Kuroko-type mineralization is restricted in
time and space, (Miocene in Japan), unlike
the widespread Iberian type (from the
Archean on, all over the world);

2. Kuroko deposits are small, exceptionally
over 10 million tonnes;

3. Kuroko is black ore, consisting mostly of
sphalerite, galena and barite, with little
pyrite and chalcopyrite: this is not base-
metal-carrying pyritite such as makes up
the bulk of the Iberian type deposits;

4. Oko, the yellow pyrite-chalcopyrite ore
(pyritite) underlying most kurcko ore, is
less well developed than kuroko, is often
sharply bounded against kuroko, and is
coarser-grained than most pyritite. In pyri-
tite bodies of the Iberian type the transi-
tion from a copper-rich lower to a zinc-
lead-rich upper part of the deposit takes
place gradually;

5. Abundant barite and gypsum accompany
kuroko and may even be more important
than the sulphides but are rare elsewhere;

6. Kuroko is associated with lava domes and
tuff breccias formed by vent explosions; true
tuff is extremely rare. In the Iberian Pyrite
Belt tuff is the normal felsic rock, tuff
breccias are infrequent and lavas are rare;

7. Every lava dome in the Kuroko province
has its kurcko deposit, and allochthonous
kuroko has not been transported over great
distances: kuroko is very rarely found in a
black shale environment, unlike the Pyrite
Belt where even very large deposits may
be sited in shales.

109

Capper veins have been worked at many places
in and near the Pyrite Belt: they are crosscutting
epigenetic quartz veins containing chalcopyrite
and some other minerals, and are post-orogenic
since they cut folded, cleaved and metamorpho-
sed Culm strata, the youngest Pyrite Belt group.
This mineralization could well have originated by
remobilization of cupriferous pyritite in depth.

Early Carboniferous manganese

Manganese ore deposits are far more numerous
than sulphide occurrences in the Iberian Pyrite
Belt though always much smaller: manganese
mineralization was much more extensive but less
intensive than pyritite mineralization. The total
amount of manganese ore produced in this belt
is about 5 million tonnes, from a few hundred
occurrences. The last mines were abandoned some
years i
Where found in the neighbourhood of pyritite,
as at Aljustrel, manganese deposits are slightly
younger than the sulphide mineralization. Most
of them have been mined for secondary manganese
oxides, derived from rhodochrosite and rhodonite
in depth. They often are associated with jasper
lenses.

The manganese deposits originated through
seafloor precipitation of volcanogenic manganese
oxides, hydroxides and carbonates, probably as a
gel. Later metamorphic recrystallization formed
rhodonite, braunite, spessartite and other minerals
(THADEU 1966a, CarvarLHO &f al. 1971b, 1976,
CraMEr 1976).

The manganese orebodies are small in compa-
rison not only to the pyritite masses associated
withe the same volcanism but also to manganese
deposits elsewhere. Their deposition as chemical
sediments fed from a volcanic-hydrothermal source
took place in an oxidizing environment, after
pyritite deposition — under reducing conditions —
had ceased or else at some distance from the
centres of sulphide accumulation. Because the
available Mn, an exhalative product, was not
absorbed by sulphide precipitation, as was iron,
it entered seawater to be dispersed, presumably
as a colloidal hydrosol. Transport away from the
volecanic sources under the influence of gravity
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and sea currents did not lead to complete dispersal
by dilution with seawater, for no thin extensive
beds of manganese ore are known. Rather, the
manganese deposits form lenses strung out along
a favourable horizon. Accumulation of manganese
mineral gels, together with silica gels producing
jasper, must therefore have depended on mass
transport and settling in situ,

MIDDLE CARBONIFEROUS

Within the Westphalian the break takes place
that separates geosynclinal from orogenic evolu-
tion in the Hercynian sequence and mainly
syngenetic from mainly epigenetic mineralizing
episodes.

Tectonic movements largely of epeirogenic
character made their influence felt at varions times
during the development of the Hercynian geosyn-
cline, leaving their traces as more or less widespread
disconformities and unconformities. They did not
involve Meseta-wide orogenic deformation. As we
have seen, one of these tectonic phases, acting at
the end of the Devonian, caused emergence of
the central Meseta block and subsidence of the
Cantabrian and South Portuguese external geo-
synclines. This phase is sometimes equated with
the Bretonian orogeny and considered to be the
first Hercynian orogenic phase. Succeeding phases
are largely of the nature of epeirogenic movements,
as for instance the uplift during the Viséan of the
source area in the southwest part of the central
block that gave rise to the deposition of the thick
widespread Culm group in the South Portuguese
Zone, the second most extensive sedimentary
unit, after the Beira Schists, in the Meseta.

When full-scale orogeny set in with the Her-
cynian main phase, orogenic development super-
seded geosynclinal sedimentation in the two
external remnants of the Hercynian geosyncline,
the Cantabrian and South Portuguese Zones.

Hercynian orogeny: the main phase

The main Hercynian folding took place during
the Westphalian (ScHErRMERHORN 1956, 1971a).
The evidence for this is principally of two kinds:
firstly, everywhere in the Meseta the older geo-

synelinal formations up to and including the
Viséan and Namurian (where present) were
folded before the deposition of the continental
coal-bearing Middle to Upper Carboniferous strata
(mostly Upper Westphalian and Stephanian),
themselves deformed by later Hercynian phases.
Secondly, this folding was accompanied by the
development of cleavage and closely followed in
many places by regional metamorphism, migma-
tization and the emplacement of the widespread
Older Granites. Many of these have been radio-
metrically dated and their average age is around
300 Ma, that is approximately Middle Westpha-
lian (MENDES 1968, PRIEM ef al. 1970, LEUTWEIN
ef al. 1970),

The succession of Hercynian phases and how
they affected unfolded or already consolidated
regions is of importance in the genesis of the
Hercynian epigenetic mineral deposits.

Without entering into detail, it may be men-
tioned that the structural history of the Hercynian
folding phases is still far from having been satis-
factorily worked out. This is to a large extent
due to the prevalence of coaxial refolding and
the scarcity of time horizons that can be used to
distinguish between discrete phases. It is there-
fore difficult to assess the extent of pre-main
phase deformational episodes and whether they
involved epeirogenic or true orogenic movements.
So far, it appears that the large-scale fold structu-
res of the Meseta were laid out during the main
phase, possibly starting during some local earlier
folding. Later tectonic phases consisted of block
movements affecting crust that had already
been consolidated by main-phase folding, cleavage,
metamorphism and granite intrusion. These later
phases only caused true folding in post-main phase
sediments and their effect on the earlier formations
was tightening of main phase folds and diffe-
rential vertical movements giving rise to faulting
and horst-and-graben tectonics.

Pervasive folding and shearing, with the
development of cleavage, was only associated
with the main phase, possibly in several subphases.
This is illustrated by the deformation of the
pre-main phase granites of Lower Carboniferous
and Upper Ordovician age which have become
gneissose (PRIEM ef al. 1970). The Older Granites,



associated with the main phase, have not suffered
similar tectonization, though they were subjected
to later Hercynian phases. Thus only the main-
phase deformation was forceful enough to shear
and gneissify granite massifs.

Westphalian talc

At Puebla de Lillo in Ledn, the main tale
producer in Spain, Namurian limestone, the
scaliza de montafias, has been locally transformed
into talc by dolomitization and later silica metaso-
matism during low-grade regional metamorphism
when silica derived from adjacent detrital sediments
was redistributed; most talc is found near the
contact with overlying Westphalian shales (GArAn-
Hurerros and Ropas 1973).

As such, this important talc deposit may be
classified as one of the few metamorphic mineral
deposits in the Iberian Peninsula. Moreover,
since the regional metamorphism is of Westpha-
lian age, this is the age of the talc too.

Hercynian Older Granites

Granite plutonism took place in various
episodes during the Hercynian cycle (MENDES
1968, Pruint of al. 1970):

1. Late Ordovician . . 460-430 Ma
2, Early Tournaisian . . ca. 350 Ma
3. Westphalian . . % ca. 300 Ma
4, Earliest Autunian . . . ca. 280 Ma

The Westphalian' and Autunian granites are
distinguished as Older and Younger Granites
(ScHERMERHORN 1956), a distinction originally
based on structural relationships and later con-
firmed by radiometric dating (PriEm ef al. 1970).
These two suites present different characteristics.
The Ordovician and Tournaisian granites are
much rarer and are not associated with minera-
lization.

The designation of Older and Younger Granites
serves to situate the two suites in time: it must be
realized that either group contains units varying
in texture, structure, mineralogy, composition
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and environment. The distinction between the
two suites, based on crosscutting relationships,
is a valid one as radiometric dating all over the
Meseta has shown. The Older Granites have been
equated with an alkaline suite, as leucogranites,
in contrast to the Younger Granites as a calcal-
kaline sunite (Carpevina 1969, Omx INc SoEn
1970, Capprvira ef al. 1973) but this chemical
subdivision only applies locally in the northwestern
Meseta (Froor 1970). Elsewhere, as in south
Portugal and south Spain, the Older Granites
often are calcalkaline rocks. Moreover, in the
northwestern Meseta also many Older Granites
are rich in biotite and show calcalkaline tendencies,
with plagioclase as calcic as andesine and even
labradorite (ScHERMERHORN 1956). Also, many
Younger Granites show an alkaline, leucogranite
trend, containing abundant albite and muscovite.

Granites were emplaced over the width of the
Hercynian orogen in the Iberian Peninsula, from
the Cantabrian Zone in the north to the South
Portuguese Zone in the southwest (according to
CarpEvVILA ef al. (1973) granites are lacking in the
latter zone but this is erroneous: granites (grano-
diorite to quartz diorite) occur in the Spanish
Pyrite Belt. They are most abundant in the
central block.

The Older Granites are late-syntectonic to
post-tectonic with reference to the Hercynian
main phase, show concordant to crosscutting
relationships with their country rock (mostly
schists), often occur in areas of medium to high-
grade regional metamorphism, may be associated
with extensive migmatization, and range from
gabbroic to granitic with quartz diorite and grano-
diorite most common. They often show an alkaline
character, with albitic plagioclase, and they
contain biotite and muscovite, the latter frequently
abundant. Yet calcalkaline rocks with oligoclase
to andesine and little or no muscovite are also
known, especially in the southern Meseta. In the
northwest Meseta fine to medium-grained two-mica
granodiorites and granites are common but
sparsely to fully porphyritic rocks are found too.
These granites often are leucocratic, containing
rather less dark constituents than the Younger
Granites, but the Older Granites also include
rather dark varieties, not only leucogranites,
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In south Portugal and south Spain occur much
more mafic Older Granites ranging from gabbros
and diorites to granites; most frequent are quartz
diorites (tonalites) and granodiorites. Radiometric
ages determined by Mrxpes (1968) are mostly
around 303 Ma but a few older (about 360 Ma)
and younger (280 Ma) rocks are present as well.

The initial ¥'Sr/*Sr ratios in the Older Gra-
nites of the Meseta range mainly between 0.709
and 0.711; lower values are rare but higher values
are not infrequent.

MIDDLE TO UPPER CARBONIFEROUS

Geosynclinal sedimentation and the deposition
of syngenetic mineral resources came to an end
with the onset of Hercynian orogeny. After the
main Hercynian deformation had run its course,
with widespread metamorphism and the empla-
cement of the Older Granites about 300 Ma ago,
the Meseta had become an emerged consolidated
massif and the Upper Carboniferous is characte-
rized by continental deposits and coal measures.

Over most of the Meseta Upper Carboniferous
and Permian strata were laid down in isolated
post-orogenic basins formed by block movements.
The sequences in these intramontane troughs
characteristically start with orogenic conglo-
merates derived from adjacent rising blocks and
further contain shales and sandstonesin continental
to paralic facies, with coal seams. Some volcanism
occurred locally. The Puertollano coalfield in
south-central Spain and some other basins also
contain oil shales.

The ages of these sequences mostly range from
Westphalian D to Upper Stephanian and Autu-
nian; some are Westphalian B (OrrtUufio 1970,
Waengr 1971).

These basins are numerous in Spain and
Portugal and some of them have been or are still
being worked for coal. Most important, with
many mines, is the large central Asturian Coalfield
where the Upper Carboniferous is wvery thick.
Spanish coal and anthracite output (excluding
lignite) was 11.9 million tonnes in 1977. Portugal
produced 195.000 tonnes of anthracite in 1977.

Hercynian orogeny: later phases

The ages of the later Hercynian deformation
can only be worked out in areas where dated
Carboniferous and Permian formations are pre-
sent. An unconformity usually separates Stepha-
nian B/C from earlier formations, due to tectonic
movements of Early Stephanien age. Similarly,
the Autunian in Portugal lies on folded and cleaved
older Paleozoic rocks but was itself folded and
deformed, indicating a terminal Hercynian phase
of post-Autunian age. As the Autunian consists
largely of orogenic conglomerates, tectonic move-
ments must have taken place shortly before their
deposition, that is, during the Late Stephanian.
Folded Upper Westphalian, Stephanian and
Antunian conglomerates may carry clasts from
metamorphic and granitic rocks but have not
themselves been regionally metamorphosed; the
Westphalian and Stephanian are cut by the
Younger Granites, but not the Autunian.

PERMIAN

The Permian of the Meseta continues the
deposition of continental facies in intramontane
basins, though coal is much rarer. Most of it is
Lower Permian, the Upper Permian being unknown
in Portugal and very rare in Spain. The Permian
basins were formed by late-Hercynian epeirogenic
block movements and have themselves been
deformed and folded by the latest Hercynian
movements. As a result, the Permian is covered
disconformably to unconformably by Triassic sedi-
ments, at the close of the Hercynian cycle,

Autunian stratabound fluorite

In northern Asturia a fluorite mineralization
is found in a Permotriassic basin developed on
folded, eroded and planated Carboniferous and
older strata. This mineralization is worked in
several mines, together with vein deposits, and
most of the Spanish fluorite production (275,000
tonnes in 1976 or well over 6%, of world fluorite
output) derives from this district.



The Lower Permian starts with a basal breccia
on Middle Carboniferous limestones and other
rocks, on which sandy limestones, dolomites and
sandstones follow. The breccia and overlying sedi-
ments are impregnated by fluorite. According to
Forster (1974) this is a stratabound syngenetic
mineralization of Lower Permian age, originated
on a shallow marine shelf along a shoreline. The
clastic material and the fluorite derive from the
emerged Cantabrian hinterland in the south,
where the Paleozoic sediments already contained
relatively much fluorite. However, Garcfa IGLE-
s1AS (1978) admits an epigenetic mode of origin
for these fluorite deposits.

Hercynian Younger Granites

The Younger Granites are late-syntectonic to
post-tectonic with respect to the Upper Stepha-
nian deformational phase (this phase caused
compression of Stephanian and older synclines
and took place just before the deposition of the
Lower Autunian). They intruded all kinds of
earlier rocks, including Older Granites, and form
mostly crosscutting massifs, The Younger Gra-
nites are largely calcalkaline rocks, ranging in
composition from gabbroic to granodioritic and
granitic, but they are commonly granitic. Their
plagioclase is generally oligoclase to andesine and
the mica is mostly biotite with less muscovite.
These granites usually are rich in radioactive
accessories (zircon, monazite, xenotime, orthite)
unlike most Older Granites (SCHERMERHORN 1956)
and may be associated with abundant pegmatites
and aplites. Coarse porphyritic biotite granite
with abundant potash feldspar megacrysts is
common and forms large batholiths,

A widespread phenomenon is the development
of potash feldspar megacrysts in equigranular
Older Granites or earlier Younger Granites in the
vicinity of porphyritic Younger Granites, a pro-
cess described as pofash-feldspathization of earlier
by later granites (SHERMERHORN 1956). This is
a secondary process evidenced by the irregular
distribution of newly crystallized potash feldspar
megacrysts as an inhomogeneous fabric element
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superimposed on the homogeneous original conso-
lidation texture of the affected older granites.
Moreover, megacryst density varies with the
distance from the adjacent Younger Granite.
The megacrysts are few and far between in the
distal facies of potash-feldspathization, giving
rise to sparsely porphyritic granite. They increase
in abundance towards the adjacent or underlying
Younger Granite next to which the proximal facies
of highly porphyritic granite is developed. Appa-
rently both metasomatic introduction of potash
(as deduced from moedal analyses) and metamor-
phic rearrangement of already present potash
feldspar (as deduced from chemical analyses:
Bring 1960) play a role. Potash-feldspathization
and the accompanying processes of decalcification
of plagioclase to albite and muscovitisation are
contact-metamorphic effects exerted by large
intruding masses of Younger Granites.

Two aspects of the megacryst development
in older granites need to be considered here,
First, the process ultimately generates porphyritic
granites which must be distinguished from primary,
magmatic porphyritic granites. Second, this type
of megacryst production in Older Granites or
earlier Younger Granites is a contact effect of
neighbouring Younger Granites and as such often
coincides with Sn-W mineralization. Thus Brivg
(1960) mapped a large area of equigranular Older
Granite in which two zones of megacryst deve-
lopment also are sites of tungsten mineralization
which he ascribed to a buried Younger Granite,

Initial *’Sr/**Sr ratios in the Younger Granites.
vary from about 0.705 to higher values. Their
abundant and varied mineralization—in contrast
to the Older Granites — seems to indicate a diffe-
rent source in deeper levels or a different mode
of generation. The Older Granites often are more
aluminous than the Younger Granites as is brought
out by their higher normative corundum contents
(PriEm 1962), indicative of sialic assimilation. In
western Spain, on the other hand, occur cordierite-
bearing granites assigned to the Younger Granites
whose high alumosilicate content is ascribed to
assimilation in middle crustal levels (Ucmpos and
Bra 1976).
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Autunian tin and tungsten

Historically the Iberian Peninsula has since
pre-Roman times been an important source of
tin from lodes and placers in Galicia and northern
Portugal. Spain and Portugal are very minor tin
producers now: in 1977 Spain’s output was 800t
tin concentrate (containing 427 t tin metal) and
Portugal produced 369 t concentrate (at 709, Sn),
together about a quarter of British mine pro-
duction and a half percent of world output.

However, Portugal is an important tungsten
producer, with 1010t W (metal contained in
concentrates) in 1977 the first in Europe and
no. 10 in the world, contributing 2.25%, to world
output. In 1974 the Portuguese tungsten reserves
were put at 10.000 t W, or 0.53%; of world reserves,
by the U.S. Geological Survey. Spain produced
360t W (metal content) in 1977.

Modern study of the tin and tungsten ore
deposits in the Meseta starts with Corsro NEva
(1944). Tin is found in Hercynian granites, pegma-
tites, aplites, greisens and hydrothermal quartz
veins and stockworks, and derived from these
are post-Hercynian eluvial and alluvial deposits.
The main tin mineral is cassiterite; though stannite
and other rarer minerals occur they are not worked.
Tungsten deposits are hydrothermal quartz veins,
stockworks and replacement bodies mostly, with
wolframite and scheelite as economic minerals,
and furthermore stratabound scheelite disse-
minations which as we have seen may well be of
syngenetic origin. There also occur post-Her-
cynian eluvial and alluvial deposits of little
significance.

The Sn and W lodes are found in a zone
stretching from Galicia over northern Portugal
and western Spain into southern Spain (fig. 2),
which is to say, mostly the Central Iberian Zone of
the new tectonic subdivision of the Iberian Massif
or Meseta by Juriverr ef al. (1974). Working
mines are found in Galicia, Asturia, northern
Portugal and western Spain. Most of the rocks
outcropping in this zone are either Hercynian
granites or Beira Schists and their equivalents,
with a lesser proportion of Ordovician and Silurian
rocks, and some strata of other ages.

Except for the tin and tungsten placers and
the stratabound scheelite, the tin and tungsten
deposits are closely associated in space and time
with Hercynian granites and are endogenic ores.

The age of this epigenetic granite-bound
tin-tungsten mineralization has been in dispute.
Studies in northern Portugal indicated a close
spatial relationship with the coarse porphyritic
and related granites of the Younger Granite
suite. Hence a genetic link was deduced and the
mineralization was dated as belonging to the
consolidation period of the parent granites, which
is to say Autunian,

Later investigations in Galicia (Yema 1966,
Capprvira 1969) indicated a relationship with
two-mica granites regarded as Older Granites.
For the northeast corner of Portugal, in eastern
Trés-os-Montes, RisEmo (1968) claimed that
tin-tungsten deposits were associated with two-
mica granites (belonging to the Older Granite
suite) emplaced into the cores of antiforms origi-
nated during Westphalian orogeny. These deposits
are quartz veins and some aplite veins filling
tension fractures normal to the antiform axis.
However, the supposed association of tin-tungsten
lodes with the Older Granites, indicating an
earlier episode of mineralization, has been criti-
cized (CoNDE ef al. 1971, THADEU 1973, 1977)
and to date it has not been confirmed.

Could there have been two episodes of epige-
netic tin-tungsten mineralization in the northwest
Meseta, producing deposits of identical aspect?
To answer this question care must be taken not
to confuse nature and age of the mineralizing
granites.

In the first place, too much has been made of
a supposed contrast between (older) two-mica
granites and (younger) biotite granites, leading
in some cases to incorrect assignment of musco-
vite-bearing granites to the group of Older Gra-
nites. Muscovite is a mineral occurring abundantly
in the Younger Granites and muscovitization, even
greisenization of Older by Younger granites took
place (SCHERMERHORN 1956, p. 244).

Secondly, the two-mica granites associated
with Sn-W deposits in northern Portugal and
Galicia show medium-grained, mostly non-por-



phyritic textures, but wimilar textures do not
signify similar agess (ScHERMERHORN 1956, p. 249).
Medium-grained muscovite-bearing granites occur
among both the Older and Younger Granites, and
the same goes for porphyritic granites. Such was
confirmed by a study of an area in northernmost
Portugal: Farinua Rawmos ef al. (1972) showed
the existence of two granitic cycles separated,
by a tectonic phase which caused deformation
in the older granites. Either cycle displays an
identical succession from coarse porphyritic gra-
nites over medium-grained non-porphyritic gra-
nites to fine-grained granites and either cycle
contains calcalkaline as well as alkaline rocks.
Mineralization is related to the younger granites.

Firm evidence as to age is provided only by
the Younger Granites where they intrude folded
Stephanian strata; the associated pegmatites,
aplites, greisens and quartz veins bearing Sn and
W minerals occur either within these granites or in
their country rock which consists of contact-
metamorphosed sediments and potash-feldspa-
thized and muscovitized Older Granites (SCHER-
MERHORN 1956). The radiometric dating of these
Younger Granites (PriEm ef al. 1970) equally
defines the Autunian age of these slightly younger
mineralizations. For the Older Granites this kind
of evidence is not available; unfortunately no
supposedly stanniferous Older Granites have yet
been dated by a Rb-Sr isochron.

CoxpE et al. (1971) point out that the porphy-
ritic granites characteristic of Sn-W mineraliza-
tion in most of northern Portugal almost disappear
in the nerthernmost regions where the ore deposits
are associated with medium-grained two-mica
alkaline granites surrounded by contact-meta-
morphic aureoles. Furthermore, de BoorpER (1965)
has shown that the coarse porphyritic granite
forming large batholiths in northern Portugal may
grade into medium-grained two-mica granite.

Whether Sn-W veins associated with two-
mica granites supposedly belonging to the Older
Granites are really of Westphalian age depends
on two conditions. First there must be evidence
that the spatially associated granite is truly the
parent granite of the ore, for Older Granites often
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are hosts to ore veins that in reality emanate from
an underlying Younger Granite. Second, the
spatially associated granite must be an Older
Granite, that is, its age must be radiometrically
ascertained.

As long as this evidence is not forthcoming
the hypothesis of an older, Westphalian episode
of Sn-W mineralization remains unconfirmed and,
in the light of other evidence, doubtful. Incidental
mineralization may have occurred but no impor-
tant ore formation of economic significance is
known as yet. This evidence is the following. In
the first place, as CoNDE ef al. (1971) and Trapew
(1973) point out, no Sn-W veins, whether or not
related to the Older Granites, are cut by later
Younger Granites or their pegmatites, aplites
and other veins, This is strong negative evidence
since the very widespread Younger Granites very
frequently intrude Older Granites and their country
rock. Secondly, even though there are mineralogical,
petrographical and structural differences, as group
characteristics, between the Older and Younger
Granites (ScHERMERHORN 1956, Froor 1970,
OEN INc SorN 1970, CarpmviLA ef al. 1973)
the Sn-W deposits cannot be differentiated on
this basis. Thus CoNDE ef al. (1971) and THADEU
(1973) conclude in favour of a single period of
mineralization. In addition, another argument
supporting this view is that the Westphalian and
Stephanian conglomerates carrying clasts of Older
Granites and metamorphic rocks have not been
found to contain cassiterite or other detritus
indicative of an important mineralization asso-
ciated with these granites.

Tungsten is more abundant than tin in this
Sn-W province, The two metals mostly occur
jointly, forming Sn-W deposits, but there also
are some deposits in which only one of these
metals is present, with the other absent or appea-
ring in trace amounts. Byproducts of the Sn-W
mines include copper, silver (both from chalco-
pyrite), niobium and tantalum (in columbite-
tantalite) and formerly bismuth and lithium as
well. Ilmenite is recovered together with cassite-
rite from alluvian tin deposits in Portugal (which
produced 367 t ilmenite concentrate (50%, TiO,)
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in 1976 and 175t in 1977); however, this mineral
derives, not from the tin lodes, but from the
Hercynian granites in which it is almost the only
oxidic ore mineral (SCHERMERHORN 1956).

The Sn-W lodes are associated especially with
the Younger Granites, notably the coarse porphy-
ritic and related gramites, as is discussed below.
The Sn-W-bearing pegmatites, aplites, greisens
and quartz veinz are found in the vicinity of the
contacts of these granite massifs.

The deposits may be grouped according to
type as follows:

L Disseminations

cassiterite disseminated in muscovite gra-
nite or greisen

II.  Pegmatites
@) cassiterite pegmatites with little or
no tungsten
b) wolframite pegmatites with little or
no cassiterite

TIL  Aplites

a) cassiterite aplites
b) wolframite aplites

IV. Quartz veins (with stockworks and breccia

pipes)

a) cassiterite veins with little or no
tungsten

b) cassiterite-wolframite (andfor schee-
lite) veins

¢) wolframite veins with little or no
cassiterite

d) scheelite veins with little or no wol-
framite or cassiterite

V.  Metasomatic skarns

a) scheelite skarns
b) wolframite-scheelite skarnes

Excluded are the Cambrian and Silurian meta-
morphic scheelite skarns (reaction skarns) since
their metallization appears to be much older,

Tin disseminations in greisens are of frequent
occurrence but do not often constitute large
masses. Normally tin has been concentrated in
late-stage fluids which became segregated in
pegmatites and vein deposits and only rarely has
it impregnated entire rock masses.

Late-stage fine-grained granites or aplogranites
sometimes carry sufficient dispersed cassiterite
to warrant economic extraction. Columbite-tanta-
lite also occurs. The Sn and Nb-Ta minerals are
in some cases found finely disseminated through
the rock, in other cases they are associated with
quartz veinlets. The grade of this kind of tin ore
is variable between 0.3-2 kg cassiterite per tonne
(A. ArmiBas, personal communication). Thus, at
Penouta (Orense district, Galicia) a kaolinized
greisen granite (Gumier 1978) is worked which
yields 0.4 kgt cassiterite. At Golpejas near Sala-
manca a similar granite is mined and several other
occurrences of disseminated tin mineralizations
are known in Spain (ARRIBAS 1978).

Tin pegmatites contain albite, quartz, potash
feldspar and muscovite as main minerals with
cassiterite, tourmaline, beryl, apatite and sulphides
in accessory amounts, Wolframite is rare; however,
a few pegmatites carry wolframite but no cassi-
terite.

Tin pegmatites, as distinct from the barren
pegmatites of simple mineralogy, show very com-
plex mineral assemblages, with the minerals listed
above accompanied by plentiful rarer minerals
in trace amounts. Many of these pegmatites
contain fine-grained aplitic portions (pegmaplites
of some authors).

The tin pegmatites have in the past been
worked extensively for cassiterite, with columbite-
tantalite, wolframite and other byproducts, but
exploitation has mostly ceased, as the grade in
pegmatites is generally lower than in veins.

In some regions pegmatites are abundant, as
in the Serra de Arga (northern Portugal) where
cassiterite and columbite-tantalite-bearing veins
were studied by Corero Nemva (1854), The tin
pegmatite fields of the Amarante region in northern
Portugal have been described by Marjzr (1965);
these pegmatites contained 0.1-0.3 wt 9}, cassi-
terite.



Some pegmatites attain considerable dimen-
sions: the Lagares tin pegmatite (CorELo NEIva
1944, ScuprMERHORN 1956) is one kilometre long
and up to 12 m thick. The grade was 0.09-0.1 wt 9,
cassiterite; the concentrate produced by the
Lagares mine contained in addition 2%, colum-
bite-tantalite and 0.19} wolframite.

Tin and tungsten aplifes are much less fre-
quent than tin pegmatites and do not attain
similar sizes: they have been worked on a small
scale only. These rocks are muscovite aplites
generally bearing some tourmaline and they
contain finely disseminated cassiterite occasio-
nally accompanied by wolframite and jor sulphides;
some aplites carry wolframite only; some aplites
show greisenization (ScHERMERHORN 1956).

Where both pegmatites and mineralized quartz
veins are developed there exists a zonation from
tin pegmatites and/or tin-bearing quartz veins
inside or just outside the granite contact to
tungsten wveins at some distance outside the
granite. Though the different types of ore veins
grade into each other no transition is known
between pegmatites or aplites and quartz veins
(THADEU 1965b, 1973).

Quartz veins carrying cassiterite and/or wolfra-
mite and scheelite constitute the ore exploited
by most mines. As a rule cassiterite-quartz veins
occurring inside granite pass to cassiterite-wol-
framite veins across the contact and these to
wolframite veins outside the granite. Sulphides
accompany this mineralization, especially in the
tin-tungsten and tungsten zones. THADEU (1973)
points out that marmatite and arsenopyrite tend
to be concentrated in the zone where cassiterite
and wolframite occur jointly. Pyrite, pyrrhotite
and chalcopyrite are present too but become
quantitatively more important in the outer zone
of wolframite veins where marmatite and arse-
nopyrite decrease.

The veins often follow existing joints, espe-
cially crossjoints (ac joints) and also cleavage
planes in schistose country rock. Often too they
are somewhat later than the jointing and exhibit
diverging strikes and dips. Subhorizontal veins as
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at Panasqueira are very rare: the veins generally
show moderate to steep dips. Stockworks as at
Bejanca (Sn and W) in northern Portugal usually
occur in greisens (COTELO NEIVA 1944).

Veining was in many cases accompanied or
preceded by greisenization of the host rocks in
generally narrow zones along the vein contacts,
In contrast, the development of greisen borders
in the wall rocks of pegmatites and aplites is
rarely seen, as distinguished from internal greisens
in these bodies. Greisen borders, often attended
by some mineralization, are best developed in
granites, much less so in sedimentary host rocks
where tourmalinization and other alterations are
more common (SCHERMERHORN 19566, THADEU
1965b).

Metasomatic replacement ore (cassiterite and
wolframite) occurs as small bodies locally asso-
ciated with vein mineralization (THADEU and
Aires Barros 1973),

The three most important vein deposits in
the Iberian Peninsula are the tungsten producers
Panasqueira and Borralha in Portugal and Barrue-
copardo in western Spain. They are not at all
alike: Panasqueira presents the peculiarity of a
subhorizontal vein system, Borralha has two
breccia pipes and is exceptionally rich in moly-
bdenum, and Barruecopardo is a scheelite vein
system, not wolframite like the other two.

The Panasgueira mine in central Portugal
produces wolframite and ecassiterite concentrates
and since 1962 also argentiferous chalcopyrite
concentrates; the recovery of sphalerite is being
studied. Mine statistics show that between 1934
and 1970 56,960 t wolframite concentrate, 3,984 t
cassiterite concentrate and 2,848t chalcopyrite
concentrate have been produced (Rerms 1971).
Although the overall ratio is cassiterite 79, of
wolframite output, the tin percentage has since
1960 dropped to 1-29, again rising to 4-59%
during the last few years. Production in 1977 was
1287 t wolframite concentrate (75%, of Portuguese
output; however, in 1975 it was 17421t), 1176t
chalcopyrite concentrate and 58 t cassiterite con-
centrate (169, of Portuguese output).

Panasqueira mineralization consists of subho-
rizontal wolframite - cassiterite - sulphide - bearing
quartz veins. The mineralized area is large: the
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underground workings cover 3 by 3.4km. It lies
in Beira Schist country, largely within a zone
of spotted phyllites. This contact metamorphism
is due to a buried granite whose roof has been
intersected underground and in boreholes. A dome
of greisen (greisenized granite} roughly 150 m in
diameter rises about 120 m above the irregular
roof of a much larger granite massif (fig. 6). The
roof rocks range from more or less strongly grei-
senized granite to muscovite-quartz greisen and
belong to an undeformed post-tectonic massif
(CLARK 1964, 1970, CoNDE ¢f al. 1971). The greisen

tourmaline, galena and calcite. Minerals present
in small quantities include stannite, molybdenite,
bismuth, bismuthinite, cubanite, freibergite and
other silver minerals, beryl and others. The most
abundant mineral after quartz is arsenopyrite
(Rers 1971). The cassiterite content of the veins
increases in depth and towards the granite. The
veins display muscovite-tourmaline selvages and
greisenized borders.

Greisenization preceded mineralization, Based
on four K-Ar age determinations of muscovites
from Panasqueira greisens and ore veins which
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Fig. 6 — Section through the Panasqueira vein system and the greisen-granite dome with its quartz cap
(black). After Beralt Tin and Wolfram Portugal, 8. A, R. L.

carries arsenopyrite, chalcopyrite, sphalerite and
a little cassiterite and is itself cut by the minera-
lized quartz wveins. The greisen dome is capped
by about 156 m of massive quartz which was depo-
sited in the space left by sagging due to contraction
of the dome rock.

The ore veins are up to 200 m long and average
30 cm thick, rarely exceeding one metre. They
mostly dip gently at 5-20° SW, SE or NW: mode-
rate to steep SE dips occur locally. The most
common minerals are wolframite, arsenopyrite,
chalcopyrite, pyrite, pyrrhotite, sphalerite (mar-
matite) and siderite. Less abundant are cassiterite,
apatite, marcasite, muscovite, fluorite, topaz,

yielded identical results Crark (1970) concluded
that greisenization and hydrothermal mineraliza-
tion took place in a brief period, possibly less
than one milion years.

The weins follow existing flat-lying joints
(fig. 6) which is unusual for tin-tungsten vein
mineralization. These joints may have been
produced as subhorizontal fractures resulting from
subvertical pressure release caused by slight
sagging of the underlying large granite mass when
it contracted during consolidation. As has been
noted, shrinking of the greisen dome, a small
protuberance on the roof of the main granite mass,
left a space that was filled by hydrothermal quartz.



The joints formed due to pressure release as here
suggested, possibly remained latent until forced
open by overpressured hydrothermal solutions
from which the vein minerals were deposited.

Hydrothermal mineralization took place in
various stages (Orey 1967). According to KELLy
(1974), study of the fluid inclusions in the vein
quartz shows that the ore fluids were hot (80-3250C)
and fairly saline (3-10 wt 9, equivalent NaCl)
while mineralization took place within 1.56km of
the contemporaneous ground surface. Stable iso-
tope data indicate a juvenile origin for the sulphur
in the sulphides formed during the main stage
of mineralization but a shallow source for late-
stage sulphur; the carbonates contain a substantial
proportion of organic carbon; and the hydrother-
mal fluids appear to have been predominantly
magmatic during the deposition of some minerals
but mixtures of meteoric and magmatic during
the deposition of others (RvE and KrrLyy 1974).

Fluid inclusions in the apatite accompanying
the mineralization indicate that it was deposited
at temperatures in or slightly above the range of
230-316°C (peaking at 280°C) from fluids showing
a salinity of about 8-11 wt 9%, equivalent NaCl
The fluid inclusions in later vein minerals (siderite,
fluorite, calcite and others) reveal a systematic
decline of temperature to below T0°C.

Kelly's assessment of the depth of minera-
lization entails that the underlying magma must
have risen to less than 1.7 km below the surface.
This in turn implies, first, a very high level of
emplacement but that is not unusual for the
Younger granites and, second, strong denuda-
tion. The granite intruded into folded and cleaved
Beira Schists. Before erosion, this sequence was
overlain by Ordovician, Silurian and Devonian
strata to a combined thickness certainly exceeding
500 m. As mentioned in a preceding section,
tectonic differentiation at the beginning of the
Carboniferous raised the central Iberian block
above sea level and erosion started. After the
main orogenic phase during the Westphalian at
least two tectonic phases of an epeirogenic, block-
faulting nature ensued, during the Early and the
Late Stephanian (ScHErRMEREORN 1956), causing
elevation of areas outside the basins in which the
Stephanian deposits were laid down, hence strong
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erosion and denudation. The Stephanian conglome-
rates in Portugal contain plentiful detritus derived
from the Older Granites intruded shortly beforeand
from regional-metamorphic schists likewise formed
shortly before, during the Westphalian. This indi-
cates a high rate of erosion and denudation in the
uplifted source areas of the Stephanian. It thus
is prefectly possible for an Upper Westphalian-
Stephanian erosion surface to truncate Beira
Schists at a deep level after removal of several
kilometres of overlying strata. The shallowness
of Panasqueira mineralization hence is not incon-
sistent with a deep stratigraphic-structural level
of emplacement.

The Borralha mine in northernmost Portugal,
the second largest tungsten deposit in the Penin-
sula, produces wolframite, scheelite and argenti-
ferous chalcopyrite concentrates. Together with
Panasqueira it accounts for about 909, of Portu-
guese tungsten output. An extensive zone of
tin and tungsten veins adjoins a massif of por-
phyritic granite regarded as the parent magma;
cassiterite veins near this granite pass outwards
to wolframite veins (with some scheelite) that are
worked at Borralha. The country rock is granite
and Silurian schists (CoNDE et al. 1971).

The lodes, up to 1.5 m thick, form an extensive,
very regular system of E to ESE trending mine-
ralized quartz veins dipping at 25-300 N, 45-60° N
and 509 N (NoronzHA 1974, NoronNHA and SaAvE-
prA 1975). Two large breccia pipes, one of them
outcropping, the other blind, are cemented by
ore-bearing quartz. The recently discovered blind
pipe contains 416ppm W, 980 ppm Mo (in
molybdenite) and 1300 ppm Cu (in chalcopyrite)
(F. Norowna, personal communication).

The wveins carry wolframite and sulphides
(mainly chalcopyrite and pyrite) as principal
minerals, accompanied by molybdenite, scheelite
(and rare powellite), marmatite, arsenopyrite, other
sulphides, tourmaline, white mica, apatite and
carbonates (CowpE et al. 1971, Norowma and
Saavepra 1975). Study of fluid inclusions in the
vein quartz led Norowna (1974) to admit a tem-
perature of formation in the order of 280-3500C
under a pressure around 1000 at.
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NoroneA estimated this pressure value from
figures published by Russian workers. However,
Amossk (1976) has envolved a new method of
measuring the pressure of crystallization: lattice
variation in wolframite before and after annea-
ling at high temperature to remove strain is
measured by X-ray methods and from this value
and the compressibility coefficient of wolframite
the pressure of crystallization can be derived
using the solid state equation. Thus Amossé
arrived at pressure of 1500 bar for wolframite
formation at Borralha. Using this value to correct
the homogenization temperature of the fluid
inclusions in the quartz host of the ore, he esti-
mated that the Borralha wolframite was deposited
at temperatures between 325 and 430°C, the
temperature gradient being correlated with dis-
tance from a breccia pipe as shot centres of mine-
ralization.

Noronma's and Amossi's figures for the pres-
sure, if taken as load pressure, would indicate
that mineralization took place at a depth of
roughly 3.8 km, respectively 5.7km. Further,
according to NoronzA and SAAVEDRA (1970) the
Silurian host rocks of the ore deposits were meta-
morphosed at a temperature in the order of 650°C
under a pressure of 4.5-5 kbar. This is equivalent to
a depth of 17-19km. Given a Middle Westpha-
lian age of the metamorphism, it means that
during the 20-30 million years separating the
time of metamorphism and the time of minera-
lization some 12-14 km of overburden was remo-
ved by erosion, at a rate of 400-700 m per million
years or less than a millimetre a year. Such does
not appear impossible in a tectonically active
environment of block-faulting. Still, the depth
of mineralization deduced from the above pressure
figures seems rather high. But if it is admitted,
in view of the presence of breccia pipes, that the
pressure under which wolframite formed was a
hydraulic overpressure exceeding the lithostatic
pressure, hence not correlatable with depth, then
the depth of mineralization was even less, say
one or two km as at Panasqueira, and this entails
an even greater rate of erosion, almost reaching
a millimetre a year,

These calculations incidentally tend to confirm
the view expressed by Conpg ef al. (1971) that
the mineralization emanated from a porphyritic
granite belonging to the Younger Granite suite.
An Older Granite would have intruded not long
after the regional metamorphism had run its
course, when little erosion could have taken place
at the surface, but the Borralha ore veins could
not have formed at a depth of 10km or over.
Hence this mineralization too is related to the
Younger Granites and of Autunian age.

In Spain the largest tungsten producer is the
scheelite stockwork of the Barruocoparde open-
-cast mine northwest of Salamanca, near the
frontier with Portugal. This occurrence is a system
of parallel NNE-trending subvertical veins ave-
raging 0.5-16cm  thick, developed in granite
(PELLITERO ef al. 1975). This stockwork is over
3 km long by 200 m wide and 100 m deep (ARRIBAS
1978). The veins are mineralized by scheelite and
arsenopyrite with subordinate ferberitic wolfra-
mite, pyrite and some chalcopyrite; cassiterite
and molybdenite are present in trace amounts.

The stockwork occurs in a granite described as
a two-mica adamellite in which pronounced micro-
clinization of biotite and plagioclase took place
and PELLITERO ef al. (1975, 1976) relate the tungsten
mineralization to this process. They note a posi-
tive correlation between potash feldspar content
and ore, hence they infer that the tungsten was
extracted from the surrounding granite itself
during microclinization: scheelite precipitated ins-
tead of wolframite because the replacement of pla-
giocla.se by microcline released caleium. However,
it also seems possible that potash-feldspathi-
zation of an older by an underlying younger
granite took place and that shear zones in the
older granite provided pathways for mineralizing
solutions related to the younger granite. The
presence of predominant scheelite is most unusunal
in this type of mineralization and difficult to
explain on either hypothesis. Because microcli-
nization of plagioclase is widespread in the Meseta
granites, scheelite ought to be rather more abun-
dant than wolframite, which is not the case. In
fact, Barruecopardo is unique, the more so because
of its large size.



Skarn-type scheelite-wolframite mineralization is
linked to the occurrence of calcareous beds in the
Beira Schist and Silurian country rock of the
Younger Granites. As we have seen, formerly
such mineralization was uniformly regarded as
due to epigenetic introduction of tungsten. It has
recently become recognized that syngenetic tungs-
ten exists in Cambrian and Silurian calc-silicate
beds, especially where they are found outside
the granite contact aureoles, such as the occurrence
cited under the heading Cambrian scheelite.

Within the contact aureoles such occurrences
have been metamorphosed to reaction skarns,
and these are hard to distinguish from contact-
metasomatic skarns (or tactites) in which the
scheelite has been produced from introduced
tungsten and sedimentary lime. Normally the
syngenetic scheelite deposits are poor in sulphi-
des and lack wolframite while the mestasomatic
scheelite deposits contain both sulphides and
wolframite.

In the Covas mining district situated in the
extreme northwest corner of Portugal several
scheelite deposits, the most important among
them being Valdarcas, are associated with a very
extensive skarn horizon developed on top of
Ordovician quartzite in a large anticline near two
intrusive granites; many barren aplitic pegmatites
(pegmaplites) occur in the area. The skarn consists
of calcite, grossular-rich garnet, diopside, vesu-
vianite, actinolite-tremolite, hornblende and other
minerals. The mineralized skarn zones contain in
addition scheelite, ferberite (psendomorphosing
scheelite), wolframite, plagioclase (albite to labra-
dorite), apatite, fluorite, a little quartz and much
pyrrhotite, with arsenopyrite, pyrite and other
sulphides, Wolframite prefers the zones rich in
sulphides where scheelite is rare and scheelite
prefers the zones in which calc-silicates prevail
(Baver 1968, CoNDE ef al. 1971).

The orebody worked at Valdarcas was a lens
up to 8 m thick and about 100 m long that con-
tained two kinds of ore: calc-silicate-rich scheelite
ore (wskarn ores) and sulphidic (mainly pyrrhotite)
wolframite ore with scheelite and ferberite after
scheelite. The sulphide ore formed the main mass;
calc-silicate ore oceurred as a bed 1.5-2 m thick
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in the hanging wall of the sulphide lens. The
grade of the Valdarcas ore was 2.5-b kg wolfra-
mite-scheelite per tonne ore, or 0.18-0.25 % WO,
(BavER 1968), that is 0.14-0.20%, W.

Baver (1968) envisages the sequences of mine-
ralization at Valdarcas as follows: an intercalation
of either marl or a mafic eruptive rock was folded
and metamorphosed to the amphibolite facies
with the crystallization of diopside, hornblende,
plagioclase and possibly also grossular-rich garnet
and vesuvianite. The tungsten is of syngenetic
origin, preconcentrated as voleanogenic scheelite
in a mafic lava or tuff; below this lava a submarine
iron-sulphide containing some copper, zinc and
arsenic existed. During metamorphism and aplite-
pegmatite emplacement the iron sulphide became
pyrrhotite and the scheelite in the metamafic
horizon was mobilized in part and redeposited
as wolframite in the sulphide lens.

In contradistinction, Conpe et al. (1971) con-
sider the skarn to be metasomatized limestone,
since borings revealed its passage to crystalline
limestone, and this limestone by its reactivity
channeled the mineralization which is a normal
wolframitic mineralization generated by the Covas
granite. THADEU (1973) further remarks that
volcanics are lacking in this region.

The Covas tungsten deposits are unique in the
Peninsula. Their association with Ordovician cal-
silicates sets them apart from the scheelite
orebodies in Cambrian or Silurian host rocks.
The presence of a vast amount of pyrrhotite is
unusual. The lack of cassiterite in the very closely
associated aplitic pegmatites seems curious, espe-
cially as cassiterite does occur in pegmatites
near the Covas granite.

Tin and tungsten lodes of granitic descent
are characterized by apical deposition, that is,
during consolidation of the parent granite (which
need not be their actual granitic host rock) the
metalliferous fluids move upwards, not sidewards,
and accumulate in the roof of the pluton. Hence
the richest tin-tungsten concentrations are found
over unexposed shallow granites or over gently
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dipping granite contacts. Deeply eroded granites
with steep contacts are unfavourable exploration
targets in contradistinction to contact-metamor-
phosed sedimentary or older granite areas with
little or no younger granite outcropping.

Tin and tungsten became concentrated by
crystal fractionation processes in the granite
magmas in volatile-rich halide-enriched hydro-
thermal fluids, together with several other late-
stage constituents, including those causing grei-
senization, However, greisenized granite lacking
mineralization is frequent, and greisenization and
metallization are linked to a certain extent but
not inseparably.

When fissures crossing the granite-wall rock
contact are opening at this late stage they become
mineralized, producing high-grade low-volume
lodes. Tungsten penetrates farther into the wall
rocks than tin which is less mobile in this situation.
Retention of stanniferous fluids within the granite
roof zone, in the absence of late-stage fissuring
or because the earlier veins close, originates
disseminated low-grade high-volume cassiterite
deposits in greisenized granite, as at Penouta in
northwest Spain or Golpejas in western Spain.

Lastly, the Iberian tin-tungsten province
presents certain characteristics setting it apart.
For instance, though topaz does occur, it is dis-
tinctly rare in comparison to other Hercynian
tin-tungsten belts in Europe (SCHERMERHORN
1956, p. 536, 560; CONDE ef al. 1971, p. 41). Tour-
maline, on the other hand, is abundant, mostly
in the wall rocks of the lodes where tourmalinites
may have formed. Also, unmineralized tourmaline
pegmatites and aplites are widespread and tour-
maline frequently occurs in quartz veins and on
joint planes. Apatite is very frequent too in the
tin and tungsten deposits. Among the sulphides,
marmatite appears to be more plentiful than it is,
for instance, in the lodes of Cornwall,

Some occurrences show enrichment in certain
elements. Thus the Borralha tungsten deposit is
relatively rich in molybdenum as compared to
other occurrences. Lithium is locally plentiful
in cassiterite veins, for example in western Spain
(see mext section).

Autunian beryl, columbite-tantalite, lithium
and feldspar

Minerals containing Be, Nb-Ta and Li, together
with feldspar, are won from pegmatites in the
Iberian tin-tungsten province. A great variety
of iron-manganese and other phosphates occur
in many of these pegmatites (Correia NEVES
1960).

Beryl and columbite-tantalite can be byproducts
of tin mining but pegmatites rich in beryl or
columbite-tantalite and manganese phosphates
contain little or no cassiterite (CORrEIA NEVES
1960, Tmapev 1965, 1973, 1977, Conpe ef al.
1971).

The Mangualde pegmatite in northern Portu-
gal has been worked for beryl and feldspar; it
carried a little cassiterite and iron, manganese
and lithium phosphates (Jesvs 1933).

Lithium minerals appear in pegmatites and
aplites in Galicia, north Portugal and western
Spain. Moreover, amblygonite and montebrasite-
bearing cassiterite-quartz veins occur locally
in western Spain (WEmsrr 1955).

Portugal produced 1000t lepidolite (1.5%,
Li,0) in 1977 as a byproduct of feldspar exploi-
tation (Bol. Minas (Lisboa), Dec. 1977).

Usnally lepidolite is the common Li mineral
in pegmatites (ConNDE ef al. 1971) and lepidolite
pegmatites, often cassiterite-bearing as well, are
widespread, but amblygonite and other minerals
also occur. HENsEN (1967) described an extensive
zone 600 m wide by 16km long of metalliferous
pegmatite veins in micaschist in Galicia. These
have been mostly mined for cassiterite (up to
0.2 wt %) and some for berry; in addition, Li-mine-
rals (spodumene and petalite), columbite-tanta-
lite, phosphates and many other minerals occurred.

Pegmatites are furthermore the most important
source of feldspar and quartz in the Peninsula.
Spain produced 70,000 t feldspar in 1974 (no. 9
in world production) and Portugal 28,000 t.
However, in 1977 Portuguese production had
declined to 10,803 t feldspar (and 108,665 t quartz).



Autunian gold and silver

Gold and silver, like copper, tin and lead,
have been won in the Iberian Peninsula since
before the Romans. Both vein and placer gold
were exploited. No gold or silver mines are active
anymore in Spain; these metals are still being
won as byproducts from other ores (gold and
silver from cupriferous sulphide deposits and
their gossans (Cerro Colorado in the Pyrite Belt
accounts for 909, of Spanish gold output) and
silver from lead sulphide deposits; with the planned
increase of production of these ores gold and
silver output will mount too: from these sources
Spain produced 320 kg Au and 67 t Ag in 1970
and expects to produce 6t Au and 170t Ag in
1980 (Prapo Carzapo 1973). The Jales mine in
northern Portugal is the only active gold-silver
mine in the Iberian Peninsula and Portuguese
output of gold and silver as sulphide concentrate
grading 133.8 gft Au and 377.8 g/t Ag was 2,021 t
in 1977 (Bol. Minas (Lisboa), December 1977).
This is a very old mine remarkable for the enor-
mous extent of the Roman workings.

A formerly important gold-silver district is
situated in northwest Spain (Galicia, Asturia and
Ledn) and northern Portugal. In this area nume-
rous gold-silver-arsenopyrite veins have been worked
Gold wveins in Galicia occur within and around
granitic plutons and contain gold and arseno-
pyrite in association with pyrite, pyrrhotite,
chalcopyrite, bismuth and bismuthinite; silver is
also present (ArMENGOT DE PEpRO and Campos
Jurid 1971).

The Jales mine in northern Portugal has been
described by Briwk (1960) and Porrucar Frr-
REIRA (1971). Here gold-silver-arsenopyrite-quartz
vein systems occur in Beira Schist, Ordovician,
Silurian and Older Granite country rock, in an
area where this granite has been potash-feldspa-
thized, that is, plentiful potash feldspar megacrysts
have developed in it, which is ascribed to the
contact-metamorphic effects of an underlying
porphyritic Younger Granite. The Gralheira veins,
no longer in exploitation, trend WNW and are
sited in basal Ordovician metaquartzites and
schists. Somewhat more northwards is the Trés
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Minas occurrence of disused gold workings in
Silurian schists. To the south is the long Campo
vein (Minas dos Mouros) which produces gold and
silver, It trends NE across the contact between
Older Granite and Beira Schists and reaches 1 m
thickness. In the same area of Beira Schists are
small cassiterite deposits.

The grade of the ore extracted from the Campo
vein was 14 gft Au in 1970 (PorTUGAL FERREIRA
1971). The gold is mostly associated with arse-
nopyrite, also with pyrite and to a lesser extent
with younger sulphides (chalcopyrite, galena and
sphalerite). Jales production of silver is two or
three times gold production and the silver is
contained in tetrahedrite associated with the
galena.

The Older Granite wall rock of the Campo
vein has suffered microclinization of plagioclase
and microcline has been introduced into the schist
wall rocks as well: Brink attributes this to meta-
somatic introduction of potash feldspar from the
ore-bearing solutions which also caused musco-
vitization, silicification, sulphidization and tour-
malinization.

The gold-silver veins of the northwest Meseta
are generally regarded as Hercynian deposits
but their precise age is still not clear. Some authors
(CERVEIRA 1952) see these veins as directly rela-
ted to the Hercynian tungsten mineralization,
based on the presence of wolframite or scheelite
in gold mines. Brink’s (1960) opinion was that
there exists no connection between the two mine-
ralizations: the gold and silver belong to an earlier,
quite separate phase of ore deposition possibly
related to the Older Granites. He argued that the
older minerals in the Campo vein are deformed
while the younger minerals are not; also, the wol-
framite veins in the area show no signs of defor-
mation. Brink therefore concluded that the
cataclastic gold-bearing older ores were deposited
during fracturing of the Older Granite and the
undeformed later minerals formed during a pos-
terior episode of vein dilation.

Still, the Campo vein was emplaced along a
dextral wrench fault according to Porrucarn
FerrEIrA (1971) and recurrence of minor move-
ments during mineralization could well account
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for the deformation of the older minerals. Because
the gold mineralization is clearly associated with
wall rock alterations of the type generally caused
by Younger Granites and because it occurs in an
area affected by pothash feldspathization gene-
rated by underlying Younger Granite, it seems
more likely that this mineralization too is gene-
tically linked to the Younger Granites.

Another type of gold mineralization is repre-
sented by disseminaled gold, as described by
Harris (1978) for the highly altered portions of
the Salave granodiorite stock in Asturia, a Hercy-
nian intrusion of Younger Granite age (HARRIs,
personal communication). The gold is associated
with arsenopyrite, pyrite, stibnite, some molybde-
nite and traces of sphalerite and galena. Altera-
tion of the granodiorite produced a complex
zonation: from the unaltered granodiorite towards
the highly altered mineralized rock igneous texture
is progressively destroyed, Na and CO, increase
and 5i0, decreases. Peripheral molybdenite-bea-
ring quartz veins may represent remobilized Mo
and Si0, from the altered auriferous bodies. This
occurrence is a prospect and this means that the
Salave mineralization may prove to be economic
and further that this type of gold deposit may be
present elsewhere too.

Autunian antimony and gold
Antimoniferous veins occur in northern Portu-

gal, northwest and western Spain and, to a lesser
extent, in south Portugal. They are most abundant

in the so-called ¢antimony belts (faixa antimonifera) .

in northern Portugal, a southeast-trending zone
lying east and southeast of Oporto that reaches
some 30 km in length by a width of up to 10 km.
Here auriferous antimony wveins, of which the
largest was the Alto do Sobrido mine, have been
worked for gold by the Romans. The veins were
rather poor in gold but rich in stibnite and the
district was an important antimony producer
during the second half of the last century; it is
now inactive.

The host rocks of the veins are mostly Beira
Schists and Ordovician quartzites and slates, more

rarely Silurian slates and Carboniferous conglo-
merates, in the limbs of the large Valongo anti-
cline. The Sh-Au vein mineralization is of Younger
Granite age (PoRTUGAL FERREIRA 1971, PORTUGAL
FERrrEIRA f al. 1971). In this area occur further-
more Sb-Pb and Pb-Zn-Ag vein mineralizations.

The Sb-Au mineralization occurs in quartz
veins of varying trends, most frequently ENE-
-WSW (following dextral wrench faults), that
reach 2.6 m thickness. The mineralization con-
sists of stibnite, berthierite, gold, pyrargyrite,
pyrite and locally galena, sphalerite and arseno-
pyrite (Porrvcar FErrEma 1971).

The origin of the mineralization is uncertain:
it has been ascribed to the Younger Granites,
to later hydrothermal activity and to remobili-
zation of antimony in older sediments or volcanics.

Stibnite veins carrying some gold and silver,
emplaced in the local equivalent of the Beira
Schists, have also been worked in the Valle de
Alcudia in southern Spain (Cresro 1972).

GunnEer ef al. (1976) described an occurrence
of 110-trending stibnite-scheelite veins in Devo-
nian limestone, the San Antonio mine near Albu-
querque in western Spain; these authors assigned
a juvenile epigenetic, late Hercynian origin to
this mineralization, which they related to an
antimoniferous belt traversing the western Meseta
in a NW-SE direction from Oporto to Valde-
peiias.

Other antimony vein mineralizations in north-
ern and southern Portugal and western Spain
are much less important.

Quartz-stibnite veins containing some sulphi-
des in trace amounts are fairly frequent in southern
Spain where they have been mined on a small
scale in Ciudad Real province and elsewhere, and
locally in northwest Spain.

Autunian and later lead, zinc and silver

Epigenetic lead and lead-zinc veins, in part
argentiferous, are widespread in the Meseta.
Their age is not always evident and some are
certainly post-Hercynian,

The richest and most famous lead province
of the Meseta is in the castern Sierra Morena of



central southern Spain (fig. 2). Here metalliferous
lodes, especially lead and argentiferous lead veins,
that have been worked since pre-Roman times
are found in the Los Pedroches batholith and the
area north and east of it.

This batholith is a wery large . elongated,
WNW-trending massif composed of various types
of intrusive granite and granodiorite (OvrracHT
and Tamarn 1973). Its precise age is not known;
some H0km to the north is the small Fonta-
nosas stock, a late or post-tectonic granodiorite
(containing andesine and some cordierite) that
has been dated at 302 4+ 10 Ma with an initial
98r/™Sr ratio of 0.7099 (LEUTWEIN ef al. 1970).
This age accords well with the age and initial
strontium isotope ratios measured for Older
Granites elswhere in the Meseta. However, this
result neither dates the Los Pedroches rocks nor
the ore veins in the areal

The Los Pedroches batholith contains several
tungsten and some tin occurrences, mined in former
days. Cassiterite- wolframite -arsenopyrite-quartz
veins, cassiterite greisens, wolframite pegmatites
and scheelite pegmatites are found in the central
part of the massif; farther west only tungsten
occurs and the east part of the massif has some
wolframite, in places accompanied by scheelite,
along the southern contact (Ovrracut and Ta-
MAIN 1973).

The batholith also encloses a large number of
copper wveins (chalcosite - chalcopyrite - carbonate-
-quartz veins) especially in its eastern part, and a
lesser number of lead veins (galena poor in silver:
170-260 g/t Ag). Lead veins are more frequent in
the Lower Carboniferous slates and greywackes on
the north side of the batholith, Along the contact
occur Bi-Ni-Co-Ag-Au veins.

North of the batholith and parallel to it
extends the Valle de Alcudia, a broad plain where
the Alcudiense (Beira Schists) outcrops. Here lead
veins are abundant (Cresro 1972).

Just south of the central part of the batholith
is the important El Soldado-Las Morras orefield,
a vein system following NE and ESE to E-W
directions; only the NE veins are richly mineralized
and they reach several kilometers length. The
mineralization consists of galena and sphalerite,
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with pyrite, chalcopyrite, carbonates and quartz
(OvrracHT and TAMAIN 1973).

The richest lead district, between 1875 and
1920 the most productive leadfield in the world,
lies at the east end of the Sierra Morena: the
Linares and La Carolina orefields. At the begin-
ning of the century, when Spain was the second
largest lead producer in the world (after the USA),
with for instance 265,500 t lead ore (60-809%, Pb)
in 1905, this region supplied nearly half of the
Spanish lead ore output from some 1300 mines
(AHLBURG 1907, AzcARATE and ARGUELLES 1971).
At present three veins are still being worked in the
Linares field and three others in the La Carolina
field (Rios Araciies 1977).

North of Linares a granite massif in the eastern
continuation of the Los Pedroches batholith
contains NE to NNE trending veins of great
extent (12 km for the Arrayanes vein, one of the
richest lead veins known anywhere). The veins
carry galena (with 160-250 g/t Ag) and lesser
amounts of sphalerite, pyrite and chalcopyrite
in a quartz-barite-carbonate gangue. A vertical
zonation exists: from the surface down to 100 m
depth lead and copper are present; 100-150 m:
a barren zone; 150-300 m: a zone very rich in
lead; 300-400 m: a poor zone; below 400 m: the
lead tenor increases again (OvrracHT and Tamamny
1973).

North of La Carolina extends a mineralized
area consisting of veins in the Santa Elena granite
(the Santa Elena deposits) and to the west, first,
the Los Guindos deposits and then the El Cen-
tenillo deposits, where ESE, respectively NNE
trending lead veins cross Ordovician or Silurian
country rock contact-metamorphosed by under-
lying granite. Argentiferous galena (up to 1500
g/t Ag) constitutes the ore, accompanied by
sphalerite, pyrite and quartz-ankerite-barite gan-
gue (OvrracHET and Tamamw 1973).

Except for the Valle de Alcudia, all these
mineralizations are associated with granite; howe-
ver, an important lead field, the San Quintin
(Villamayor de Calatrava) vein system, is in
Alcudian country rock north of the Valle de
Alcudia, far from granite (Crespo 1972). The veins
trend E-W and are mineralized by highly argen-
tiferous galena (up to 3500 g/t Ag), black spha-
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lerite, pyrite and some chalcopyrite in quartz
gangue with rare carbonate and very rare barite
(OvrraceT and Tamany 1973).

OvrracHT and Tamany (1973), as does CrEsPO
(1972), relate the Cu, Pb and Sb mineralizations
in the Sierra Morena to the Los Pedroches batho-
lith, more particularly one of its phases, a por-
phyritic biotite granite (rather a granodiorite,
as andesine exceeds potash feldspar in amount).
The mineralization is zoned, with Cu nearest the
granite and Pb farther out. Sn and W are related
to a fine-grained two-mica granite.

These are late Hercynian mineralizations: the
veins are covered by barren Triassic sediments
(TamaIN 1968, AzcArATE and ArGiELLES 1971).
The Linares mineralization is thought to be asso-
ciated with the Linares granite and the Santa
Elena, La Carolina and neighbouring mineraliza-
tions with the Santa Elena granite (TAmamv 1968,
OvrraceT and Tamaw 1973).

In northern Portugal two types of lead-zinc
mineralization, of different ages, are distinguished:
the first type occurs in the area southeast of
Oporto where several mines worked argentiferous
lead-zinc veins of small extent, mostly emplaced
in metamorphic Beira Schists. The best known
of these is the Terramonte mine, active until
recently (see below). This type is characterized
by a very complex mineral assemblage, by high
silver tenors, by the presence of high-temperature
ferriferous sphalerite (marmatite) which is earlier
in paragenetical sequence than galena and by the
common presence of cataclastic textures; it is
considered to be of late Hercynian age.

The second type, occurring over a large area
in northern Portugal, has a simple mineral assem-
blage, shows low silver tenors, has sphalerite later
than galena in sequence and does not display
deformed textures although the mineralization
generally follows faults; it is of post-Hercynian,
probably mostly Mesozoic, age (THADEU 1973,
1977). For completeness’ sake this type, though
post-Hercynian, is briefly reviewed afterwards.

The first type is exemplified by the Terramonte
deposit southeast of Oporto, worked between
1966 and the middle of 1973. The orebody was a

steep NE vein, 6-14 m thick and much faulted
and brecciated due to wrench fault movements.
At first the ore graded 4.169 Pb, 3.35%, Zn and
180 g/t Ag but these values decayed in later years
to 2.09% Pb, 3.0%, Zn and 100 g/t Ag (PorTUcAL
FERREIRA 1971).

The ore was mostly galena and sphalerite
(marmatite rich in Cd: 3 kg/t Cd in the zinc con-
centrate) accompanied by minor amounts of
pyrite, marcasite, chalcopyrite, arsenopyrite, bour-
nonite and sulphosalts such as jamesonite and
boulangerite in a quartz gangue with carbonates.
The main silver-bearing ore minerals were frei-
bergite and pyrargyrite with some miargyrite,
polybasite and argentite (Gaspar 1967).

Based on sulphur isotope ratios determined
on some galena and sphalerite samples, indicating
a juvenile source for the sulphur, Gasear (1967)
suggested a plutonic hydrothermal origin for
this deposit.

Lead-zinc veins of the second type are nume-
rous in the Beira Baixa region of northern Portugal,
emplaced in Beira Schist and granite host rocks.
They consist of galena and sphalerite (the latter
not everywhere present) and varying small amounts
of pyrite and chaleopyrite, with quartz, barite
and carbonate gangue (Tmapru 1951, 1977).
Silver contents were low. None of these deposits
was large and exploitation has long since come to
an end.

The veins follow steep to wertical faults and
fractures mainly trending NNE to NE and ENE
to E.

The old Ceife mine worked a lead vein near
Penamacor in north Portugal. Here a NE crush
zone in Beira Schists was mineralized with the
development of four stockworks. The largest was
90 m long, 20 m wide and slightly over 100 m
deep. These stockworks were formed by veinlets
chiefly of galena and small amounts of barite,
pyrite, dolomite, calcite and some sphalerite.
No quartz was present (THADEU 1951).

The tungsten-tin veins at Panasqueira are
cut by later faults trending N-S and ENE-WSW
and the fault gouge and breccia have been mine-
ralized by lenses of undeformed dolomite-cal-



cite-ankerite containing galena and sphalerite
(THapEU  1951). Keriv and Wacner (1977)
estimated from the proportion of gas and liquid
in the fluid inclusions in the quartz and dolomite
of these veins that they were deposited from hot
fluids at temperatures above 100°C.

This type of epigenetic hydrothermal minera-
lization is tectonically controlled: ore deposition
took place in fault zones belonging to a regional
system and is not linked to granites (TmADEU
1951, 1973). Evidently the veins are post-Younger
Granite in age, meaning that they are Permian
or younger. Because they are related to regional
fracturation they were assigned an Alpine age
by Tmapreu (1951). From fission track dating
of the thermal history of the apatite in the tungs-
ten-tin veins of Panasqueira, KerLy and WAGNER
(1977) infer that the lead veins are either late
Jurassic (162 Ma) or late Cretaceous (79 Ma) in
age. Either a Jurassic thermal event would have
reheated the apatite to temperatures bove 150°C
followed by slow steady cooling or this event
would have been followed by rapid cooling and
a second mild thermal event (not exceeding 150°C)
in Cretaceous times. KErLry and Wacner prefer
the last interpretation and correlate the lead
mineralization with it, while they relate the late
Jurassic event to the eearly rifting of the Atlantics.
The early history of the opening of the North
Atlantic Ocean started with continental stret-
ching, fracturing and rifting. The age of this
initial period was discussed by SCHERMERHORN
et al. (1978) who concluded that rifting may well
have begun in Early to Middle Triassic times.
Continental separation accompanied by seafloor
spreading and the generation of oceanic crust
started during the Early Jurassic, about 180 Ma
age. These events are too early to be correlated
with the fission-track timings of lead vein empla-
cement. However, somewhat later during the
spreading stage, the Messejana Dolerite intruded,
a very long dyke system (fig. 2) emplaced by
multiple intrusion mainly during the Early and
Middle Jurassic (ScuErMERHORN ef al. 1978).
The Late Jurassic event recorded by Kerry and
WAGNER may be correlatable with later dolerite
activity; also, during the late Cretaceous much
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igneous activity took place in Portugal, especially
along the Atlantic coast, and post-Hercynian lead
mineralization in the interior of the Meseta might
well date from this time. More study is needed.

Silver was an important byproduct of many
leadmines in Spain, rarely in Portugal. Owing to
supergene enrichment, the upper parts of lead
veins such as those of Guadalcanal and Cazalla
northeast of Seville yielded important quantities
of native silver and silver sulphides,

Only one vein system consisted of true silver
ore: at Hiendelaencina, about 90 km NE of Madrid
(fig. 2), three silver veins in gneiss and schist have
been mined; they contained silver sulphosalts
such as freieslebenite, miargyrite, stephanite and
argyrite in a gangue of barite, quartz and siderite
(AnLBURG 1907, GAvALA v Lamorpe 1953).

Autunian Phosphate

Epigenetic phosphate deposits oceur in many
places in western Spain (Estremadura) and adja-
cent areas of east-central Portugal (Alto Alentejo
and Beira Baixa), In Estremadura, between
Céceres and Logrosdn, these deposits have been
worked since 1864 until fairly recently; the largest
mine was Aldea Moret. There occur quartz veins
mineralized by fine-grained apatite (often called
phosphorite, that is, collophane, essentially erypto-
crystalline apatite) in granite, slate or limestone
host rocks, and furthermore pipe-like bodies in
limestones. (Near Céceres cassiterite-bearing ambly-
gonite veins (Wemser, 1955) have been mined;
these clearly belong to the tin paragenesis).
Farther southeast, the Namurian limestones of
the Belmez coafield in the Sierra Morena northwest
of Cérdoba contain phosphorite-calcite veins and
pockets (no quartz) which have been exploited
during the second half of the last century.

The Aldea Moret mine southwest of Ciceres
worked a large quartz-apatite vein down to a
depth of 180 m. The vein, 800 m long and 1-12 m
thick, cut Devonian limestone (WriBgL 1955).

Elsewhere the veins formed swarms. Near
Logrosin a NE-SW quartz-apatite (phosphorite)
vein swarm in Beira Schists reached 4 km width;
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one of the veins, the Constanza vein, 0.60-7m
thick, was over 6 km long.

As these veins in Portugal and Spain are
known to cut Younger Granites, they must be of
Autunian or younger age. There can be little
doubt that many of the quartz-apatite veins are
of hydrothermal origin and related to the Hercy-
nian granites because of their paragenesis. From
such veins in Portugal, Corero NEva ef al. (1952)
describe perthitic orthoclase, muscovite, arse-
nopyrite and other minerals. These authors pro-
pose a pegmatite-hydrothermal origin from residual
fluids derived from the Hercynian granite magmas.
Also, ScunsmpER (1951) distinguished pegmatitic,
pneumatolytic and hydrothermal phases during
the formation of the Portuguese apatite-quartz
veins. In favour of a directly granite-related origin
is the fact that apatite is a common mineral in the
Younger Granite pegmatites and tin-tungsten
veins.

On the other hand, AurBURG (1907) refers to
the finding of phosphorite-encrusted bone breccias
in the Constanza vein, to the alteration and impreg-
nation by apatite of the granite wall rocks of the
veins and to the occurrence of phosphate nodules
in slates associated with the limestones in the
Céceres district. In his opinion the phosphate
mineralization is very young.

It seems to me that circulation of meteoric
waters conld well have remobilized and redepo-
sited apatite at some later date, when erosion
and planation had cut down to the level of the
primary veins.

Late Paleozoic chromium and nickel

Apart from the mafic-ultramafic complexes
in Galicia and Trds-os-Montes, discussed under
Early Paleozoic chromium, much smaller ultra-
mafic occurrences are found as differentiates of
mafic rocks locally in the west, southwest and
south Meseta. Unimportant chromium and nickel
mineralizations are associated with some of these
rocks.

North of Cérdoba in southern Spain, Upper
Paleozoic, possibly Lower Carboniferous slates
contain an alignment of serpentinite bodies

associated with spilites and diabases; the serpen-
tinites contain some disseminated chromite, magne-
tite and pentlandite (CrousiLies et al. 1976).

Small ultramafic bodies, mostly serpentinized,
occur as local differentiation products among
the Early Paleozoic (Cambrian and Silurian)
spilites in the southwestern Meseta (Gaspar 1971)
and the Lower Carboniferous spilites and diabases
of the Iberian Pyrite Belt (Srravss ef al. 1977).

The southern part of the Beja eruptive com-
plex in south Portugal consists mainly of gabbros
and diorites with volcanic rockes; associated with
these rocks occur serpentinites. In this area folded
Upper Devonian limestones show minor copper
and nickel mineralizations that are considered
to derive from leached ultramafics (Batista ef al.
1976). Pyroxenite, peridotite and dunite asso-
ciated with gabbro intrusive into Cambrian car-
bonates occurs in east-central Portugal (NE
Alentejo) near the frontier with Spain (Gowgar-
VES 1971).

Nickeliferous veins are furthermore known
to occur in the Cabo Ortegal area in Galicia
(ArmENGOT de PEpro and Campos Jurid 1971).
None of these mineralizations are of economic
significance.

Late to post-Hercynian epigenetic copper,
cobalt, nickel and bismuth

Epigenetic metalliferous veins and replace-
ments unaffected by orogenic deformation and
often following Hercynian faults are widespread
in the Meseta. They frequently show no obvious
relationship to granite and they tend to occur in
more or less well-defined metalliferous provinces.
Pb, Zn and Cu deposits are most frequent. Co-Ni-Bi-
-quartz-carbonate veins are found along the borders
of the Los Pedroches batholith in southern
Spain (CrEseo 1972, ArmiBas 1978). Veins car-
rying Co-Ni arsenides in Galicia and elsewhere
are considered related to Hercynian granite
magmatism,

Co-Ni-Cu weins and replacement deposits in
dolomitized Namurian limestones in Ledn, for-
merly mined, contain villamaninite (Cu, Ni, Co,
Fe) (S, Se),, named after Villamanin in this area,
together with chalcopyrite, linnaeite, pyrite, bra-



voite, niceolite and other sulphides and secondary
minerals (Yema ef al. 1968, Arrisas 1978).

Copper weins are widespread especially in
south Portugal and southwest Spain, as in the
Los Pedroches batholith or in the Iberian Pyrite
Belt, discussed on previous pages. Their mineral
assemblage is simple: chalcopyrite may be accom-
panied by pyrite, by tennantite/tetrahedrite or
by galena and sphalerite; the gangue consists
of quartz and carbonate. In south Portugal
several copper veins have been exploited, for
instance the Aparis occurrence, a system of
veins following shear faults in greywackes and
slates. The fissures were infilled by carbonates
(mainly dolomite, ankerite and calcite), quartz
and some chlorite. The mineralization consists of
chalcopyrite with seme pyrite rich in arsenic
and minor arsenopyrite, pyrrhctitc) marcasite,
sphalerite, galena and other minerals (Gaspar
1968). Copper veins containing uranium minerals
are known in central and southern Spain (AHLBURG
1907, Arrizas 1978).

These veins postdate the main folding and
regional metamorphism, so are post-Westphalian,
but their exact age remains unknown.

Late Hercynian ferromanganese

Southwest of the Pyrite Belt proper in south
Portugal lies a large structure, the Cercal anticli-
norinum (fig. 5), in Lower Carboniferous volcanics
and sediments much like the Volcanic-Siliceous
Complex of the Iberian Pyrite Belt. Here occur
a large number of ferromanganese veins, of which
two are still being worked. These veins reach
18m thick by up to 5km long and they follow
NE-SW fractures dipping 40-70° SE. They consist
of quartz with iron-manganese oxides (lepidocro-
cite and pyrolusite mostly) which are thought
to derive by superficial oxidation from primary
manganiferous siderite. The average grade is 89
Mn and 439, Fe. In addition the veins carry barite
and in places base-metal sulphides as well. In
1977, 30, 250 t ferromanganese (7.7%, Mn, 40.6%,
Fe) and 590 t barite were produced.

This hydrothermal epigenetic paragenesis is
ascribed to late Hercynian magmatic activity
(CarvaLHO ef al. 1971b, Carvarno 1976a, b).
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Autunian (?) mercury

In the Central Asturian coalfield several small
mercury-arsenic occurrences, formerly mined, are
found between Mieres and Pola de Lena, south of
Oviedo. Cinnabar associated with realgar, orpi-
ment, arsenopyrite (in considerable amounts:
arsenic was formerly produced in this field),
various other sulphides and carbonate or quartz
gangue occurs along fractures and joints and also
as impregnations in mostly Westphalian sand-
stones, conglomerates, limestones and even coal
seams, Ore grades averaged 0.29%, Hg and 0.5-1.29%,
As. These occurrences, of which the most impor-
tant is the Mieres mineralization, form a NNE
alignment some 16 km long (ANGER et al., 1968).
Their age and origin is uncertain.

Autunian (?) epigenetic fluorite and barite

Quartz veins carrying sphalerite, galena and
other sulphides and rich in fluorite are found in
the southern Meseta. The fluorite mine El Cha-
parral near Cerro Muriano in south Spain exploits
two long steep veins reaching 30 m thick and
trending 110-120 and 060, respectively. The veins
run in granite and the surrounding gneiss country
rock. They are quartz veins with much fluorite and
some sulphides, mainly sphalerite with pyrite,
galena and a little chalcopyrite; barite is lacking.

Barite veins formerly worked in small mines
are likewise most abundant in the southern
Meseta but also occur in central and northwest
Spain,

These veins are undeformed and cut deformed
strata and Hercynian granites, hence their age
is late Hercynian or possibly post-Hercynian.

Remobilized Autunian uranium

Uranium deposits in Hercynian rocks of the
Iberian Meseta are numerous in the eastern parts
of north and central Portugal and west and south
Spain.

In 1907 the Urgeirica depesit in northern
Portugal was discovered and it was worked for
radium from 1913 until 1944 when uranium extrac-
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tion took over (Maros Dras 1976). Systematic
prospecting for uranium in Portugal began in
1956 by the Junta de Energia Nuclear, a state
organization, leading to the discovery of nearly
four hundred deposits of which about one hundred
offer economic potential. In Spain extensive
prospecting has likewise resulted in the discovery
of promising uranium deposits.

In 1977 the Portuguese uranium ore reserves
recoverable at up to § 180/kg U (§ 50/lb U 0,)
were assessed at 91560 t U (6800 t U reasonably
assured reserves (at a cutoff grade of 425 ppm U)
minable at up to § 80/kg U (§ 30/1b Uy0y), 850t U
recoverable at up to § 80/kg U by in situ leaching
of worked-out mines and 1600 t U exploitable at
up to § 130/kg U (§ 50/lb U,0,) by leaching of
low-grade ores grading less than 4256 ppm U)
(Uranium — Resources, Production and Demand,
December 1977, OECD Nuclear Energy Agency
and IAEA, OECD, Paris). Portugal thus holds
0.4%, of the world’s uranium reserves, The 6800t U
reserves embrace 112 deposits; however, only
15 deposits contribute 80%, of the reserves and
one, Nisa, has 1884 t U or 27.79, of the total
(MaTos Dras 1976).

In Portugal uranium extraction is in the hands
of the Junta de Energia Nuclear which operates
several mines in the Urgeiriga and Guarda areas,
with a total output of 87.6 t U in 1976 and 66.3 t
in 1977; the production is being stockpiled.

Spanish uranium production was 207t U 04
in 1976 and 201 t U,0, in 1977. Two state entities
exploit uranium mines in Spain. The main producer
is a state company, Empresa Nacional del Uranio
S.A. (Enusa) which in 1977 produced 132t U,0,
from its mine near Ciudad Rodrigo (which has
reserves in excess of 10,000 t). The remainder of
Spanish uranium output stems from mines belon-
ging to the Junta de Energia Nuclear.

In 1977 the Spanish uranium ore reserves at
up to § 80/kg U (§ 30/lb U,0,) stood at 6800t U
in the reasonably assured category plus another
8500 t U estimated additional resources, totalling
15,300 t U; for the cost range § 80-130/kg U no
figures were given (Uranium — Resources, Produc-
tion and Demand, December 1977, OECD Nuclear
Energy Agency and TAEA, OECD, Paris). Like
Portugal, Spain has 0.4%, of world reserves.

The majority of the uranium deposits of the
Meseta are situated within or near Younger Gra-
nites. The intragranite deposits are veins and the
deposits around the granites, mostly within the
contact aureoles, are veins and disseminations.
There is generally a clear tectonic control in that
the veins and disseminations follow shears, faults
and shatter zones. As for the Pb-Zn veins this
fracturation has been assigned an eAlpines age and
the mineralization was considered to be Alpine
too, that is, Tertiary. [t now seems likely that it is
largely of Mesozoic age.

The main zone of uranium deposits of econo-
mic importance stretches from northern and cen-
tral Portugal over western Spain into southern
Spain (where deposits in the Pedroches batholith
have been worked) up to the Guadalquivir fault.

The Urgeiriga mine in North Portugal exploited
uraniferous jasper veins in granite; ore extraction
has ceased and the deposit is now worked solely
by leaching. (The applicability of this method was
discovered when 5000 tonnes of ore grading 0.59,
U0, were stockpiled in the open during four years,
when it had lost about 709, of the contained
uranium due to the winter rains). Mineralization
is controlled by a ENE wrench fault 7.5 km long
with a crush zone 1-10 m thick. Workable uranium
mineralization extends over a distance of 1300 m
along this zone and consists mainly of pitchblende
in jasper gangue with some pyrite or marcasite
(CameroN 1960, PorTUGAL FERREIRA 1971).

The Nisa prospect, discovered in 1957 during a
scintillometer survey, is by far the largest uranium
deposit in Portugal. It consists of irregular disse-
minations along crush zones in the contact-meta-
morphosed Beira Schist wall rock of the coarse
porphyritic Nisa granite, a Younger Granite,
which contains several other uranium deposits.
The uranium orebodies in the crush zones extend
to a depth of 25 metres. Autunite predominates,
accompanied by other uranium phosphates and
rare pitchblende and black oxides (PorTUGAL
Frrrema 1971).

Of the same type are the orebodies in the
Ciudad-Rodrigo region (Mina Fé, Mina Esperanza
and others) in western Spain, which represent the
largest economic uranium concentration in Spain.

The principal ore mineral is pitchblende, accom-



panied by its alteration products (gummite, etc.),
some pyrite and a gangue consisting of quartz,
jasper, chalcedony, barite, calcite and fluorite.
(ArRrIBAS 1960, 1975, FrrxiAwxpez Poro 1970).

The origin and mode of deposition of these
uranium deposits has been diversely interpreted.
Originally regarded as Hercynian endogenic hydro-
thermal mineralizations it was soon realized that
exogenic factors must have played a role.

Maros Dias and SOARES DE ANDRADE (1970)
classify the Portuguese uraninm ore occutrences
as concordant and disconcordant (discordant
according to Porrvcar FERRERA 1971) deposits;
so far the only known concordant deposit consisted
of uranium phosphate impregnations in lacus-
trine sandstones in the Urgeirica region. The dis-
concordant deposits make up the remainder: they
are veins and disseminations (with Portuguese
reserves evenly distributed between the two
— Matos Dias 1976) and are associated with the
Younger Granites. The vein deposits embrace
veins with jasper gangue, veins with milky and
smoky quartz gangue, quartz-limonite breccias
and weathered mafic dykes They show mainly NE
trends. In dissemination deposits uranium mine-
rals impregnate altered granite or metasedimen-
tary wall rock, Wall rock alteration (sericitization,
hematization and limonitization) is characteristic.
Hematized granite may have suffered desilicifi-
cation too (Junta de Energia Nuclear 1968).
This classification seems applicable to the Spanish
Meseta deposits as well.

The uranium minerals are pitchblende, black
oxides, coffinite, gummite and diverse coloured
silicates such as uranophane, phosphates (autunite,
torbernite, sabugalite, etc.) and sulphates (urano-
pilite and zippeite). Pyrite and/or marcasite are
frequent, other sulphides appear in minor amounts
and calcite and other carbonates are infrequent.

None of the known U mineralizations extends
to any great depth, not even pitchblende (max.
50 m generally).

Apart from their close spatial association with
Younger Granites the uranium deposits also
display a relationship to old planation surfaces in
central and northern Portugal and they are con-
trolled by shears, faults and fractures marked by
tectonized zones.
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Maros Dias and Soares DE ANDRADE (1970)
present the following genetical model: uranium
was leached by circulating meteoric waters from
the Younger Granites which are rich in radio-
active elements (CameroN 1960) and accumulated
in the soil on Mesozoic planation surfaces. After-
wards uraniferous solutions from these precon-
centrations infiltrated joints, fractures, breccias
and mafic dykes in the bedrock and deposited
uranium minerals in open spaces.

According to calculations removal of a quarter
of the original uranium content (stated to average
about 47 ppm U O, by sericitization and the
breakdown of biotite would release enough U and
Fe to account for the uranium deposits and the
wall rock alteration (CaMErRON 1960). Radiometric
dating (using Pb*®/U%%, Pb®7 /U and Pb™[Pb™®
methods) of some Portuguese pitchblendes resul-
ted in two groups of ages: 80420 Ma, 83 + 8
Ma and 190+ 10 Ma, and this fits the Upper
Cretaceous and Triassic planation periods (Maros
Dias and SoARES DE ANDRADE 1970, PORTUGAL
Ferruma 1971). In post-Hercynian times strong
erosion cut down to expose the Hercynian grani-
tes and during a long phase of planation condi-
tions were favourable for prolonged leaching and
redistribution of uranium. Another major episode
of erosion and planation occurred during the
Cretaceous.

It thus appears likely that while the depo-
sition of the uranium orebodies took largely place
in Mesozoic times, their source is to be sought in
the Younger Granites; hence these deposits consist
of remobilized Autunian uranium,

SYNTHESIS

Various metallogenetic provinces and epochs have
been outlined in the foregoing; especially signi-
ficant and productive because of exceptionally
strong concentration of ore elements are (fig.2):

1. The skarn iron province of the magnetite belt
in the Ossa-Morena Zone, in Lower Cambrian
carbonates — as stated, these deposits may
be syngenetic, as reaction skarns, andfor
epigenetic, as metasomatic skarns.
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2. The Lower Ordovician marine-sedimentary
ironstone provinee in the northwest Meseta,
fringing an emergent landmass — these are
syngenetic deposits.

3. The Lower Silurian mercury province of the
Almadén area in south Spain —a synge-
netic deposit that may be wholly volcano-
genic or may have a sedimentary source
with deposition activated by volcanic heat.

4. The Lower Carboniferous polymetallic pyri-
tite province of the Iberian Pyrite Belt in
the southwest Meseta — syngenetic volca-
nogenic massive sulphides.

5. The Lower Permian tin-tungsten province
of the northwest and central Meseta — mos-
tly epigenetic granite-bound deposits,

6. The Permian lead province of the eastern
Sierra Morena in south Spain — epigenetic
lead-zinc veins.

In terms of tectonic environment we find much
varying settings of mineralization. The iron ore of
the magnetite belt, if syngenetic, would have been
deposited on a Lower Cambrian carbonate shelf,
developed during a major lull in the clastic infil-
ling of the Cambrian geosyncline covering the
Meseta. The Lower Ordovician iron ores accumu-
lated in shallow water along a coastline at the end
of a transgression phase, The Almadén mercury
was deposited on a Silurian platform during an
episode of mafic volcanism. The Pyrite Belt is the
only major orefield developed cutside the central
block, in the southwestern geosyncline, when ten-
sional movements during the early Carboniferous
set off intense felsic and mafic volecanism. The
tin-tungsten ores are associated with the second
episode of major granite intrusion. The lead-zine
veins followed late to post-orogenic shear faults,

There is no obvious metallogenetic zonation
and the distribution of these major ore provinces,
let alone the immense variety of minor deposits,
cannot be adequately explained by plate-margin
tectonics involving subduction, collision, arcs, etc.
Local strong subsidence, block-faulting, geanti-
clinal uplift and emergence, as well as well-deve-
loped volcanism ranging from mafic to felsic, cha-
racterize the history of the Meseta and indicate
differential wvertical movements and crustal ten-

sion. The tectono-sedimentary facies and their
paleogeographical control, the symmetrical struc-
ture of the Meseta (as expressed in two outer
geosynclines or foredeeps flanking a large rising
central block, in outwards verging folds and
thrusts and in the abundance of granites in the
central block) produce a pattern consistent with
an intraplate environment where orogenic evolu-
tion is controlled by vertical tectonics and great
magmatic activity that find their origin in the
underlying mantle. The broad framework of Hercy-
nian mineralization is within-plate, not plate-
margin,

Mantle activity below the Meseta all through
the Hercynian cycle is indicated by strong vulca-
nicity in almost all periods from the Late Precam-
brian on, by repeated intrusion of granitic magmas
and by tectono-sedimentary differentiation into a
mosaic of subsiding, stable and rising paleogeo-
graphical units,

I interpret this in the following terms. Mantle
upwellings below the Hercynian orogen affected
the crust by producing uplifts and by generating
fractionates that rose through the crust as vol-
canic and plutonic magmas. Some mantle diapirs
came to pierce the crust, forming the mafic-ultra-
mafic complexes of the northwest corner of the
Meseta.

One period of uplift and related tectonism took
place towards the end of the Cambrian, Over most
of the Meseta the Cambrian strata (including Beira
Schists and equivalents) emerged and became va-
riably eroded; locally they were folded. It seems
likely that this resulted from heightened mantle
activity: the ultramafic diapirs of the northwest
date from to this time, as does the uplift of this
corner of the Meseta and its emergence during the
Ordovician (fig. 4). Thus the Early Ordovician iron
deposits laid down around the emerged area ulti-
mately owe their origin to mantle convection. As
mantle diapirism and the ascent of fractionated
magmas continued in the northwest, the surroun-
ding zone subsided strongly and the Upper Ordo-
vician, Silurian and Devonian flysch was deposi-
ted, a facies contrasting with the platform facies
dominant elsewhere in the Peninsula.



At the beginning of the Carboniferous the
Meseta became differentiated into a central block
with rising tendencies and two marginal basins.
The emergence of the central Iberian block coin-
cides with the emplacement of the Tournaisian
granites at ca. 350 Ma and the eruption of the
extensive Pyrite Belt felsic voleanism during the
Tournaisian and earliest Viséan. The central block
was the site of metamorphism and granite in-
trusion. This appears to indicate the slow rise of
magma underneath this block, while the adjacent
secondary geosynclines of the Cantabrian and
South Portuguese Zones subsided.

The uplift of the central block eventually gave
rise to folding, with the folds spilling over into the
marginal troughs. As a result, vergence is to the
north in the northern Meseta and to the southwest
in the southwest. Most of the folding took place
during the main orogenic phase, during the West-
phalian. Though some folding and refolding
occurred afterwards, later tectonism was mainly
of the nature of wrench-faulting and block-faul-
ting.

The ascent of hot mantle material into the
lower crust caused extensive remelting of lower
to middle crustal levels, resulting in the genera-
tion of the Older Granite magmas., At a higher
level, in the middle to upper crust, the rise of geo-
therms over the mantle domes originated regional
metamorphism, locally passing to migmatization
and anatexis. The Older Granite magmas gained
the higher crustal levels somewhat later. Almost
no important mineral deposits of metamorphic
origin are known and none derive from migmati-
zation and anatexis. Nor are the Older Granites
associated with much mineralization. This means
that the crustal level where they originated lacked
ore elements in sufficient concentration.

Twenty million years later, however, a new
granite magma intruded the earlier granites and
their country rock: the Younger Granites which
are distinguished from the Older Granites by a
higher content in radioactive minerals and by
their mineralization.

Shortly afterwards the consolidated crust of
the Meseta, composed of folded and variably meta-
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morphosed strata and vast granitic massifs, was
faulted and fractured. No large offsets occur and
the faults probably arose from uneven stresses set
up in a rigid crustal slab in response to slight move-
ments in the underlying mantle. Thus channel-
ways were opened to post-granitic hydrothermal
solutions from which epigenetic vein minerals
precipitated, some of them of granitic derivation,
the others produced by near-surface recycling.

This completes a broad outline of framework
and evolution of mineralization during the Her-
cynian cycle in the Iberian Meseta. Now let us
look at some deposits and their possible sources in
more detail.

First the part played by velcanism in metallic
sulphide, sulphide-oxide and oxide mineralization.

The origin of the Cambrian lead-zinc sulphides
that occur as disseminations in carbonates in the
northwest and southwest Meseta, is obscure since
they are not obviously related to volcanism, unlike
the massive base-metal sulphides of the pyritite
type. For the Pb-Zn mineralizations of the north-
west Meseta, such as Rubiales, GuiLrou (1971a)
infers an exogenic source of the metals, on an
adjacent weathered continent. The same explana-
tion may also hold for the lead-zinc belt in south
Portugal, though it may be noted that volcanism
took place in the southwest Meseta during the
deposition of the carbonates. The ore of the magne-
tite belt, if Cambrian and synsedimentary, may
well be volcanogenic as its composition (high S,
low P) and its association with copper sulphides
in economic amounts does not favour a purely
sedimentary origin.

The other stratiform base-metal sulphide mine-
ralizations — the Late Precambrian (or Silurian)
copper sulphides in Galicia, the Silurian deposits
in the northwestern and southern Meseta and the
Lower Carboniferous Iberian Pyrite Belt —were
deposited during important volcanic episodes and
are submarine exhalative-sedimentary (and rese-
dimented) ores. The volcanism was attended by
hydrothermal activity on the seafloor and sul-
phides were precipitated around submarine vents.

The Late Precambrian deposits in Galicia and
the Silurian sulphides are associated with mafic
voleanies and the felsic volcanism taking place in
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these epochs is barren. However, the much more
important Lower Carboniferous sulphides (and
the manganese) of the Pyrite Belt are related to
felsic volcanism and the contemporaneous mafic
volcanism is practically barren. There is thus an
evolution from mafic to felsic magmas as ore-ele-
ment carriers. Even though a greater or smaller
part of the sulphur in these sulphides may be
derived from seawater sulphate, the metals must
be largely or entirely of juvenile origin. I deduce
this from the contrast between contemporaneous
ore-bringing and barren volcanics. On a larger
scale there is contemporaneity or nearly so bet-
ween felsic and mafic magmas but their metalli-
ferous potential is completely different in any one
epoch. On a smaller scale, mineralization occurs
during only one or at most a few episodes during a
voleanic period and is linked to only a few of the
erupting volcanics. The other rocks in the vol-
canic piles are barren. If volcanic heat were all
that is needed to mobilize and redistribute metals
contained in seawater, in contemporaneous vol-
canics or in basement rocks, the resulting ore
would be dispersed through the voleanics, not
highly concentrated at one particular level in one
particular place. Hence the metals must have a
deep-seated origin and have become concentrated
in one particular magma phase, by differentiation.

Next the role of plutonism. Leaving aside the
Braganca, Cabo Ortegal and other mafic-ultra-
mafic complexes with their minor chrome depo-
sits, most endogenic mineralization is linked to
only one of the four or more Hercynian granite
suites: the Younger Granites. (The magnetite belt
constitutes a doubtful case: if the iron ore deposits
are not syngenetic but epigenetic, they are skarns
generated by metasomatic introduction of ore
elements from the granitic magmas in that area
— the age of this possible granite-bound metalli-
zation would be the age of the granites, and this
age is still unknown).

The Younger-Granite-bound endogenic mine-
ralization can be divided into the following groups:
Sn-W and related elements (Nb, Ta, Mo, Be, Li);
Au-Ag; Sb-Au. Part of the Pb-Zn-Ag minerali-
zation belongs here too, and the U mineralization
derives from these granites. Why is this metalli-

zation linked to the Younger Granites and what
is the source of this magma and the associated ore
elements?

First, the contrast between the Younger and the
Older Granites as regards associated mineralization
indicales that their sources are different. This pro-
vides important constraints on the source region
of the Younger Granites and their ores. If the Older
Granites represent recycled middle crust, then
the Younger Granites must derive from still deeper
crustal levels or, ultimately, from the mantle fluids.
Though the Younger Granite magma may have
been water-undersaturated, it was not a dry one.
The ore elements and volatiles (especially F and
Cl to act as tin carrier ions) in the Younger Gra-
nites can hardly be explained by assimilation
from middle and upper crustal levels, since the
Older Granites which consist of remelted middle
crust, —and also the Hereynian geosynclinal
rocks and their basement (which we know from
its detritus in the geosyncline), that is, the upper
crust, —are poor in these constituents. Besides,
if the Older Granites could not extract these ele-
ments from their parent material or from the
overlying crustal levels though which they rose,
how could the Younger Granites do so?

Second, the Younger Granites are a very di-
verse suite, much more so than the Older Granites,
and range from mafic rocks to calcalkaline and
alkaline granites, including greisens. This indicates
strong differentiation in the magma and supports
an origin by fractional crystallization from more
mafic material, with crustal contamination. This
material may have been derived by partial melt-
ing from the ultramafic upper mantle or it may
have constituted the lower crust. The latter
possibility is concidered unlikely because mafic
or intermediate crustal materials such as basalts
would be too poor in ore elements of the Sn-W
group. Besides, the enormous heat transfer lea-
ding to regional metamorphism and granite
intrusion over the width of the Meseta orogen
— B00-T00 km — requires a wvast source such as
can only be provided by the mantle. It appears
that mantle material, possibly a derived mafic
magma, ascending into the crust and introducing
heat caused melting on a vast scale of the crust



above it, thus generating the Older Granite
magmas. The Younger Granites are then to be
seen as later, contaminated fractionates of the
mafic magma, slowly growing into large magma
blisters in the deep crust. The Younger Granites,
on this view, may be of mantle derivation, inclu-
ding assimilated crustal material.

Next, the source of the metals, which has been
disputed. Notably the main source of the tin and
tungsten and of the accompanying metals has
been sought in sedimentary preconcentration in
geosynclinal sediments, with the intruding granite
magmas extracting, concentrating and redepo-
siting the metals. Thus Yepma (1966) suggested
that tin and other metals would have been present
in sedimentary formations in the crust, entering
the ascending magmas, For tungsten the matter is
more complicated than for tin since sedimentary
tungsten is known in the Meseta: it seems likely
that the tungsten disseminations in Cambrian and
Silurian metamarly beds are syngenetic stratiform
deposits, because of their extent; later contact or
regional metamorphism induced local concentra-
tion into skarn-type pockets. The source of this
tungsten remains problematical: the scheelite may
be a mechanical sediment of placer type, eroded
from pre-existing deposits, or else it may have
formed as an exhalative product, trapped in marly
sediments.

Cambrian and Silurian syngenetic tungsten
has been proposed as a preconcentrated source
for the later epigenetic deposits associated with
the Hercynian granites, for instance through
anatexis of tungsten-bearing Cambrian or Silurian
strata to yield a mineralized magma (NoroNHA
1976).

However, Older Granites are mostly not
associated with tin and tungsten mineralization
but Younger Granites breaking through them are.
When the tin and tungsten associated with the
latter granites have been deposited in granite
— that is to say, the ore-bearing Younger Gra-
nite has not been in contact with Cambrian or
Silurian sediments-— then these metals must cer-
tainly derive from deeper levels even than the
middle crust where the Older Granites originated
by anatexis.
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If the Younger Granites stem from fractionated
mantle-derived magma, and if the Sn and asso-
ciated ore elements could not have been collected
from crustal rocks, because the Older Granites
failed to do so, then these metals too may have a
mantle source. Evidently an exception must be
made for that part of the tungsten mineralization
that represents Cambrian and Silurian syngenetic
stratabound scheelite deposits. Still, most of the
Sn, W, Nb, Ta, Mo, Be, Li, U, Au, Ag and related
elements may have been brought up direct from
the mantle.

On this heretical note we conclude this section.

To sum up, ore elements have been derived (1)
by weathering, leaching or other exogenic pro-
cesses from the surface of the crust — this was
probably the origin of the large ironstone deposits
of Ordovician age in the northwest Meseta and
possibly of the Cambrian lead-zinc ores; (2) by
volcanic or plutonic heat from pre-existing rocks
in the upper crust — this has been proposed as a
possible origin for the Almadén mercury; (3) by
volcanic or plutonic magmas from lower crustal
or upper mantle levels — this is the case for the
base-metal sulphide deposits of Late Precambrian,
Silurian and Carboniferous age, for the volcano-
genic iron deposits and for the granite-bound
mineralization of the Sn-W province.

It seems very likely that lineaments were
instrumental in loealizing mineralization. Overall
structural control of mineral deposits in the Me-
seta may have been exerted — in this intraplate
setting — by deep crustal zones of structural
weakness that acted as channelways to magmas
and ore solutions. Local structural control became
pronounced in the case of the late Hercynian
and post-Hercynian vein deposits.

If it is considered that of the major, economi-
cally important deposits of the Peninsula only the
mercury of Almadén is associated with mafic
volcanism, while metals of the Pyrite Belt and
the tin-tungsten province are related to felsic
volcanism and plutonism, it is clear that felsic
magmas played a more important role than
mafic magmas,
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