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Abstract

A detailed geological and isotopic study of the Colmenar deposit (Ossa Morena Zone, SW Iberia) shows that the magnetite-
rich mineralization formed by complex magmatic-hydrothermal processes related to the crystallization of water-rich albite-
magnetite igneous rocks derived from the crystallization of unusual melts formed during anatexis in a high temperature-low
pressure metamorphic regime. The most likely protolith includes a sequence of iron-rich chemical sediments, amphibolite
and possible meta-evaporites of early Cambrian age. The albite-magnetite rock occurs as up to 20 cm-thick dyke and breccia
bodies and show complex immiscibility relationships with an albite-K-feldspar-quartz leucogranite. Iron-rich fluids exsolved
during the crystallization of these melts are responsible of the formation of hydrothermal breccias and the widespread
replacement of the hosting calc-silicate hornfels by a magnetite-ferroactinolite-albite assemblage along syn-mineralization
shear zones. Geochronological data obtained for mineralization and related hydrothermal alteration points to a Variscan age
(ca. 340 Ma), interpreted also as the age of the high-grade metamorphism driving anatexis at the Valuengo Metamorphic
Complex. Despite the low Cu and Au contents, this mineralization shares features with the IOCG systems, which in other
districts show a spatial relationship with albite-rich rocks, evaporites and pre-existing iron mineralization. The observations
presented from Colmenar support an alternative genetic model with prospective implications for the Ossa Morena Zone that
can be extrapolated to other IOCG belts worldwide.
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Resumen

El estudio geolégico y geocronolégico de detalle del depdsito de Colmenar (Zona de Ossa Morena, SO Ibérico) muestra que
la mineralizacién de magnetita se formo por procesos magmatico-hidrotermales relacionados con la intrusién de un magma
inusual (albita + magnetita) y rico en agua generado por anatexia en un ambiente metamoérfico de alta temperatura y baja
presion. El protolito mas probable se corresponde con una secuencia de sedimentos quimicos ricos en hierro, anfibolitas, y
probablemente meta-evaporitas del Cambrico Inferior. Estas rocas ricas en albita y magnetita se encuentran como brechas
magmaticas y diques de hasta 20 centimetros de espesor, y presentan complejas relaciones de inmiscibilidad con leucogra-
nitos ricos en albita, feldespato potésico y cuarzo. Los fluidos enriquecidos en hierro y exsueltos durante la cristalizacion
de estos magmas fueron responsables de la formacion de brechas hidrotermales soportadas por una matriz de ferroactinolita
y magnetita, que también aparecen junto con albita remplazando rocas de silicatos célcicos a favor de bandas de cizalla. La
geocronologia de la mineralizacién y alteracion hidrotermal indica una edad Varisca (ca. 340 Ma), que se interpreta, su vez,
como la edad del metamorfismo de alto grado responsable de los procesos de fusion parcial en el Nicleo Metamdrfico de
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Valuengo. A pesar de sus bajos contenidos en Cu y Au, este estilo de mineralizacién comparte caracteristicas con los siste-
mas tipo IOCG, que en otros distritos muestra relaciones espaciales con albititas, evaporitas, y mineralizaciones de hierro
preexistentes.Las observaciones en Colmenar soportan un modelo genético alternativo con implicaciones prospectivas para
la zona de Ossa Morena, y que es extrapolable a distritos IOCG en otras partes del mundo.

Palabras clave IOCG - Magnetita - Geocronologia - Geoquimica de isotopos radiogénicos - Albitita

1 Introduction

A debate exists on the genesis of the abundant iron deposits
in the Ossa Morena Zone (Fig. 1), showing different mor-
phologies, relationships with host rocks and plausible ori-
gins. Some of them have been interpreted as exhalative syn-
sedimentary mineralization coeval with Cambrian volcanism
subsequently metamorphosed (Doetsch 1967; Locutura et al.
1990). However, the frequent presence of coarse-grained
calcsilicate-rich assemblages, the presence of epigenetic
replacing textures and the spatial relationship with major
shear zones and Variscan intrusive rocks have served as an
argument for a magmatic-hydrothermal origin, being clas-
sified as skarns (Casquet and Tornos 1991; Febrel 1970;
Sanabria et al. 2005; Cuervo et al. 1996) or IOCG type min-
eralization (Tornos et al. 2003; Tornos and Casquet 2005;
Tornos and Carriedo 2006; Carriedo and Tornos 2010).

Other authors have proposed a link between exhalative and
epigenetic mineralization (Baeza et al. 1978; Vazquez and
Fernandez 1976; Ruiz Garcia 1975), where a syngenetic strati-
form mineralization would be assimilated by magmas and part of
the iron subsequently incorporated into the fluid phase, exsolved
during its crystallization and reacting with the surrounding car-
bonate rocks to give the replacive skarn mineralization.

The Colmenar deposit is one of multiple examples of iron-
rich mineralization widespread across the Ossa Morena zone.
It belongs to the San Guillermo-Colmenar-Santa Justa mining
complex, around Valuengo water dam (Badajoz, Spain), and
exploited for iron by Minera del Andevalo S.A. from 1956
to 1977, using underground and open pit methods. Magnetite
was the main ore mineral, with average grades around 45.5%
Fe, but high alkali contents caused the cessation of production
(Vazquez et al. 1980; Vazquez and Fernandez 1976).

This work is focused on a detailed geological and isotopic
study of the Colmenar deposit, where various types of min-
eralization are seemingly with igneous rocks within a shear
band.

2 General geological context
The Ossa-Morena Zone, within the European Variscan Belt

(Fig. 1), represents a continental block part of the Gondwana
northern margin (Robardet, 2003; Arenas et al. 2016). This
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region records a complex evolution including the Neoprotero-
zoic Cadomian orogeny (ca 650-550 Ma), and a subsequent
(ca 510-480 Ma) Cambro-Ordovician extension (Eguiluz
et al. 2000; Expdsito 2000; Expésito et al. 2003; Sanchez-
Garcia et al. 2003; 2010; Chichorro et al. 2008; Pereira et al.
2009; Cambeses et al. 2017). Later, during Variscan orog-
eny, the Ossa Morena Zone was deformed under a collisional
regime, reflected in both north and south margins registering
convergence. (Bard and Moine 1979; Abalos Villaro et al.
1991; Arenas et al 2016 and references therein).

Two main magmatic events are well discriminated at the
Ossa Morena Zone (Fig. 1); (i) a lower Cambrian rifting
stage at ca 530—490 Ma (Sanchez-Garcia et al. 2003, 2010),
and (ii) a short-lived intra-orogenic extensional event dur-
ing the main Variscan collision at ca 350-330 Ma (Apraiz
and Eguiluz, 2002; Simancas et al. 2003; Cambeses, 2015).

Low-grade regional metamorphism affects the Ossa
Morena Zone in the greenschist facies, with localized MT/
HT-LP metamorphism. These higher-grade metamorphic
domains commonly present migmatization process and have
been attributed in several sectors as contemporaneous with
the Variscan magmatic event (Ordoéfiez 1998; Pereira et al.
2009; Diaz Azpiroz et al. 2004, 2006).

Most of the ore deposits of the Ossa Morena Zone,
including Colmenar deposit, are in the Olivenza-Monesterio
Belt (Locutura et al. 1990; Tornos et al. 2004), that broadly
coincides with the Olivenza-Monesterio antiform, a regional
Variscan structure with NW-SE trend and SW vergence.

The Colmenar deposit is in a structurally complex area
between the NW margin of the Valuengo Metamorphic
Complex (HT/LP) and the eastern contact of the Variscan
Brovales Pluton (Fig. 2), along a North—South trending duc-
tile/brittle shear zone of sinistral component.

3 The Valuengo metamorphic complex

The Valuengo metamorphic complex covers an area of 28 km?
with an ellipsoidal NNE trending shape (Fig. 2) and is domi-
nantly interpreted as an antiformal dome-type structure (Coul-
laut et al. 1981; Apraiz and Eguiluz 1996), whose core includes
high-grade metamorphic rocks with widespread migmatization
and formation of anatectic granitoids. A key characteristic of the
Valuengo metamorphic complex is the presence of abundant
intrusions of albitite surrounding the core of the structure (Fig. 2).
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Fig. 1 location of Colmenar within the Ossa Morena Zone at the Ibe-
rian Massif (centre; modified from Julivert et al. 1974) and Eurasia
(top left). The chart shows the stratigraphic succession and tempo-

The Colmenar deposit is hosted by Las Mayorgas Forma-
tion (Coullaut et al. 1981), a highly deformed lower Cam-
brian sequence of general N/NE-S/SW orientation, domi-
nated by calcsilicate-rich rocks and marbles. Underlying the
Las Mayorgas Formation is the Valuengo Gneissic-Migma-
titic Formation (Coullaut et al. 1981), a high-grade meta-
morphic unit in sharp contrast with the regional low grade
greenschist facies. This metamorphic core is bounded by low
angle extensional structures subparallel to the regional folia-
tion. These structures abruptly juxtapose underlying rocks
with metamorphism in the amphibolite facies with overlay-
ing meta-sediments and volcanic rocks in the greenschist
facies (Fig. 2). These observations suggest an exhumed core
complex linked with extension associated with gravitational
collapse of a swelled crust, as in other sectors of the Ossa
Morena Zone (Apraiz and Eguiluz 2002).

The Valuengo metamorphic complex has been also inter-
preted to form during thin skinned tectonics, in which the
high metamorphic core would be related to the hinge of a
large recumbent fold of Variscan age, folding of the shear
bands surrounding the migmatitic core, and later inter-
sected by a system of southwards thrusts and a late folding
(Expésito et al. 2003).

Its main distinctive feature is the high metamorphic
grade, which contrasts with the low-grade regional meta-
morphism that dominates in the Ossa Morena Zone, and

ral correlation of the main igneous and tectonic events of the Ossa
Morena Zone, (right; adapted from Quesada 1992)

that almost never overcomes greenschist facies conditions
(Loépez-Munguira and Nieto 2004). High temperature and
low-pressure metamorphic conditions have been described
in this area, with development of partial melting processes
under conditions up to 10-12 kb at maximum temperatures
of 600-650 °C, and with a later thermal peak maximum at
around 700 °C and 8 kb (Apraiz and Eguiluz 1996).

The age of metamorphism and deformation is still under
debate (Expdsito et al. 2003; Apraiz and Eguiluz 1996,
2002; Apraiz 1998; Fernandez et al. 1981). The existing
U-Pb dating of an orthogneiss from the north-eastern limit
of the Valuengo dome, using the zircon sequential evap-
oration method (Kober 1986, 1987), has given an age of
532 +5 Ma (Exp6sito et al. 2003). Based on this geochronol-
ogy, these authors attribute the high-grade metamorphism to
a pre-Variscan tectonometamorphic event, associated with
the Cambrian rifting (Exp6sito et al. 2003).

An earlier U-Pb dating on the orthogneiss using the
same zircon method has given a similar age of 535+5 Ma
(Montero et al. 2000) and is consistent with the interpreta-
tion that supports a Cambrian age for the dome; however,
in the same study with the same zircon method, the nearby
amphibolite has yielded an age of 342 +4 Ma (Montero
et al. 2000). This late age is similar to that obtained for the
metamorphism of the Lora del Rio Metamorphic area (ca.
340 Ma; Ordéiiez 1998), another high-grade metamorphic
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Fig.2 Geological map with the
location of Colmenar deposit
within the Valuengo Metamor-
phic Complex. Modified from
Apraiz et al. (1996), Quesada
& Sanchez-Garcia (2002) and
Expésito et al. (2003)
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area within the Ossa Morena Zone that has been correlated
by some authors to the Valuengo metamorphic complex
(Apraiz and Eguiluz 2002; Apraiz 1998). Therefore, they
interpret that these spatially restricted zones of high-grade
regional metamorphism would be linked to extensional pro-
cesses in the late stages of the Variscan orogeny (Apraiz and
Eguiluz 1996, 2002; Eguiluz et al. 2000), dated in other sec-
tors of the Ossa Morena (Ordoéiiez 1998; Pereira et al. 2012).

Discontinuous stratabound magnetite-rich lenses can be
followed for up to five kilometers around the Valuengo meta-
morphic core (Vazquez et al. 1980; Coullaut et al. 1980).
There are multiple iron occurrences and several historic
mines like San Guillermo, Colmenar-Santa Barbara and
Santa Justa (Vazquez et al. 1980; Sanabria et al. 2005; IGME
2006), or La Berrona, where the magnetite-rich minerali-
zation replaced limestone and calcsilicate rocks around an

@ Springer
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albitic intrusion (IGME 1979; 2006; Tomé 2012; Coullaut
et al. 1980).

4 Stratigraphy

The protolith for the high metamorphic rocks conforming
the Valuengo metamorphic complex have been interpreted
as volcanoclastic sequences from the Valuengo Gneissic-
Migmatitic Formation and Las Mayorgas Formation, the
later host of Colmenar mineralization.

The Valuengo formation crops out in an approximate area
of 3x 5 km (Fig. 2). It is dominated by migmatitic gneiss,
shale, quartz-schist, decimeter-thick intercalations of recrys-
tallized carbonates and irregular intercalations of basic rocks
transformed into amphibolites (Coullaut et al. 1981). The



Journal of Iberian Geology (2021) 47:85-119

89

stratigraphic thickness of this formation exceeds one hun-
dred meters and has an unknown footwall (Apraiz and Egui-
luz 1996), and interpreted as the metamorphic equivalent of
a distal volcanoclastic sequence, regionally correlated with
the Bodonal-Cala Complex (Eguiluz et al. 1992). This cor-
relation is based on the presence of a level of mineralized
carbonate rocks and a level of “porphyry tuffs”, analogous
to those described in the basal sections of the Bodonal-Cala
Complex (Eguiluz et al. 1983; Eguiluz 1987). This is inter-
preted as part of the upper Cadomian calc-alkaline volcan-
ism around 514 Ma (Eguiluz et al. 1999; Ordoiiez 1998).

The Valuengo Formation is overlain by the Las Mayor-
gas Formation (Coullaut et al. 1981), cropping out around
the core of the dome (Fig. 2). This formation is made up of
decametric levels of coarse-grained meta-arkoses alternating
with shales and abundant calc-silicate rocks, amphibolites,
limestones, porphyritic gneiss and magnetite-rich exhalative
levels (Coullaut et al. 1981). Close to the stratigraphic hang-
ing wall, there is a discontinuous marker horizon conformed
by limestone, dolostone and calc-silicate rocks up to a few
tens of meters in thickness. This level hosts frequent strati-
form magnetite bodies and is the preferred horizon for the
development of iron-rich skarns (Coullaut 1979).

The Las Mayorgas Formation has been interpreted as a
calc-alkaline island arc volcanoclastic sequence equivalent
to the Malcocinado Formation, (Apraiz and Eguiluz 1996;
Apraiz 1998; Expésito 2000; Exposito et al. 2003), dated as
Neoproterozoic-Lower Cambrian age and widely exposed
along the Ossa Morena Zone.

Overlying Las Mayorgas Formation there is a carbonate
sequence, up to 150 m in thickness, of lower Cambrian age
(Coullaut et al. 1981), correlated with the abundant carbon-
ate rocks at the base of the Cambrian found throughout the
Ossa Morena area (San José et al. 2004).

Rocks of the uppermost Las Mayorgas Formation show a
penetrative foliation and mineral stretch lineation, consistent
with the presence of a major ductile-brittle shear zone. The
carbonate package at Colmenar shows low-grade metamor-
phic conditions, as opposed to the high-grade metamorphism
described for the underlying rocks and representing an impor-
tant metamorphic jump along the stratigraphic sequence in
few meters.

Shearing evidences are well exposed at Colmenar mine,
with the mineralization being controlled by a subvertical
N30E shear zone (Colmenar Shear Band). Its extension to
the south is truncated by the intrusion of the Brovales Plu-
ton, whereas it is not easy to follow to the north given the
scarcity of outcrops, although some authors have extrapo-
lated its extension several kilometers up to the Burguillos
del Cerro Pluton (Tornos et al. 2002).

West of the Colmenar mine, the carbonate unit is trun-
cated by the Brovales Pluton, that extends for several
kilometers on a N-S orientation (Fig. 2). This Variscan

tonalitic-granodioritic body of calc-alkaline nature has been
dated at 340+ 7 Ma (Montero et al. 2000). It shows evidences
of diverse magmatic pulses clearly syn-tectonic with the
Variscan deformation (Eguiluz et al. 2004). In the northern
sector, the Brovales Pluton shows a N120° E foliation dipping
30° NE and probably corresponding to the west extension of
the Monesterio Thrust, a regional structure with a similar tec-
tonic pattern (Eguiluz et al. 2004). The southern sector of the
intrusion lacks internal fabric but the contacts with the host
rocks are controlled by sinistral shears (Eguiluz et al. 2004).

5 Mineralization host rocks at Colmenar

The Las Mayorgas Formation is the main host for the iron-
rich mineralization. Here, consists of ca. 120 m of schists
and shales with lenses of amphibolite and felsic orthogneiss
and a very continuous level of calcsilicate rocks totally
hydrothermally replaced (Fig. 3).

5.1 Schists and amphibolites

Schists dominate in the northern part of the deposit (Fig. 3)
as dark grey homogeneous levels with abundant discontinu-
ous intercalations of amphibolites, presumably the product
of the regional metamorphism of mafic igneous rocks, as
observed in the Valuengo Formation (Coullaut et al. 1981).
The schist is composed by quartz, potassium feldspar, plagi-
oclase, and biotite with accessory almandine, zircon, apatite
and titanite. Some domains present variable concentrations
of magnetite between 1 and 10%. These high contents of
primary magnetite are interpreted as linked to possible exha-
lative levels like those cited in nearby areas (Dupont 1979).
These rocks usually have little evidence of hydrothermal
alteration, restricted to incipient feldspar sericitization and
hornblende replacement by epidote.

The amphibolite is dominated by oriented fine-grained fer-
rohornblende with lesser amounts of plagioclase and magnet-
ite. This rock is similar to undeformed, more coarse-grained
gabbro and likely it is its deformed equivalent. However, other
studies propose that the amphibolite is derived from mafic
flows of the Early Cambrian volcanism (Coullaut et al. 1981).

5.2 Limestones and calcsilicate rocks

Calcium rich rocks are abundant at eastern sectors of Col-
menar open pit, near the contact between Las Mayorgas For-
mation and the eastern tonalite, and along the eastern con-
tact of main mineralized zone (Fig. 3). These rocks usually
present an intense hydrothermal alteration that obliterates
their primary textures and paragenesis; outside the mineral-
ized zones calc-silicate rocks are scarce. They usually show
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«Fig. 3 Geological mapping from Colmenar open pit showing the
distribution of the main mined orebody developed by hydrothermal
replacement alternating schists and calc-silicate rocks of rocks from
Las Mayorgas Fm. This sequence is limited to the west by a younger
carbonate Fm. intruded by Brovales Pluton, whose eastern tonalitic
apophysis intrudes along the eastern contact of Las Mayorgas Fm.

a fine-grained compositional layering (Fig. 4a), with vari-
able abundances of diopside, scapolite, oligoclase-andesine,
clinoamphibole, epidote and magnetite. There are minor rel-
icts of limestone dominated by calcite with minor amounts
of detrital quartz (Fernandez et al. 1981).

The Early Cambrian carbonatic sequence occur as a
20-100 m package of recrystallized limestone and minor
dolostones along western contact at Colmenar. To the south,
this carbonate package constitutes the host rock for the
skarn-type mineralization at Santa Barbara mine.

5.3 Igneous rocks

Detailed mapping of the Colmenar deposit shows that there
are three main types of igneous rocks, including tonalite,
gabbro and small amounts of albitite. Albite-rich intrusions
are abundant in the Valuengo sector and, due to its unique-
ness and the metallogenic implications observed, they are
described in detail later.

The eastern tonalite is exposed with an elongated mor-
phology along a N30E trend along less than one kilometer,
with a maximum width of 200 m. Its non-exposed southern
contact has been extrapolated as an apophysis of the nearby
Brovales Pluton (Sanabria et al. 2005; Exposito et al. 2003).
Like the Brovales Pluton, it has a tonalitic-granodioritic
composition and includes an assemblage of quartz, plagio-
clase, potassium feldspar, and biotite, with clino-amphibole,
zircon, apatite and allanite as accessory minerals.

Texturally it shows a marked anisotropy (Fig. 4b) with
frequent syn-magmatic SC-type structures defined by the
orientation of biotite and clinoamphibole crystals. The inter-
nal anisotropy becomes more penetrative and subvertical to
the west, approaching the zone of maximum deformation
and mineralization. Although most of the plagioclase is
albitized, it is in this sector closer to mineralization where
the tonalite is most clearly altered.

Within the shear band and in the vicinity of the deposit,
there are abundant bodies of gabbro with a massive iso-
tropic texture despite being located inside the Colmenar
Shear Zone (Fig. 3). Mineralogically they consist of clino-
amphibole (ferrohornblende-ferrotschermakite) and pla-
gioclase (albite to andesine; locally to residual bytownite),
with a coarse-grained equigranular mosaic texture. Acces-
sory minerals are quartz, biotite, apatite and variable con-
tents of ilmenite and pyrite (Fig. 4c). This gabbro has been

traditionally interpreted of Cambrian age (Coullaut et al.
1981).

6 Albitite

A relevant aspect in the Colmenar mine is the presence of
rocks formed almost exclusively by albite with variable con-
centrations of magnetite. These rocks occur in three different
ways: (i) As leucocratic domains in migmatized zones; (ii)
As a coarse matrix of breccias; and, (iii) in swarms of cen-
timeter- to decimeter-sized dykes. In detail, the three types
of albitite seem to be broadly coeval, showing gradual transi-
tions between them.

6.1 Albite-rich leucocratic domains

Clear evidences of partial melting and migmatite formation
are observed at alternances of schist and amphibolite within
the Mayorgas Formation at Colmenar (Fig. 5a, b). Some
areas show metatexites or incipient migmatization (Mehner
1968), in which the leucosome is restricted to millimeter-
sized bands, or at most with mm-cm albitic patches, elon-
gated subparallel to the foliation. Other areas are charac-
terized by the development of diatexites, with well-defined
leucosome domains with schlieren and nebulitic structures
(Mehner 1968). Here, leucosome domains are intermingled
with darker fine- to medium grained domains or melano-
some/restite, dominated by recrystallized biotite and relict
mixed domains or paleosome (Mehner 1968; Schmid et al.
2007).

Fine-grained textures are observed in the incipient leuco-
some along mm to centimeter bands, as opposed to grain
sizes of up to 1 cm in well-developed leucosome domains. In
the latter, leucosome shows an undeformed mosaic texture,
suggesting that the migmatization process is subsequent to
the regional penetrative deformation.

Plagioclase is the dominant mineral (albite-oligoclase),
with variable amounts of magnetite, actinolite, titanite and
apatite. A relevant aspect is the abundance of apatite in some
leucosome areas, which can give rise to form millimetric-
centimetric discrete bands (Fig. 5c) of massive apatite or
intergrown with albite and magnetite.

6.2 Albite-supported breccias

Close to the mineralization, when leucosome is abundant,
there are some unusual breccias that include angular and het-
erometric, cm-sized, clasts of gabbro and, to a lesser extent,
amphibolite and shale. Clasts are supported by a coarse-
grained albite-oligoclase groundmass, like that of the leuco-
some (Fig. 5d), with plagioclase crystals that can exceed one
centimeter. Locally, myrmekites of plagioclase and quartz
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Fig.4 a Calc silicate rocks from Las Mayorgas Fm. showing a tipical
banded texture attributed to sedimentary in origin. These rocks are
hydrothermally replaced by an assemblage dominated by actinolite
and magnetite and interpreted as the main host of mineralization at
Colmenar; b Eastern tonalite outcropping at Colmenar deposit, with a
distinctive layered texture observed close to the contact with Colme-
nar mineralization; ¢ textural detail of the gabbro, dominated by pla-
gioclase and hornblende with accessory opaque minerals dominated
by ilmenite and pyrite. The upper domain corresponds to a coarse-
grained plagioclase replaced aby an associaton of sericite and epidote
(left not analized light, right analized light, 3.2x)

@ Springer

are characteristic. Inter-grown with plagioclase there are
varying amounts of magnetite, actinolite, titanite (locally
very abundant) and zircon, with minor quartz and apatite.

Like the leucosome domains, the albitic matrix shows
no evidence of deformation or preferred orientation and the
foliation at the breccia clasts is truncated (Fig. 5e), corrobo-
rating a post-tectonic brecciation and albite crystallization.

No clear evidences of migmatization are observed in the
breccia clasts, suggesting that the albitic melt (discussed
below) was injected into the brittle rocks by migration from
the nearby migmatitic areas. Clasts are unaltered and only
locally there is a millimeter-to-centimeter reaction edge with
replacement of the original hornblende by an association,
chlorite, and epidote (Fig. 5f).

6.3 Albitic dykes

There are abundant albitic dykes with thicknesses from some
cm to one meter, whose orientation and distribution are par-
tially controlled by the host rock. When the dykes are hosted
by the gabbro, they do not follow a preferred orientation
and the dykes present a stockwork-like distribution (Fig. 6).
These dykes present straight and sharp contacts with the host
rock, and lack of alteration sealvage.

When associated with more ductile-deformed or aniso-
tropic rocks such as the mineralized calc-silicate hornfels,
the dikes are parallel to the tectonic foliation. They are
generally smaller in size, not exceeding the centimeter in
thickness, and show abutted and stretched shapes with lobed
edges interpreted as due to crystallization in a syn-tectonic
environment (Fig. 7a).

The main assemblage of these dykes consists of albite
and magnetite (Fig. 7b), with marked internal mineralogical
heterogeneities within a single dyke (Fig. 6). The albite-
magnetite rock punctually shows irregular but sharp contacts
with a leucogranite domain with albite-oligoclase and minor
contents of K feldspar, actinolite, biotite, quartz and titanite
but lacking magnetite (Fig. 6, 7c).

Textures are also variable, from coarse-grained hetero-
metric domains to fine-grained aplitic textures, but not nec-
essary correlating with a specific mineralogy. Some textures
include bands defined by the alternance magnetite versus
albite contents, unidirectional solidification textures (Breiter
et al. 2005; London 1992; Shannon et al. 1982; Fig. 7d) or
stockscheider structures (Nesen 1981).

These observed heterogeneities, their erratic distribution
within the same dyke structure and the lack of clear signs
of hydrothermal alteration, points to crystalized immiscible
melts, close to pneumatolytic conditions, as a possible mode
of origin.
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Fig.5 a, b Migmatites over a schist-amphibolite domain at northern
sectors in Colmenar. Whitish coarser grain domains represent leuco-
some domains subparallel to tectonic foliation, composed by different
proportions of albite and magnetite. Alternating darker domains cor-
respond to melanosome biotite rich domains or paleosome domains,
in both cases following the same structural trend; ¢ detail of a leu-
cosome showing a discrete apatite rich domain, represented by the
high relief crystals. In contact at the left with a magnetite-actinolite
domain, and to the right with an albite domain partially sericitized.
Observed abundand intergrown titanites at both albite and apatite
domains, with their singular bipyramidal shapes (not analized light,
5X); d matrix supported breccia at northern sector of Colmenar. It
shows decimetric gabbro clasts with sharp and straight borders with-

out clear dominant orientation, supported by a coarse-grained albitic
matrix; e Brecciation detail of the albitic matrix with minor amounts
of amphibole and titanite, supporting a foliated clast of amphibolite.
Brecciation crosscuts the foliation planes with no evidences of defor-
mation within the albitic matrix indicating a postectonic brecciation
process. Only a millimetric reaction border is developed at the amphi-
bolite clast, without signs of intense alteration; f Breccia detail of the
contact between an amphibolite clast (left) supported by an albite rich
matrix (right). In between, the millimetric reaction border transform
primary hornblende from the amphibolite into chlorite and epidote
and minor actinolite. A well-developed bypiramidal titanite crystal
can be observed at the albitic domain in close contact with the reac-
tion border (up not analyzed light, down analyzed light, 3.2x)
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ab+K-flds+Q dyke

J ab+mt dyke

ab+(anf) patches P

Fig.6 Detailed mapping and discrimination of an albite rich dyke
system Colmenar, better preserved by an undefformed gabbro within
the open pit close to the main orebody footwall. Albite rich ocur-

7 Mineralization and hydrothermal
alteration

The main known orebody at Colmenar has an elongated
shape along a N35-45° E trend dipping 75° W, with a sur-
face exposure of about 500 m and an average thickness of
30 m. This stratabound mineralization is slightly discordant
with the N20° E bedding distribution. Its morphology seems
to be controlled by the Colmenar Shear Band (Fig. 3) and
the presence of the carbonatic and calc-silicate rocks of the
Las Mayorgas Formation.

The ore-bearing sequence show high degrees of hydro-
thermal alteration along inner parts within the sheared zone.
Mineralized rocks there are formed by a coarse-grained
aggregate of magnetite albite and ferroactinolite with zones
of massive magnetite. In the outermost areas surrounding
the sheared corridor, mineralization occurs as jigsaw type
breccias and veining, with a hydrothermal assemblage of fer-
roactinolite-magnetite, sometimes with pink calcite, pyrite,
quartz and chlorite (Fig. 8a).

Petrographically, mineralized rocks show mosaic equi-
granular textures with actinolite-ferroactinolite and albite
(an < 10), accompanied by variable proportions of mag-
netite (Fig. 8b, c). Magnetite shows various morphologies,
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rences have been discriminated based on dominant mineralogy within
the dykes and irregular patches

from euhedral to anhedral grains, suggesting polyphasic
growth with possible later remobilization and recrystal-
lization Some anhedral cores could represent inherited
sedimentary magnetite. Accessory minerals are quartz,
scapolite, titanite, pyrite, hedenbergite, ilvaite, epidote,
apatite, monazite, xenotime and, very occasionally, euhe-
dral zircon, the latter interpreted to be inherited from an
igneous protolith by Sanabria et al. (2005). There are also
remnants of magnesio-hornblende that are interpreted as
inherited from an amphibolitic protolith.

The eastern tonalite is replaced by albite and the mafic
minerals by ferroactinolite; the clinoamphibole is gradu-
ally replaced by magnetite. This Na-Fe-rich metasomatism
increases towards the contact with the sheared mineral-
ized zone. Small isolated bodies of a garnet-rich skarn at
the contact between the calc-silicate rocks and the east-
ern tonalite. This calcic skarn consists of large crystals of
andradite that are replaced by epidote and quartz, without
any signs of deformation.

The main mineralization shows a characteristic composi-
tional banding marked by different proportions of albite vs acti-
nolite with magnetite. Relicts of the calc-silicate rocks up to the
metric scale float in a ferroactinolite-albite-magnetite ground-
mass, generally rotated and gradually replaced till its complete
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Fig.7 a Whitish albite magnetite dykes within the main orebody at
Colmenar, showing an irregular and discontinuous distribution fol-
lowing a preferent orientation along foliation and shearing associated
with Colmenar shear band and the orebody. Boudinated shapes and
lobulated contacts suggest a general magmatism synchronous with
deformation, even if punctually fractured examples under more brittle
conditions have been observed. Lobulated contacts are also respond-
ing to intense hydrothermal activity associated and development
of metasomatic fronts, with variable degrees of replacement of the
host rocks by an association of actinolite and magnetite; b detail of
of albite-magnetite rich dykes internal holocrystalline texture, domi-
nated by albite and actinolite equilibrium textures with homogene-

obliteration. Preserved relicts of other recrystallized rocks from
the Mayorgas Fm are occasionally found, showing only a local
replacement of wollastonite and diopside. As described above,
the mineralization includes abundant dykes of albite-magnetite,
subparallel to the compositional banding (Fig. 7a).

Various kinematic evidences of ductile-brittle shearing can
be identified along the shear zone and mineralization. Abundant
boudinated forms indicate stretching processes under rheologic
contrasts. Features such as rotation, and dismemberment are fre-
quent in the relicts of the hosting rocks (Fig. 8d). Tension cracks
developed perpendicular to the general compositional banding
are frequent and suggest a dominant sinistral component and are
frequently filled by sulfides (Fig. 8e).

ous grain size, with minor contents of amphibole, titanite and zircon
(left not analyzed light, right analyzed light, 3.2X); ¢ detail within an
albitic dyke of two different mineral assemblages, a whitish one at the
top dominated by albite, and a more heterogenous one with coexist-
ing albite and magnetite. The sharp contact transition within the same
structure and without clear evidences of reaction borders or hydro-
thermal alteration point to discrete magma immiscibility process as
the most likely explanation; d Albite-Magnetite rich dyke show-
ing heterometric albite crystals with unidirectional growth textures
(UST), with crystallization perpendicular to dyke margins and inter-
nal magmatic banding

The banded textures at Colmenar mineralization could
be partially inherited from the fine-grained compositional
layering at the calc silicate hornfels. However, the domi-
nant trend oblique to the sedimentary layering (Fig. 8f), the
coarse-grained assemblages and the kinematic evidences of
ductile-brittle shearing suggest a ultimate tectonic-hydro-
thermal origin for the banding.

At Colmenar, the sulfide content is low, dominated by
pyrite with sub-economic concentrations of chalcopyrite
and traces of pyrrhotite, millerite and bornite with some
gold. Pyrite crystallizes as euhedral crystals, generally late
in the mineral assemblage formation, enclosing magnetite or
intergrown with clinoamphibole. Usually sulfides are more
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Fig.8 a Iron mineralization at Colmenar with a paragenesis domi-
nated by albite, actinolite and magnetite holocrystalline textures with
accessory titanite, apatite and rutile (left no analyzed light, right
analyzed light, 10x); b high grade iron mineralization at Colmenar,
slightly enriched in sulphides, and dominated by a well-developed
holocrystalline texture with intergrown magnetite and ferroactino-
lite crystals up to over 1 cm (left not analyzed light, right analyzed
light, 3.2X); ¢ hydrothermal vein at Colmenar surroundings with
development of an external zone of magnetite crystals at contact
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with the host rock, and infilled by an association of actinolite with
traces of sulphides; d compositional banding observed at Colmenar
main orebody, subparallel to the shearing with examples of boudi-
nated textures abundant on unaltered protolith relicts; e Marble and
albite-magnetite relicts within the main orebody at Colmenar, the
later showing locally a more brittle fracturing and displacement. The
marble relict shows corroded borders affected by hydrothermal altera-
tion; f detail of tension gashes infilled by sulphides (pyrite) developed
subperpendicular to the shearing banding at Colmenar main orebody
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abundant in the high-grade magnetite zones, with a higher
degree of replacement.

8 Relationship between the albitite
and the hydrothermal mineralization

The northern sector of the open pit shows the relationships
between the different types of albitite and the hydrothermal
alteration related to the mineralization. Figure 9a shows out-
cropping transition examples between albitic breccias and
dykes. The albite supported breccias show a gradual transi-
tion to discrete clast-supported breccias with related perva-
sive alteration. Albite proportion decreases at this breccias
and ends dominated by magnetite-ferroactinolite with only
minor contents of titanite and calcite.

Titanite is particularly common when the albitic brec-
cia is hosted by the gabbro-amphibolite host rocks. Titan-
ite crystals up to>?2 mm in size crystallized in equilibrium
with albite, punctually coexisting with well-developed inter-
growth ferroactinolite (Fig. 9b). Ferroactinolite is dominant
in all hydrothermally altered rocks at Colmenar, suggesting
its formation close to the magmatic-hydrothermal transition
(Fig. 9b).

Outcrops in the north-west sector of the deposit show
large zones of hydrothermal breccias with a jigsaw pattern
and cm-sized angular clasts of tonalite supported by mag-
netite and actinolite with local interstitial calcite (Fig. 9c).
These relationships suggest that at least part of the hydro-
thermal alteration and mineralization would be subsequent
to the intrusion and crystallization of the tonalitic Brovales
Pluton.

9 Methodology and material

An isotopic study was carried out since discrepancies exist
in literature regarding the ages of these unusual albite-
rich rocks, spatially associated with iron mineralization
in the Ossa Morena Zone. Most intrusions are attributed
to the Cambrian as emplaced during the rift processes
(Sanchez-Garcia et al. 2008), something that contradicts
the Variscan ages of the metamorphism in the Valuengo
area (Apraiz and Eguiluz 2002).

A Variscan age for metamorphism and migmatization
is consistent with our observations at Colmenar, where
crosscutting relationships indicate that at least some of the
mineralization and albitite postdate the emplacement of
the Brovales Pluton; this is also consistent with a Sm—Nd
isochron obtained on a magnetite concentrate from the
main mineralization at Colmenar, indicating an age of
334 + 32 Ma (Darbyshire et al. 1998).

The sampling was focused on covering the main hydro-
thermal and magmatic processes identified at Colmenar.

For U-Pb dating, zircon concentrates were obtained from
both the eastern tonalite (sample JCO67) and the albite-rich
dykes (samples JCO43 and JCO66). We were unable to
obtain zircon concentrates from the gabbro. U-Pb dating
also includes coarse-grained titanite of the albite-rich brec-
cias, (sample JCO75). Prior to isotopic analysis of concen-
trates, samples were characterized by petrography, electron
microscopy and cathodoluminescence. The analytical tech-
niques used were TIMS or SHRIMP, chose based on spatial
resolution needs.

Ar—Ar dating was performed on two calcic clinoam-
phibole concentrates from the main stratabound orebody
(JCO62 and JCO7T2). Ferroactinolite, as determined by
EPMA, hosts amount of K for dating, probably substituting
Ca, and form large euhedral crystals intergrown with albite
and magnetite, interpreted as representative of the ore form-
ing hydrothermal event.

Radiogenic isotopes are also used to trace the origin of
fluids in the system. Two representative samples of the min-
eralization (JCO44 and JCOA45), and one of the garnet-rich
skarn (JCO46) have been analyzed for Sr and Nd isotopes.
Likewise, two samples were taken from the albite-magnetite
dikes (JCO43 and JCO66), and one from the plagioclase-rich
groundmass from the magmatic breccias (JCO47). Finally,
two gabbro samples (JCO4 and JCOS) and two samples of
the eastern tonalite (JCO1 and JCO7) were collected. The
Rb-Sr and Sm-Nd results obtained on whole rock samples
of Colmenar are reported in Table 4. The eNd parameter has
been calculated using the age of 340 Ma for all lithologies,
an age assumed to the representative of the mineralization
and related Variscan magmatism.

U-Pb TIMS: This method was performed at the Earth
Science Department from Geneva’s University (Switzer-
land). Zircon crystals were subjected to an annealing process
for internal structure homogenization during 48 h at a tem-
perature of 900 °C. Chemical abrasion, zircon dissolution
and later chromatography as well as with a Thermo Finnigan
mass spectrometer where performed following the method
referred on (Chiaradia et al. 2009).

U-Pb SHRIMP: Isotopic determinations were performed
by the SHRIMP-II at the Geological Survey of Canada
(Otawa). SHRIMP analytical procedures followed those
described by Stern (1997), with standards and U-Pb calibra-
tion methods following Stern and Amelin (2003). Briefly, a
selection of a hundred zircon grains from the sample JCA60
(see zircon petrography description), were cast in 2.5 cm
diameter epoxy mounts (GSC #473) along with fragments of
the GSC laboratory standard zircon (26266, with °°Pb/>*8U
age =559 Ma). The mid-sections of the zircons were
exposed using 9, 6, and 1 um diamond compound, and the
internal features of the zircons (such as zoning, structures,
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Breccia — dyke
transition

Fig.9 a Outcropping gabbro at NE sector of Colmenar open pit in
close contact with the main orebody. Can be clearly observed an evo-
lution of whitish albitic rocks from magmatic breccia zones migrating
through dyke type intrusions with relevant amounts of magnetite. At
this outcrop can be observed an incipient to intermediate calcic alter-
ation on epidotized clasts, just few meters away from the Colmenar
main orebody; b Detail of an albitic dyke contact with development
of centimetric euhedral brownish Titanite crystals intergrown with
centimetric greenish ferroactinolite, albite and magnetite, main min-
eralization assemblage at Colmenar deposit. The clear equilibrium

alteration, etc.) were characterized in cathodoluminescence
mode (CL) in order to select the samples and points to be
analyzed. Mount surfaces were evaporatively coated with
10 nm of high purity Au. Analyses were conducted using
a 160- primary beam, projected onto the zircons at 10 kV.
The sputtered area used for analysis was ca. 16 um in diam-
eter with a beam current of ca. 4 nA. The count rates of ten
isotopes of Zr+, U+, Th+, and Pb+in zircon were sequen-
tially measured over 6 scans with a single electron multi-
plier and a pulse counting system with deadtime of 23 ns.
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between titanites commonly observed at albitic rocks, and ferroactin-
olites, as the main hydrothermal mineral accompanying iron minerali-
zation, evidences a magmatic/hidrotermal transition process; ¢ Gran-
odiorite from Brovales Pluton at the upper west benches of Colmenar
open pit. A spectacular hydrothermal brecciation, with heterometric
angular granodiorite clasts supporte by a magnetite-actinolite matrix,
with punctual vugs infilled by calcite and minor sulphides. This out-
crop demonstrates that at least part of the iron mineralization at Col-
menar is younger than Brovales intrusion

Off-line data processing was accomplished using custom-
ized in-house software. The 1o external errors of 2°°Pb/>*3U
ratios reported in the data table incorporate a + 1.4% error in
calibrating the standard zircon (Stern and Amelin 2003). No
fractionation correction was applied to the Pb-isotope data;
common Pb correction utilized the measured 2°’Pb/*Pb and
compositions of the surface blank (Stern 1997).

Ar—Ar: Samples were analyzed by the *°Ar/* Ar method
at the University of Nevada at Las Vegas, were wrapped in
Al foil and stacked in 6 mm inside diameter sealed fused
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silica tubes. Individual packets averaged 3 mm thick and
neutron fluence monitors (FC-2, Fish Canyon Tuff sani-
dine) were placed every 5—10 mm along the tube. Synthetic
K-glass and optical grade CaF, were included in the irra-
diation packages to monitor neutron induced argon inter-
ferences from K and Ca. Loaded tubes were packed in an
Al container for irradiation. Samples irradiated at the U.
S. Geological Survey TRIGA Reactor, Denver, CO were
in-core for 7 h in the In-Core Irradiation Tube (ICIT) of
the 1 MW TRIGA type reactor. Correction factors for inter-
fering neutron reactions on K and Ca were determined by
repeated analysis of K-glass and CaF, fragments. Measured
(*°Ar/*°Ar) K values were 1.50 (+48.76%) x 10-2. Ca cor-
rection factors were (*°Ar/*’Ar) Ca=2.72 (+1.92%) x 104
and (PAr’Ar) Ca=6.91 (+1.80%) x 10—4. J factors were
determined by fusion of 4-8 individual crystals of neutron
fluence monitors which gave reproducibility’s of 0.11% to
0.52 at each standard position. Variation in neutron fluence
along the 100 mm length of the irradiation tubes was <4%.
Matlab curve fit was used to determine J and uncertainty in
J at each standard position. No significant neutron fluence
gradients were present within individual packets of crystals
as indicated by the excellent reproducibility of the single
crystal fluence monitor fusions.

Irradiated FC-2 sanidine standards together with CaF,
and K-glass fragments were placed in a Cu sample tray in
a high vacuum extraction line and were fused using a 20 W
CO2 laser. Sample viewing during laser fusion was by a
video camera system and positioning was via a motorized
sample stage. Samples analyzed by the furnace step heating
method utilized a double vacuum resistance furnace similar
to the (Staudacher et al. 1978) design. Reactive gases were
removed by three GP-50 SAES getters prior to being admit-
ted to a MAP 215-50 mass spectrometer by expansion. The
relative volumes of the extraction line and mass spectrom-
eter allow 80% of the gas to be admitted to the mass spec-
trometer for laser fusion analyses and 76% for furnace heat-
ing analyses. Peak intensities were measured using a Balzers
electron multiplier by peak hopping through 7 cycles; ini-
tial peak heights were determined by linear regression to
the time of gas admission. Mass spectrometer discrimina-
tion and sensitivity was monitored by repeated analysis of
atmospheric argon aliquots from an on-line pipette system.
Measured **Ar/*Ar ratios were 281.06 +0.35% during this
work, thus a discrimination correction of 1.0514 (4 AMU)
was applied to measured isotope ratios. The sensitivity of
the mass spectrometer was ~6 X 10—17 mol mV-1 with the
multiplier operated at a gain of 36 over the Faraday. Line
blanks averaged 4.20 mV for mass 40 and 0.02 mV for mass
36 for laser fusion analyses and 7.05 mV for mass 40 and
0.03 mV for mass 36 for furnace heating analyses. Discrimi-
nation, sensitivity, and blanks were relatively constant over
the period of data collection. Computer automated operation

of the sample stage, laser, extraction line and mass spec-
trometer as well as final data reduction and age calculations
were done using LabSPEC software written by B. Idleman
(Lehigh University). An age of 28.02 Ma (Renne et al. 1998)
was used for the Fish Canyon Tuff sanidine fluence monitor
in calculating ages for samples.

For “°Ar/* Ar analyses a plateau segment consists of 3 or
more contiguous gas fractions having analytically indistin-
guishable ages (i.e. all plateau steps overlap in age at+2c
analytical error) and comprising a significant portion of the
total gas released (typically > 50%). Total gas (integrated)
ages are calculated by weighting by the amount of *°Ar
released, whereas plateau ages are weighted by the inverse
of the variance. For each sample inverse isochron diagrams
are examined to check for the effects of excess argon. Reli-
able isochrons are based on the MSWD criteria of (Wendt
and Carl 1991) and, as for plateaus, must comprise contigu-
ous steps and a significant fraction of the total gas released.
All analytical data are reported at the confidence level of 1o
(standard deviation).

Rb-Sr & Sm-Nd: The samples were milled to analytical
powder size at the IGME sample preparation labs (Madrid,
Spain). Whole rock were first decomposed in 4 ml HF
and 2 ml HNO;, in Teflon digestion bombs during 48 h at
120 °C and finally in 6 M HCI. Concentrations of Rb and
Sr as well as Rb/Sr atomic ratios were determined by X-ray
fluorescence spectrometry at the X-Ray Diffraction Centre
of the Complutense University following the methods of
(Pankhurst and O’nions 1973*). Sm and Nd were deter-
mined by isotope dilution using spikes enriched in '“*Sm and
150Nd. Ton exchange techniques were used to separate the
elements for isotopic analysis. Sr and REE were separated
using Bio-Rad AG50x 12 cation exchange resin. Sm and Nd
were further separated from the REE group using Bio-beads
coated with 10% HDEHP. The Rb—Sr and Sm—Nd isotope
composition were determined on an automated multicollec-
tor SECTOR 54® mass spectrometer at the Geochronology
and Isotope Geochemistry Centre of the Madrid University.

Errors are quoted throughout as two standard deviations
from measured or calculated values. The decay constants
used in the calculations are the values \¥’Rb=1.42x10-11
and A'*’Sm=6.54 x 10-12 year-1 recommended by the
TUGS Subcommission for Geochronology (Steiger and Jager
1997). Analytical uncertainties are estimated to be 0.01% for
87Sr/%0Sr ratios and 0.006% for '**Nd/'**Nd ratios and 1.0%
and 0.1% for the 8’Rb/*Sr and '*’Sm/'**Nd ratios, respec-
tively. Epsilon-Nd (eNd) values (Jacobsen and Wasserburg
1980) were calculated relative to a chondrite present-day
'Nd/"**Nd value of 0.51262 and '*’Sm/'**Nd of 0.1967.
Replicate analyses of the NBS-987 Sr-isotope standard
yielded an average 8Sr/%®Sr ratio of 0.710247 +0.000024
(n=215). Fifty-six analyses of the Johnson Matthey
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Nd-standard over 1 year gave a mean '**Nd/'**Nd ratio of
0.511114 +0.000026.

10 Geochronology and isotope
geochemistry

10.1 U-Pb dating

The tonalite has two zircon morphological populations (P1
and P2). P1 includes euhedral zircon grains, with elongated
prismatic habits and poor development of bipyramidal ter-
minations. Its average size for its long axis is around 500 um.
Zircon grains have a transparent glassy appearance, without
evidence of solid inclusions. Cathodoluminescence imaging
reveals a single concentric zoning in all of them, suggesting
that the zircons were formed during a single magmatic crys-
tallization event (Fig. 10a). This banding is quite common
in magmatic zircons and interpreted as due to compositional
variations in U, Th and REE (Corfu et al. 2003).

P2 zircons present similar color and transparency but
their general shapes, are not so elongated, and may even
become sub-rounded. They are smaller in size with respect
to P1, not exceeding 300 um on their longest axis. Bipy-
ramidal ends are better developed than in P1, being able to
conform up to two thirds of the crystal. The cathodolumi-
nescence images do not show evidences of inherited cores
and present the characteristic zoning of single stage growth
(Fig. 10a).

Both populations are similar to the G1 and G2 types of
Pupin (1980), and based on this, both identified morpholo-
gies can coexist in magmas with a high Al/(Na + K) ratio,
and under crystallization conditions around 600 °C. How-
ever, given the subjectivity of this classification technique,
this approach must be taken with caution. Additional fac-
tors influence zircon morphology (Belousova 2006), such
as magma chemistry, water content or cooling speed. Both
populations were analyzed by TIMS independently to con-
trast results and confirm or discard a single crystallization
event over 4 zircons from P1 and 3 zircons from P2.

The zircon grains concentrated from the albitic dykes
rarely exceed 150 microns in size and present frequent
opaque inclusions. The degree of crystallinity is relatively
low, showing heterogeneous habits, accompanied by bro-
ken, truncated and sometimes sub-rounded morphologies. It
has not been possible to clearly discriminate specific zircon
populations, with a predominant habit pointing to elongated
bi-pyramidal morphologies.

Cathodoluminescence imaging highlights textural com-
plexities. The presence of one or up to two subsequent stages
of crystalline growth can be identified, with different degrees
of development around the zircon cores, varying from 50
to 5-10 pm thick, more developed on zircon terminations
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(Fig. 10b). Corroded borders are punctually observed at the
interface between two different zonings, clearly discriminat-
ing different crystallization stages. Based on these observa-
tions, a complex evolution of these zircons is highlighted,
characterized by inherited cores with rounded morphologies
typical of detrital zircons.

In order to obtain a representative age of these albite
magmas, it was necessary to use a dating technique with
high spatial resolution (SHRIMP), capable of analyzing the
zircon rims, which represent the last crystallization event.
Treatment of sample JCO43 has yielded only a small amount
of zircon grains with abundant imperfections making it the
least suitable sample for dating. Even so, a total of 15 deter-
minations using SHRIMP have been carried out on various
crystals, including some on inherited cores. Sample JCO66
was found to be richer in zircon grains and less fractured,
with a total of 37 measurements performed.

The petrographic study of the titanite grains shows the
predominance of euhedral forms reflecting crystallization
in equilibrium with the rest of the rock. In turn, the study
by backscattered electron microscopy (BSE) shows that the
crystals are homogeneous and lack evidences of internal
zoning or heterogeneities that could be indicative of poly-
phasic growth. Its homogeneity makes them suitable for
dating by TIMS, that was performed on 3 selected crystals.

The results obtained by TIMS for the zircon and titan-
ite grains are reported in Table 1. The results obtained by
SHRIMP for zircons of samples JCO46 and JCO66, are
reported in Tables 2 and 3 respectively.

The results from the eastern tonalite (JCO67) do not
allow us to establish a concordant age for all zircon grains
in population 1, but excluding one sample, a concordia age
of 338.26 +0.32 Ma is obtained (MSWD =0.88). Regard-
ing population 2, the three zircon grains yield a concordia
age of 338.56+0.33 Ma (MSWD =3.9). Both ages overlap
within uncertainty and therefore a similar crystallization
age is assumed for both populations.

Pooling together the two populations, a concordia age
of 338.42+0.31 Ma (Fig. 11) is obtained for the eastern
foliated tonalite (MSWD =2.3), as an accurate age for
Brovales plutonism.

From the results obtained by SHRIMP for the albite dykes,
it was observed that sample JCO43 presents a more discordant
character with respect to sample JCO66. This is probably due
to Pb loss, consistent with the more heterogeneous and frac-
tured appearance of the zircons as described above. Taking this
fact into account, the main interpretation of results is focused
on sample JCO66, using JCO43 as a comparative reference.

One analysis from sample JCO66 showed an extremely
old age of 2564.3 +48.5 Ma (Table 3), close to the
Archean—Proterozoic boundary, while 7 results pointed to
ages between the Paleoproterozoic (2.07 +48 Ga) and the
base of the Edicarian. All these ages are outside the range
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Fig. 10 a Cathodoluminescence imaging and morphological comparison of the two zircon populations discriminated from the eastern Tonalite
concentrate (JCO67); b Cathodoluminiscence imaging from samples corresponding to the albite-magnetite dykes (JCO43, JCO66).

of stratigraphic ages identified in the Ossa Morena area, and
likely represent detrital zircons from an older basement.
Younger ages obtained from both samples have been plot-
ted in a histogram (Fig. 12), where it can be observed that the
age spectrum ranges is characterized by two well-defined geo-
logical events, from the upper Neoproterozoic (Edicarian) to
Middle Carboniferous, with a minimum age of 326.7 +4.6 Ma.
The most abundant range of ages obtained ranges between
660 and 520 Ma, with a peak between 580 and 560 Ma

(Upper Proterozoic). These ages were obtained by analyzing
both inherited cores and most external halos, as well as in
some specimens that apparently have a single stage growth.
This age range would be correlated with the Neoprotero-
zoic stratigraphic sequence of the Ossa Morena Zone (Serie
Negra), dated at 591 + 11 Ma (Ordoéiiez 1998), and within
which the Las Mayorgas Formation is included. This ages
also present high correlation with the detrital zircon ages of
the Ossa Morena Basement (Pereira et al. 2011). Our best

@ Springer
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Fig. 12 Histogram and Tera Wasseburg plot (JCO66) showing the age distribution from samples analyzed by SHRIMP corresponding to the
albite-magnetite dykes and the attributed value for the obtained Variscan ages

10.2 Ar-Ardating

The ages obtained over amphiboles related to mineraliza-
tion at Colmenar are included in Table 4. At JCO62, total
released gas age is 335.0 +2.4 Ma, although steps 2 to 9 with
66.1% of the released *’Ar define a younger plateau age of
325.2+2.5. This late age overlaps in error with the minimum
age obtained for magnetite albite dykes of 326.7 +4.6 Ma. In
sample JCO72, the total gas age is 349.5 +2.1 Ma, although
steps 5 to 12 with 65% of the released *°Ar define a plateau
age of 338.9+2.1 Ma. These same steps allow defining an

Fig. 13 Concordia age obtained 0.056
from the three titanite crystals

analyzed by TIMS, interpreted

as the age of the magmatic—

hydrothermal process responsi- 0.055
ble for the iron mineralization at
Colmenar
0.054
oo ]
©
&
S 0053
[+
©
&
0.052
0.051
0.050

isochron age of 335.8 +2.0 Ma, considered the most accu-
rate Argon age obtained for the hydrothermal assemblage
(Fig. 14). This age coincides within uncertainty with that
obtained by U-Pb on titanite of 336.06 + 1.2 Ma and consist-
ent with the presence of actinolite and titanite in equilibrium.

Geochronological results are consistent with field obser-
vations and confirm a temporal relationship between the
albitic dykes and the iron-rich mineralization. The actinolite
ages are also younger than the age obtained for the foliated
tonalite, dated at 338.26 +0.32 Ma. This is consistent with
the observations that the foliated tonalite, like the Brovales

data-point error ellipses are 2¢

Concordia Age = 336,06 1.2 Ma
(95% confidence, decay-const.
errs included)

MSWD (of concordance) = 1,16,
Probability (of concordance) =

0380 0384 0388 0.392 0396 0400 0404 0.408
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Pluton, is overprinted by the actinolite-magnetite-rich hydro-
thermal alteration.

Ages obtained on actinolite could represent the Ar block-
ing temperatures for a high temperature hydrothermal sys-
tem or resetting due a high-grade metamorphic event during
Variscan times. A graphical summary of best geochronologi-
cal data obtained for the Colmenar deposit in this work is
represented in Fig. 15.

10.3 Rb-Sr and Sm-Nd isotope tracing

The initial Sr ratios obtained for both gabbro samples are
similar, (Table 5) with £Sr;,, values of 45 and 39 respec-
tively. These values are the most primitive obtained for the
set of samples analyzed in Colmenar and are consistent with
a juvenile character on mafic rocks. Regarding the Sm—Nd
values, the primitive signature is confirmed for the JCOS5
sample, with a positive eNd;,, value (3.2). Sample JCO4,
however, presents a highly negative value eNdj,, (-11.1),
indicative a significantly crustal component than expected
for rocks of this nature.

Samples from the eastern tonalite have ¥’Sr /*°Sr; values
of 0.70814 and 0.71129 (eSr34,=>57 and 102), and consist-
ent with the Nd values (eNd;,,=—2.6 and —5.7), with a
more crustal component than those obtained for the gabbro
(JCOS). Similar ranges obtained for the Brovales Pluton,
with eNds, values around —5 (Darbyshire et al. 1998; Cam-
beses et al. 2019) point to a similar source between Brovales
pluton and eastern tonalite.

The Rb-Sr results of the albitite in both the dykes and
the breccia show similar ratios (Table 4), with £Sr5,, values
between 67 and 70 for both types. It was not possible to
determine the initial Nd relationships for the breccias given
their low concentrations in this element. However, for the
dykes, consistent results were obtained with eéNd,,, values
of —6.2 and —7.1, pointing to a slightly more pronounced
crustal component than those from the Brovales magmatism
(Darbyshire et al. 1998). These values deviate from those
expected in rocks derived from the fractional crystallization
of basaltic magmas or mantle melting, as has been proposed
for most of the albitite in the Ossa Morena Zone (Sanchez-
Garcia et al. 2008; Etxebarria et al. 2006).

Samples from the mineralization at Colmenar show cal-
culated £Sr34, values of 59 and 69 respectively. The Nd
isotopic composition was determined successfully only in
sample JCO45 (eNd;,n=—15.9), since JCO44 did not pre-
sent enough amounts of Nd. For comparison, the values
obtained for the garnet-rich skarn are similar, with a eSr,,
of 65 and eNd;,, of —11.2. These values are not very far
from those obtained from lower Cambrian carbonate rocks
with eéNd;,, around —9 (Darbyshire et al. 1998) but suggest
a higher influence of continental crust.

Darbyshire et al. (1998) measured a eNds,, value of =7
for the Colmenar mineralization on a magnetite concentrate,
which would coincide with the values obtained for the albitic
dykes (—6.2 and —7.1). Likewise, Galindo et al. (1995)
obtained similar eéNd values between —6 and —6.8 for the
magnetite ore replacing tonalite, as well as for a leucogranite
and a diorite sample in the deposit. Furthermore, eéNd,y,
values of -6 and —8.3 obtained on an albitite from Berrona
(unpublished data) are consistent with to those obtained for
the Colmenar albitite.

11 Discussion and conclusions

11.1 Analogies with iron oxide copper gold (I0CG)
systems

Colmenar mineralization has been interpreted as a skarn
(Coullaut et al. 1981; Cuervo et al. 1996; Vazquez et al.
1980; Casquet and Tornos 1991; Sanabria et al. 2005), based
on the existence of a calc-silicate coarse-grained hydrother-
mal assemblage in spatial relationship with an igneous rock
(Einaudi et al. 1981). However, other works (Tornos and
Casquet 2005; Carriedo and Tornos 2010) proposed that it
has more characteristics of an IOCG type system.

This IOCG style of mineralization, initially described by
Hitzman et al. (1992), has been cited in various districts such
as Carajas in Brazil, Cloncurry, and Gawler Craton in Aus-
tralia, the Andean IOCG belt in Chile-Peru, the Fennoscan-
dian craton or the Great Bear area in Canada (Williams et al.
2005; Corriveau 2007; Sillitoe 2003; Hitzman et al. 1992;
Hitzman 2000; Tallarico et al. 2005; Niiranen et al. 2007).

After the discovery in 1975 of the giant Olympic Dam
and given its unique characteristics that did not fit in con-
ventional typologies (Roberts and Hudson 1983), Hitzman
et al. (1992) proposed the term of IOCG (Iron Oxide Copper
Gold) as a new type of mineralization that has become one
of the main prospecting objectives during the last decade.
This classification is not restricted to new discoveries, and
deposits previously attributed to conventional typologies
such as VMS, porphyry copper, skarn or even carbonatites,
have been reclassified and included within the IOCG clan
(Williams et al. 2005) This deposit type includes giant and
significant deposits worldwide such as Salobo, Cristalino,
Sossego, Candelaria, Mina Justa, Manto Verde or Ernest
Henry among others (Groves et al. 2010).

The general characteristics of this type of mineraliza-
tion are a matter of debate, and the classification spectrum
is somewhat confusing. The most relevant characteristics
pointed out to date (Williams et al. 2005; Hitzman et al.
1992; Sillitoe 2003; Corriveau 2007; Richards and Mumin
2013) could be summarized in 6 features: i) Mineralogy
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= with abundant Fe oxides, abundance of Cu-Fe sulfides but
§ E” poor in pyrite-pyrrhotite; ii) relationship to hydrothermal
2@ S systems with strong structural control along major crustal
g = scale discontinuities; iii) Absence of clear relationships
< . .
g with magmatic rocks such as those observed for porphyry
o g or skarn systems; iv) relationship with mid to high tem-
< |2 3 perature alterations (400—600 °C) with enrichment in Na
S 2 (albite-clinoamphibole-diopside), Na-Ca-Fe (magnetite-
% actinolite-apatite) or K-Fe (potassium feldspar-magnetite-
“ = biotite-amphibole); v) Geochemical signature enriched in
= E ‘é Cu—Au—Co-Ni-As-Mo-U-(LREE); and, vi) relationship
8 with hypersaline (>30% NaCl) aqueous fluids.
8 The main controversy regarding these deposits is the ori-
3 § = gin of the hypersaline fluids, which are rich in CO,, poor in
5‘ a BN H,S, and relatively oxidized (Hitzman et al. 1992; Williams
s et al. 2005). Several authors propose a magmatic origin
5 based on arguments such as the proximity to intermediate
- - .
4 § b5 igneous rock stocks, the presence of magmatic-hydrother-
L S 3 mal gaps or the high temperature Na—Ca alteration. These
% processes are explained by models that involve the exso-
= I lution of hydrothermal fluids from specific plutonic rocks
£ o 2 such as K-rich granites or other silicate magmas (Sillitoe
— ol . . .
= > 2003; Pollard 2000; Hauck 1990), even pointing to analogies
E with alkaline porphyry-type deposits, locally enriched with
=N P £ magnetite and with an alkali-calcium alteration (Ulrich and
2|0 .
E = % § Henrich 2002; Tornos et al. 2010). Other authors, however,
g ‘18’_ point to the predominance of non-magmatic fluids, either
= S connate fluids derived from basins or evaporitic sequences
< -z . . .
2| o s that are involved in thermal convection processes (Barton
] Zlwe 2 and Johnson 1996, 2000; Haynes 2000; Haynes et al. 1995),
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Brovales Pluton
TIMS U/Pb
(zircon)
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Fig. 15 Comparison summary of the most accurate geochronological
ages obtained for the eastern tonalite, the albite-magnetite dykes and
the hydrothermal mineralization assemblage. In all cases the ages are
within a Variscan range. The albite-magnetite dykes and associated

or deep metamorphic fluids (Williams 1994; De Jong et al.
1998; Hitzman 2000), which would acquire high salinity
during their interaction with Cl-rich rocks, generally evapo-
rites, during their ascent.

IOCG-type deposits are usually spatially associated with
the so-called Kiruna-type magnetite-apatite deposits, and
the latter have been considered as a subgroup within the
IOCG family (Groves et al. 2010; Hitzman et al. 1992; Wil-
liams et al. 2005; Corriveau 2007; Sillitoe 2003). Kiruna-
type deposits are characterized by the presence of almost
monomineralic magnetite masses with local apatite enrich-
ments. They have several common characteristics with
IOCG deposits such as the relationship with alkali-calcic
alteration. However, they are almost sulfur-free and have
very low copper and gold contents.

The mineralization at Colmenar is related with the typical
hydrothermal assemblage of IOCG deposits, with an altera-
tion of the alkali-calcium type including alkali feldspar,
calcic clinoamphibole and magnetite (Hitzman et al. 1992;
Williams et al. 2005), which is perhaps the only variable
common to all these deposits. It also bears other charac-
teristics of this style of mineralization such as the relation-
ship with transcrustal structures, a geochemical anomaly in

@ Springer

TIMS U/Pb
(titanite)

Colmenar mineralization
Ar/Ar
(ferroactinolite)

Albitite

A 3358
4 336.06

mineralization seem to represent a later event after Brovales intru-
sion, consistent with observed field relationships. and overlaps with
the age of mineralization obtained for Colmenar

elements such as Co and Ni, the low proportion of sulfides,
the abundance of apatite related with a REE enrichment and
the relationship with albitite (Na-rich). The structure and
texture of the mineralization at Colmenar is very similar
to that of the Starra mineralization in the Cloncurry IOCG
district (Davidson 1994; Duncan et al. 2014; Mustard et al.
2003; Rotherham 1997; Williams et al. 2001).

11.2 Is albitite a magmatic rock?

Abundant albite rich leucogranite intrusions are widespread
across the Ossa Morena Zone, partially hosted by Cambrian
volcanic rocks and limestone, especially relevant in the Feria
area (Dupont 1979) and the Valuego dome (Coullaut et al.
1981). The albitites conform heterogeneous small intrusions
interpreted as linked to processes of fractionation of basaltic
magmas (Bellido et al. 2010; Sanchez-Garcia et al. 2003,
2008, 2010%), partial melting of tholeitic gabbro (Etxebarria
et al. 2006) or partial melting of crustal rocks (Tomé 2012).

These albitites are commonly related with iron oxide mineral-
ization, such as in La Berrona, La Béveda, El Soldado, Alfredo,
La Valera, Feria or Colmenar (Tornos and Casquet 2005; Car-
riedo and Tornos 2010). A possibility is that these deposits are
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Table 5 Rb-Sr and Sm-Nd results obtained for the different lithologies at Colmenar deposit

€Ndyy0

143Nd/144Nd340

143Nd/l44Nd

Smppm Ndppm Sm/Nd *'Sm/'*Nd

87S1/36S 1y, eSr 34

Rbppm Srppm Rb/Srwt S’RbA%Sr  87Sr/%sr

Description

Sample

°
S
|

0.512068
0.511910
0.511425
0.512158
0.511880
0.511839

0.512361
0.512290
0.512491
0.512620
0.512239
0.512236

0.2181 0.1319

25.527
24.800
22.100
25.514
12.381

5.568
7.000
11.900

57
102

0.711365 0.708141
0.711844 0.711292

0.707609  0.707081

0.6663
0.1140
0.0742
0.0967
0.1654
0.1673
0.2309
0.0295
0.2715
0.0330

311.0 0.2302
3452 0.0394
694.5 0.0256
691.2 0.0334
288.6 0.0572
271.5 0.0578

71.6

Tonalite

JCO-1

=
v
|

0.2823 0.1706

13.6

Tonalite

JCO-7

-15.1

0.5385 0.3255
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0.2671
0.2951
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JCO-4  Gabbro

JCO-5

*®
S
I

0.1409
0.1615
0.1784

5.947
3.307
2.611

39

67

0.707303  0.706615

23.1
1
1

Gabbro

N
N
|

0.708808
0.709011

0.709608
0.709821

6.5
5.7
1.5
0.6

12.3

JCO-43 ab+mt

—
~
|

8.849
X
16.700
21.700

70
59
69
65

JCO-66 ab+mt

>

0.710
10.400

0.709369  0.708252

18.8 0.0798
58.8 0.0102

131.1

JCO-44 mt+ab+act

- 159
-11.2

0.511386

0.511624

0.512224
0.512127

0.6228 0.3765

0.709134  0.708991

JCO-45 mt+ab+act

JCO-46 garnetite

0.3733  0.2256

8.100
5.850

0.709987 0.708673

0.709025 0.708865

0.0938

X

68

1627.8 0.0114

18.6

JCO-47 albite bx

Inital and epsilon values calculated for a 340 Ma age, as an aproximation to the age of the deposit. Some samples didnt provide Sm/Nd ratios due their low Nd concentrations

exhalative in origin (Dupont 1979) and related to the Cambrian
alkaline volcanism with which subvolcanic intrusions of albitite
could be associated (Bellido et al. 2010; Sanchez-Garcia et al.
2003, 2008, 2010). However, some of these deposits postdate
albitites, since they form breccias including fragments of albitite
or albitite is replaced by the IOCG-like mineralization (Carriedo
and Tornos 2010; Tomé 2012).

Examples of albitites are found in various geological envi-
ronments, as plagiogranites in ophiolitic sequences (Floyd
et al. 1998; Koepke et al. 2004), high-grade metamorphic
zones with partial melting of crustal rocks, alkaline com-
plexes, or extremely differentiated magmas in relation to post-
to syn-orogenic felsic magmatism (Schwartz 1992; Azer et al.
2010). The origin of albitites, in particular whether they are
magmatic or hydrothermal in origin, is the subject of debate
(Kovalenko 1978; Chauris 1985; Hitzman et al. 1992; De
Jonh and Williams 1995; Williams 1994; Barton and Johnson
1996; Bachiller et al. 1996; Sillitoe 2003; Oliver et al. 2004;
Castorina et al. 2006; Corriveau 2007; Tomé 2012).

In many cases, part or all the albitite is of hydrothermal
origin and related to (auto-)metasomatic processes with cir-
culation of hypersaline fluids rich in Na and CO, at tempera-
tures above 400-500 °C (Mark and Oliver 2006; Oliver et al.
2004). Some experimental studies show that at high tem-
peratures magmatic fluids in equilibrium with two feldspars
tend to increase the Na/(Na+ K) ratio and form albite when
they have high contents of volatiles (including CO,), and
K-feldspar when they are predominantly aqueous (Lagache
and Weisbrod 1977; Orville 1963; Pollard 2001). These
processes have been proposed for albitites found in stocks
or dikes associated with peraluminous granite intrusions
(Charoy and Pollard 1989; Barton 1987; Schwartz 1992)
or in alteration zones associated with carbonatites (Woolley
1982). Similar processes of hydrothermal albitization have
also been mentioned in Cu—(Au) deposits related to alkaline
porphyries (Dilles et al. 2000). Although fluids capable of
producing a high temperature sodic alteration are generally
magmatic, their origin is more controversial in IOCG sys-
tems, where the fluids could be either magmatic or connate
(Barton and Johnson 1996; Dilles et al. 2000; Pollard 2006).

Metasomatic albitite has been described in proximity of
the Burguillos del Cerro Plutonic Complex (Bachiller 1996),
as an alteration associated with swarms of leucrogranite
dikes hosting quartz veins enriched in gold. Based on fluid
inclusion studies, it has been suggested that this albitite was
formed by mixing processes between hypersaline magmatic
fluids and low salinity meteoric fluids related to discrete epi-
sodes of hydraulic fracturing under gradual regional cooling
conditions (Bachiller 1996). The leucogranites have been
dated by Rb—Sr at 337.2 +6.7 Ma (Bachiller 1996).

Tomé (2012) studied in detail the La Berrona albitite
intrusion and related magnetite mineralization, both located
on the eastern margin of the Brovales Pluton. Through the
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study of melt inclusions in quartz phenocrysts, she showed
that this albitite is a primary magmatic rock and that its crys-
tallization produced the exsolution of iron-rich hydrothermal
fluids that produced the mineralization.

Several arguments indicate that the albitite at Colmenar is
of magmatic origin and formed during the partial melting of
the host volcano-sedimentary sequence: (i) transition of dykes
and albitite breccias to diatexitic zones with domains of albitic
leucosome in volcano-sedimentary rocks with intercalations
of primary magnetite; (ii) the presence of magmatic textures
such as UST growths, magmatic foliation, and myrmekitic
or pegmatitic textures; (iii) absence of an appreciable hydro-
thermal alteration selvage around the dykes, which have sharp
intrusive contacts; (iv) coexistence with leucogranite show-
ing textures suggesting melt immiscibility; (v) oxygen isotope
equilibrium temperatures of 640-720 °C consistent with the
metamorphic conditions identified in the area (Apraiz and
Eguiluz 1996); (VI) a magmatic origin for similar albitites in
the Valuengo Dome (Tomé 2012).

The albitite at Colmenar seem to be related to local ana-
texis of rocks with unusual composition, including iron rich
exhalites. Anatexis is interpreted as coeval with the high
temperature-low pressure metamorphism that took place
during the formation of the Valuengo Dome during Variscan
extension. This Variscan metamorphism has been interpreted
(Tornos and Casquet 2005) as associated with orogenic col-
lapse and intrusion of a deep mafic complex (Simancas et al.
2003), as ultimately the responsible for anatexis.

Sr and Nd signatures on albitites at Colmenar match
values with other crustal-derived variscan magmas at the
Ossa Morena Zone (Fig. 16, Darbyshire et al. 1998, Cas-
quet et al. 2001, Cambeses 2015). This observation and the
match of the inherited zircon population on this magmas
with the Ossa-Morena basement zircon ages (Pereira et al.
2011) reinforces the petrogenetic link between the albitite
and basement rocks.

Perhaps, high content in fluxing elements (F-P) of the
exhalative horizons has played a major role in the formation
of the albitite and mineralization by depressing the solidus
temperature of the system and displacing the eutectic point
towards the albite apex. High concentrations of F-P have
been identified in the apatite-rich domains in the leucosomes
at Colmenar, large amounts of fluorite in the stratabound
Soldado mine or of B at the Monchi mine (Tornos and Cas-
quet 2005; Carriedo and Tornos 2010).

Las Mayorgas Formation includes levels enriched in scapolite
(Véazquez et al. 1980), that has been used as an indicator for the
presence of metaevaporites (Edfelt et al. 2005; Pan 1998). At
regional scale, the Early Cambrian limestone has abundant indi-
cators of deposition in a tidal to subtidal environment that can
host evaporites (Perejon and Moreno-Eiris 1992; Alvaro et al.
2000). Partial melting of evaporitic levels within the metamor-
phosed sequence could be another source of fluxing elements.

@ Springer

They could also be the source of chlorine, critical for the effi-
cient transport of Fe as chloride complexes (Barton and Johnson
1996), and the source of the sodium that stabilizes albite.

11.3 Albitic magmas and I0CG type
hydrothermalism

A characteristic of IOCG systems is their relationship with
large trans-crustal structures favoring circulation of deep
hydrothermal fluids of unclear origin responsible for the
alkali-calcium alteration and the iron mineralization. In the
case of Colmenar, geological evidence suggests that simi-
lar fluids are of magmatic-hydrothermal origin and related
with the exsolution of fluids during the crystallization of the
albitic melts (Fig. 16).

The €Nd,,, results of the mineralization and albitite at
Colmenar, between —15.9 and —6.0, are more negative than
those of the Brovales Pluton (—2.6 and —5.7) or the gabbro
(+3.2) suggesting that fluids where not in equilibrium with
these intrusions but with more crustal sources.

Zircon dating of the albite-magnetite dikes has given a
peak age range between 540 and 640 Ma, with few older
ages that could reflect the existence of zircons derived from
a Paleoproterozoic basement (Fernandez et al. 2002).

This age range would coincide with subduction-related
magmatic activity development of a magmatic arc in the
northern margin of Gondwana, between 540-560 and
620-650 Ma (Fernandez et al. 2002). The hanging wall of
the Malcocinado Formation, in which the Las Mayorgas
Formation is correlated, is dated at around 542 Ma (L6pez-
Guijarro et al. 2008). This would indicate that practically all
the zircon grains would be inherited from the host sequence.

There is a significant time gap between these ages
and a minor set of clearly Variscan ages (349.7+5.1 to
326.7+4.6 Ma; Fig. 12) found in poorly developed rims
of some zircon grains. A more accurate age for these albite
magmas has been obtained by U-Pb TIMS on titanite, yield-
ing an age of 336 + 1.2 Ma, and overlapping with the three
youngest SHRIMP U—Pb ages of the albite-magnetite dikes.
This indicates that the youngest magmatic crystallization
event of the albitite at Colmenar was Variscan and con-
tradicts that of nearby albitite intrusions, which have been
interpreted as Cambrian (Sanchez-Garcia et al. 2008).

Our interpretation is that due to high F activities, the
albitite was slightly undersaturated in zirconium and zircon
was only locally able to precipitate over inherited old zir-
con grains from the source. Cathodoluminiscence images of
zircons from La Berrona (Carriedo unpublished data) reveal
the presence of inherited cores and complex internal tex-
tures. Corrosion and dissolution textures are also observed
at discrete zircon grains supporting a subsaturated zirconium
composition of albitite there. Thus, it is possible that other
albitite bodies of the region, dated as Cambrian, could also
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be Variscan in age. This interpretation is also consistent with
the Ar—Ar Variscan ages of La Berrona mineralization (Car-
riedo unpublished data).

A first attempt of dating the mineralization was an Sm—-Nd
isochrone of a magnetite concentrate, that yielded a Variscan
age of 334 +32 Ma (Darbyshire et al. 1998), consistent with the
Ar—Ar isochron age in this work (335.8 +2 Ma). These ages
correspond to the main IOCG type hydrothermal activity or
the last thermal peak, overlapping in error with the albitite ages.

The eastern tonalite has a robust concordia age of
338.42+0.31 Ma, constraining the age range and accuracy
for previous Variscan ages attributed to Brovales Pluton
magmatism (ca 340 7 Ma; Montero et al. 2000; Cambeses
2015). This accuracy points to that at Colmenar this calc-
alkaline magmatism slightly predates the formation of albi-
tite and mineralization.

The low contents of copper and gold in the Colmenar min-
eralization may be due to different factors like the high solubil-
ities of these elements in high temperature hydrothermal fluids,
the lack of reduced sulfur or that the fluid was simply poor in
Cu and Au. The solubility of metals transported as chlorides is
highly dependent on temperature (Brimhall and Crerar 1987;
Crerar et al. 1985) and high solubility at high temperatures
makes it impossible to precipitate them at temperatures above
450 °C. Therefore, if the Colmenar hydrothermal system
formed at high temperatures and there is no overprint of late,
low temperature, hydrothermal superposition it is unlikely that
Cu—Au ores could form. The presence of pyrite suggests that
the reduced sulfur content was not the limiting factor.

The 8 values of pyrite (15-19%o; Cuervo et al. 1996)
are significantly higher than those of sulfur of juvenile origin
(0 £3%o0; Ohmoto 1986) but fully compatible with a deri-
vation of the reduced sulfur from the host rocks, either via
anatexis and incorporation into the magmatic-hydrothermal
fluid, or by hydrothermal leaching of host rocks (Cuervo
et al. 1996). The high temperatures, ductile deformation
and proximity to the albitites responsible for fluid exolu-
tion points Colmenar to be the root of an IOCG like system
with limited fluid rock interaction. However, the migration
along major variscan structures of those fluids with more
effective hydrothermal leaching of host rocks could favor
their sulphur and metal enrichment, capable to generate dis-
tal Cu—Au rich end members under appropriate conditions.

12 Conclusions

Geological observations suggest that the Colmenar deposit
was formed by an epigenetic hydrothermal process, from
Na—Ca-Fe-rich fluids replacing Ca-Al-Si-bearing rocks
(calc-silicate hornfels) by an assemblage with albite, actino-
lite and magnetite, characteristic of IOCG systems. Geologi-
cal, geochemical and geochronological relationships suggest
that the ore-forming fluids derived from the crystallization
of an albite + magnetite magma produced during the anatexis
of country rocks at Variscan times (Fig. 16).
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Fig. 17 Summary sketch

of magmatic hydrothermal
processes on the genesic model
for Colmenar, supported by the
field observations and isotopic
results.

Shear Zone

Fluid
exsolution

Cambrian mineralization interbedded in the host rocks
points as responsible for iron enrichment during partial melting
processes, generating albitic magmas with textural domains
composed by equilibrium textures of albite-magnetite,
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coexisting with Quartz and K-feldspar iron poor domains.
Transition between both is sharp and does not show reac-
tion borders or disequilibrium textures, pointing to magmatic
immiscibility processes between both phases (Fig. 17).
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These albitic magmas exsolved an hydrothermal iron-rich
phase, responsible for the main mineralization and related
sodic-calcic alteration at the deposit, with field observations
supported by Nd isotope geochemistry. These fluids chan-
nelized along a ductile-brittle shear zone, replace carbonate-
rich rocks, developing a prograde alteration dominated by
magnetite, ferroactinolite and albite.

The age of the albitic magmas is 336+ 1.2 Ma (U-Pb
titanite) and synchronous with ages from the IOCG min-
eralization (335.8 +2 Ma; Ar—Ar amphibole). Both pro-
cesses are slightly younger than the emplacement of the
Brovales pluton (338.42 +0.31 Ma), and consistent with
the evidences of post-cooling iron-rich hydrothermal alter-
ation affecting it.

A link is established between high temperature Variscan
metamorphism and mineralization at Colmenar. This meta-
morphism could be partially related with a post-magmatic
relaxation/extension during the cooling of the Brovales plu-
ton, favouring decompression and fluid circulation. The high
volatile content of the sedimentary sequence, suggested by
the abundance of apatite, could decrease the melting point
of the iron-rich host rocks, favouring partial melting pro-
cesses and the genesis of albite-magnetite magmas. During
cooling, these magmas could exsolve sodium- and iron-rich
fluids, which reacted with the carbonate-rich rocks produc-
ing a characteristic alteration of magnetite, ferroactinolite
and albite mainly developed along a shear zone, where fluid
circulation was more relevant.

Exploration criteria for [IOCG deposits at Ossa Morena
could include the coexistence of extensional zones linked
with Variscan major structures, the presence of distal albitic
intrusions associated with high-grade metamorphic grades,
and the occurrence of former (Cambrian) stratabound ore-
bodies within the host rock sequence.

In contrast with most IOCG deposits, where the origin of
the fluids remains unknown, in Colmenar we could establish
arelationship between fluids and albitic melts derived from
partial melting processes of volcanosedimentary rocks. This
might provide a metallogenetic model that could be tested in
other analogous IOCG belts worldwide.
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