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Abstract: The Touro volcanogenic massive sulfide (VMS) deposit is located in the NW of the Iberian
Variscan massif in the Galicia-Tras-os-Montes Zone, an amalgamation of several allochthonous
terrains. The Ordenes complex is the most extensive of the allochthone complexes, and amphibolites
and paragneisses host the deposit, characterized as being massive or semimassive (stringers) sulfides,
mostly made up of pyrrhotite and chalcopyrite. The total resources are 103 Mt, containing 0.41%
copper. A 3D model of the different orebodies and host rocks was generated using data from 1090
drill core logs. The model revealed that the structure of the area is a N-S-trending antiform. The
orebodies crop out in the limbs and in the hinge zone. The mineralized structures are mostly tabular,
up to 100 m in thickness and subhorizontal. Based on the petrography, geochemistry and the 3D
model, the Touro deposit is classified as a VMS of the mafic-siliciclastic type formed in an Ordovician
back-arc setting, which was buried and metamorphosed in Middle Devonian.

Keywords: 3D geological model; VMS; Galicia-Trds-os-Montes; Variscan Iberian Massif; Touro de-
posit

1. Introduction

The Touro copper deposit is located in the NW of the Iberian Massif, which has been
divided into four zones [1-3]. Three of these, the Central Iberian Zone, the allochthonous
Galicia-Tras-os-Montes Zone (GTOMZ) lying above it, and the Astur-Occidental Leonesa
zone, represent the internal zones of the Orogen, and the so-called Cantabrian zone forms
the external zone (Figure 1A). The copper ores identified in the NW of the Iberian Massif
are hosted by the so-called allochthonous complexes of the GTOMZ (Figure 1B) [1], which
are emplaced over the Central Iberian Zone.

Numerous recent works dealing with the regional geology and the origin of the com-
plexes have been published [4-9], but only a few papers refer to the geology and origin
of these massive sulfides [10-13], whose geometry and relationships remain unknown.
Badham and Williams [10] described the petrography and geochemistry of the Touro
deposit and discussed its geological context. They suggested that Touro might be a meta-
morphosed Besshi-type ore (siliciclastic-mafic [14]). They finally attributed it to a Cyprus
type (mafic [14]) metamorphosed ophiolitic VMS deposit of the Cu-Zn type. Moreover,
Serranti et al. [12] indicate that the chemical composition of anomalous garnet-rich am-
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phibolites (Ca-poor and Fe-rich) corresponds to products of polyphase metamorphism of
hydrothermally altered mafic rocks and should be considered as a target for exploration.
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Figure 1. (A) Geological map of the Iberian Variscan Massif. CZ: Cantabrian Zone, WALZ: West Asturian Leonese Zone,
CIZ: Central Iberian Zone, OMZ: Ossa Morena Zone, and SPZ: South Portuguese Zone. (B) Geological map of the NW
Iberian Massif showing the location of the different allochthonous units of Galicia-Tras-Os-Montes Zone and the Central
Iberian Zone. Adapted from [8].

In all these previous works on the deposits, the geometry and relationships between
the different orebodies in the Touro ore remain undescribed. The present study deals with
the petrographic characterization of the deposit and host rocks, which are in agreement
with published works [10,13], a comparative geochemical study, and a 3D local, detailed
modeling of an area of around 25 km?, exclusively centered in the different sulfide masses
of the Touro deposits and their host rocks (Figure 2). The 3D model highlights the geometry
of the massive sulfides, host rocks, folds and their relationships.
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Figure 2. (A) Location of the 1090 utilized boreholes from different surveys with the digital elevation model (DEM) of the
area. Information provided by Atalaya Mining. (B) Location of the 78 E-W and 9 N-S cross-sections generated, based on
the thorough study and relogging of the drill cores used for building up the 3D model.
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To reach this goal, we relogged 1090 boreholes (Figure 2A) in an attempt to unify
the criteria used by different geologists in logging operations to enable us to establish a
coherent geological database. This database allowed us to carry out a detailed model of the
structure of the deposits through the generation of 87 cross-sections (Figure 2B) and also
the subsequent 3D modeling technique presented for the first time in this work.

This 3D modeling technique proves to be very useful for solving many geological
problems, as indicated by [15-17]. In these papers, the authors indicate that this 3D
modeling technique, together with classical studies such as petrography or geochemistry,
helps achieve a better understanding of the structural configuration of the deposits and
provides guidelines for prospecting. It also helps improve the evaluation and exploitation
of these VMS deposits.

2. Mineral Exploration and Mining

The Touro deposit is located 15 km to the east of Santiago de Compostela in the Fornas
unit (Figure 1B). The deposit outcrops along an antiform measuring around 5 km from east
to west and about 5 km from north to south.

The history of mineral exploration and mining in the Touro area started in the copper
age, between the 10th century BC and 1st century AD [18], a period in which small
works were later recognized. Between the 17th and 19th centuries, prospecting activity
around Santiago de Compostela increased, particularly in the Fornas ore body, and in
1835, Guillermo Schulz identified the presence of sulfides in the area. In 1903, The Corufia
Copper Company Limited commenced an exploration program and described the ore,
indicating a copper grade between 2% and 3% and estimated reserves of around 250 million
tons that could be extracted by open-pit mining [19]. The funds available to the company
were frequently used for opening trenches that did not produce the expected results. Due
to this activity, today, we can find several small trenches and galleries in the north of the
deposit and the area is now known as Monte das Minas (mine hill). All this activity was
abandoned at the beginning of the First World War. After the end of the Second World War,
exploration activity started again, and during the 1950s and 1960s, Touro and Pino were
considered the most interesting areas.

At the end of the 1970s, the authors of [10] indicated the presence of four deposits,
of which the Rio Tinto Patifio mining company was exploiting three: Fornds, Bama and
Arinteiro. The first is located on the western side of the antiform and was on the point
of being closed at that time after the extraction of 1.0 Mt with Cu grades between 1 and
2%. The fourth deposit, Monte das Minas, was abandoned in 1939, and there are no data
referring to it. At that time, the authors of [10] indicated that Arinteiro had 12 Mt at 0.7%
Cu and Bama had 20 Mt at 0.5% Cu. Rio Tinto Patifio never exploited the central part of the
anticline where the old prospects known as Arca and Monte das Minas are located. The
geological exploration in the area from 1960 to 1986 used 798 drill holes obtaining 106,000 m
of drill cores. In 1973, Rio Tinto Patifio, S.A commenced exploitation, extracting around
1.5 Mt per year until 1986, the year in which the mining company stopped production due
to the low price of copper. The historical production was 800,000 tons of copper concentrate
(190,000 tons of Cu metal, 1 million ounces of silver and 70,000 ounces of gold). During
2012, Lundin Mining made 169 drill holes, obtaining over 20,000 m of drill cores and over
7600 analyzed samples. Since 2015, Atalaya Mining has performed 423 drill cores, with a
total of 45,000 m and analyzed 20,400 samples. All these data have permitted Atalaya [20]
to define a resource of 103 Mt with an average Cu of 0.41%, Touro being one of the biggest
copper deposits in Europe and a world-class type.

3. Geological Setting

The Iberian Massif represents one of the best sections of the Variscan Orogeny, devel-
oped between the Devonian and Permian (400-290 million years). The Orogeny occurred
during the collision between Gondwana and Laurussia, giving way to the Pangea super-
continent [21,22].
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The NW of the Iberian Massif represents the European Variscan suture, having rem-
nants of fragments with both continental and oceanic affinities that show clear structural
interrelationships. The Iberian Massif is characterized by its arcuate geometry, with its
core in the region of Asturias (Asturian arc) due to the development of a secondary type
oroclinal [7,8] during the last stages of the Variscan Orogeny (Moscoviense to Asseliense,
ca. 310-297 Ma) that affected all the previous structures [23]. This secondary oroclinal
geometry was developed during the collision between Laurussia to the north and Gond-
wana to the south [24,25]. The amalgamation of both continents gave way to the Pangea
supercontinent after the Rheic Ocean closure at the end of the Carboniferous beginning
of the Permian. This closure involved many other minor structures such as back-arc or
pull-apart basins [26-32].

During the development of all these geological processes, the NW of the Iberian
Peninsula was made up of an amalgamation of different terrains, including an autochthone
and several allochthones. The exotic sheets preserved in the core of Late Variscan synclines
make up the Galicia-Trds-os-Montes allochthones. In the Galicia region, there are three
allochthone complexes: the Cabo Ortegal, Ordenes and, further west, the Malpica-Tuy unit,
which is different from the other two (Figure 1B). The Ordenes complex is the biggest of
the allochthonous complexes, being approximately 135 km x 75 km in size and having a
rounded geometry due to its synform shape [33,34].

The copper ores identified in the NW of the Iberian Massif are hosted by the al-
lochthonous complexes [1] emplaced over the Central Iberian Zone. The Galicia-Tras-os-
Montes Zone allochthonous terrains have been subjected to a variety of tectonometamor-
phic conditions. Within this zone, fragments from a passive continental margin, areas that
underwent rifting processes, remains of a volcanic arc and back-arc basins and several
ophiolite units can all be distinguished. All these geological sheets preserved characteristics
related to their relative original positions, lithology and tectonothermal evolution. This
allowed them to be grouped into three units. From the bottom to the top, these units
are basal, ophiolitic and upper. The upper unit, where the deposits are located, is also
divided into two members: the high-pressure and temperature (HP-HT) unit at the bottom
and the medium-pressure (MP) unit at the top. Both the basal and upper units of the
Galicia-Tras-os-Montes Zone have a continental crust lithologic composition, including
an island arc and back-arc basins. By contrast, the ophiolitic units derive from an oceanic
crust (Figure 1B). All these units are separated by tectonic detachments, which from top to
bottom are the so-called Corredoiras, Fornas and Bembibre-Cean [6].

There are numerous copper deposits and prospects in the allochthonous complexes,
mainly associated with the HP-HT units, but on some occasions, small bodies are related to
the ophiolite units, as is the case of Moeche in the Cabo Ortegal Unit [35]. The geodynamic
context for the magmatic (tholeiitic/kalcalkaline) rock formation of the HP-HT units is a
volcanic magmatic arc and back-arc extensional basin [5,36-39].

During the accretion process and thrust, several deformational processes were reg-
istered. It is estimated that the main metamorphic event (HP-HT) was related to the first
subduction event [40] associated with the beginning of the Variscan deformation (D1). The
second event (D2) was related to decompression and partial melting of paragneisses and
mafic lithologies [41]. Later on, D3 developed, with related folds and thrusts verging to the
east [42].

The Touro deposit and other mineralized areas in the vicinity are located in the HP-
HT lower member of the upper units. This unit has been described in five localities:
Sobrado; Melide and Belmil in the southeast of the Ordenes Complex and Arinteiro; and
Fornas [33,43] in the south, the latest hosting the Touro deposit. Badham and William [10]
discussed how the geological context for the Touro deposit may be a metamorphosed Besshi
type ore (siliciclastic-mafic [14]) but [10] proposed for Touro a Cyprus type (mafic [14])
metamorphosed ophiolitic VMS deposit of the Cu-Zn type.

The protolithologies for the two upper units (HP-HT and MP) are considered to be
equivalent, but the intensity of metamorphism and deformation prevents us from recogniz-
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ing the original sedimentary and igneous characteristics [6]. The most abundant lithologies
are paragneisses and meta-mafic-ultramafic rocks such as garnet and clinopyroxene gran-
ulites and eclogites or their retrograde metamorphic equivalents such as amphibolites and
greenschist [44—46]. The Fornas unit, where the Touro deposit is located, is characterized
by the abundance of amphibolites hosted by the paragneisses. The most frequent are
garnet amphibolites, with relicts of granulite minerals (Cpx-Grt-PL [6]) and metagabbros,
all having different retrogradation from nearly untransformed to coronitic metagrabbro
and granulites [43]. Within the gabbros, there are bodies of metaperidotites and pyroxen-
ites up to 2 km in length. The chemical composition of gabbros is tholeiitic with MORB
characteristics [44]. The upper medium-pressure unit of greywackes is separated from the
HP-HT unit by the detachment of Corredoiras [39,47].

4. Materials and Methods
4.1. Mineralogy and Geochemistry

The realization of this study was possible because we had access to over 1400 drill-core
logs from the Touro area (Figure 2A), from which we selected 1090. We revisited the drill
cores made up by different mining companies in order to unify the logging criteria used and
to take a detailed sampling of the ore-bearing rocks and host rocks of this deposit. Selected
samples were chosen to perform polish-thin sections for mineralogical and petrographical
studies and for mineral geochemistry. Twenty-five were studied using transmitted- and/or
reflected-light microscopy, SEM-EDS and EPM (Cameca SX100 incorporating secondary
electrons, backscattered electrons, absorbed detectors and energy-dispersive spectrometry)
at Oviedo University (Oviedo, Spain). The analytical conditions and standards used are
described in [48].

The geochemical rock data (mineralized and barren) came from the analysis performed
by the mining companies (Lundin and Atalaya) at ALS Limited (Vancouver, Canada,
Accredited Laboratory No. 579) using the Ultra-Trace Level Method ME-MS61. The method
used combines four-acid digestion with ICP-MS instrumentation. The final solution is
then analyzed by means of inductively coupled plasma—-atomic emission spectrometry
and inductively coupled plasma—mass spectrometry. Results are corrected for spectral
interelement interferences. Of these analyses, we used 270 Fe, Ti, Al and Mn data from the
Arca deposit.

The total resources estimated by the company are 103 Mt, having an average copper
content of 0.41% [20]. For this estimation, they used the 3D geostatistical model called the
“empty block model” created with cell dimensions of 10 mx 10 m x 10 m and comprising
the whole amphibolite body and massive sulfides, but no 3D geological model was used.
The evaluation method, uncertainties and results are available on the web at [20].

4.2. The Generation of the Touro 3D Geological Model

The use of 3D geological models to facilitate the understanding of surface and subsur-
face geology is well-established by many authors (i.e., [15-17,49-54]).

The methodology used in the Touro 3D geological modeling was implemented in a sys-
tem consisting of a GIS, a spatial database and a 3D modeling software [53-56]. It involves
several different steps for processing data, depending on the ore type (Figure 3A-C):
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First step. Realization of the digital elevation model (DEM) using the ArcGIS 10.2©
software (version 10.2, Esri©, Redlands, CA, USA) to model the topographic surface.
Acquiring, compiling and standardizing the geological information and borehole data
using Geosoft Target (version 4.4, Seequent Limited for Europe, Marlow, UK) for ArcGIS©.
The sources of the datasets are:

A.  Different drilling surveys performed from 1960 to that most recently carried out
by Atalaya Mining were used to reconstruct the 3D geometry of the deposits. This
involved access to over 1400 drill-core logs from the Touro area (Figure 2A), from
which we selected 1090, containing valuable lithological or structural information
and relogged these drill holes in an attempt to unify the criteria used by different
geologists in logging operations. We grouped all the different kinds of rock into four
lithologies: the paragneisses, the amphibolites, the massive sulfides, and the stringer
zones. We considered rock as ore if its Cu content is over 0.2%. In fact, mineralization
is much more broadly extended, but we set this limit based on the evaluation criteria
used by Atalaya Mining Company [20]. All borehole data (coordinates, descriptions,
depth, etc.) were stored in a database in which every hole had a unique identifier.
Topography at a 1:5000 scale from a topographical survey provided by the company.
Geological surface data from the authors.

Historical geological information on the surrounding mining areas and selection of
usable data.

onw

Second step. Hand drawing of 87 vertical cross-sections (78 E-W and 9 N-S) using
the borehole data projected (10 m distance) on the sections (Figure 2B). Based on these,
2 horizontal sections, both at a 1:4000 scale, were generated. This methodology allowed
us to produce a detailed construction of the structure of the deposit and is well known in
geology, often being applied to mineral exploration and mining (i.e., [57,58]).

The vertical and horizontal sections were georeferenced and digitalized to produce
the XYZ coordinates of each contact between the units and mineralized bodies defined in
Step 1 and in the geological structures. All this digitized information, together with precise
data such as dip and strike, was stored in a spatial database created in ArcGis 10.20©. In
this step, the use of an advanced GIS allowed us to check the topology rules in order to
ensure geometrical consistency.

During Steps 1 and 2, a validation process was performed with a view to keep accurate
and reliable data and reject imprecise or uncertain data from the dataset before modeling.

Third step. All geological data, cross-sections, borehole data and DEM were imported
from the database to GeoModeller©. Geological surface models were built by means of
contact and dip vectors derived from the sections and DEM. The large number of drill hole
data allowed us to validate the geological subsurface objects because they were used as a
depth constraint.

Three-dimensional (3D) geological modeling was generated using GeoModeller©
(www.intrepid-geophysics.com), original software developed at the BRGM (French Geo-
logical Survey; [59,60]). In this software, lithological units are described as a pseudostrati-
graphic pile, intended to image the geology and structural relationships as well as possible.
A major feature of this tool is that the 3D description of the geological space is achieved
through a scalar potential field formulation interpolated by universal cokriging [55]. The
geological contacts are isopotential surfaces, and their dips are represented by gradients of
the potential, being isolines in 2D or isosurfaces in 3D [61,62]. Taking into account both
contact locations and orientation data, the 3D models were constructed using an implicit
scalar method.
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5. Geology of the Touro Cu Deposit

The rocks bearing the copper ore are located in the Arinteiro antiform formed during
the last Variscan deformation stage. The geological maps and cross-sections performed in
our work indicate that the massive sulfides at Touro are located in metamorphosed basalts
hosted by a thick siliciclastic sequence metamorphosed to paragneisses.

A detailed microscope study allowed us to differentiate between three types of amphi-
bolite, namely fine-grained dark-green amphibolite, garnet-rich porphyritic amphibolite
and fine-grained pale-green garnet amphibolite. The first is a banded amphibolite made up
of hornblende and plagioclase with minor amounts of chlorite, epidote and pyroxene. Its
texture is ophitic defined by hornblende crystals. Castifieiras [4] indicates the presence of
relict textures of a gabbro rock. The amphibolite appears in contact with the paragneisses
both at the top and at the bottom of the bodies. The garnet-rich porphyritic amphibolite
is, in most cases, surrounded by the fine-grained dark-green amphibolite. The texture
is porphyritic to nematoblastic, being Ca-poor. It is composed of chlorite, quartz and
almandine garnet up to 3 cm in diameter and minor amounts of hornblende, plagioclase,
actinolite, rutile and epidote-zoisite. The garnet constitutes about 25-35% of the rock.
It has abundant opaque minerals, mostly pyrrhotite, chalcopyrite, sphalerite and pyrite.
Carbonate is present as a secondary mineral. Between these two amphibolite types, there
is a third type of transition amphibolite. It is a fine-grained schistose amphibolite, rich in
chlorite and contains some garnets and titanite. It is poor in Ca and pale-green in color.

The paragneisses grain size is fine to medium, dark in color, has a lepidoblastic
texture and is made up of plagioclase, quartz, muscovite, biotite, staurolite, sillimanite,
kyanite, rutile, ilmenite, garnets, graphite and scarce sulfides (pyrrhotite and pyrite). The
paragneisses are banded, having plagioclase and quartz-rich levels alternating with other
mica-rich levels where graphite and sulfides are found.

The mineralized bodies (massive sulfides and stringers) outcrop along about 6 km
both in the limbs and in the hinge zone of the Arinteiro N-S-trending antiform. The
mineralized structures are mostly tabular, up to 100 m in thickness, subhorizontal and
having quite a well-defined contact with the host rock. The Touro deposit has been divided
into seven main ore bodies, Arinteiro, Vieiro, Arca, Monte Mina, Bama, Brandelos and
Fuente Rosas and other minor ore bodies. In all the ore bodies, the mineralized mass is
mainly hosted by garnet amphibolites, but at Arca and Monte das Minas, there are also
mineralized bodies in the paragneisses below the amphibolites. This mineralization is
characterized as being massive (with only some nonsulfide minerals disseminated in the
rock) or semimassive sulfides, in the latter case having a breccia texture with fragments
of rock made up of plagioclase, phlogopite, hornblende, clinozoisite, epidote and quartz
cemented by pyrrhotite-chalcopyrite (Figure 4). The rock fragments were designated
“rolled-balls” by [10]. The richest Zn zones (up to 0.47%) are related to this mineralization,
and no lead minerals were detected.
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Figure 4. Microscopic view of thin section JAC-49C under plane-polarized light (A) and the same mineral assemblage,

under cross-polarized light (B), of the stringer zones (“rolled-balls”) of the Touro deposit. The left side of the section

corresponds to a rock made up mainly of plagioclase, phlogopite, chlorite, hornblende, garnet and epidote-clinozoisite

crosscut by a vein (right side) composed of quartz, opaque minerals and some phlogopite.

The strong deformation and metamorphism and the later retrograde metamorphism
prevent us from using the Touro drill cores and thin sections for the purpose of recogniz-
ing the stringer zones of the mineralized areas. Nevertheless, in some of these areas, a
brecciated stringer zone is detected (mineralized brecciated garnet amphibolites having
an angle to the rest of the sulfides and showing two preferential directions, N-S-trending
(Vieiro) and E-W-trending (Fuente Rosas). More breccia zones are found in other masses,
but the relationships between the different bodies are not possible to determine accurately
due to the strong deformation and the presence of possible folded zones during the D1
deformation stage. All the rocks are foliated, giving rise to S-type mylonites. The gen-
eral trend of the foliation is N-S dipping 30°—40° to the west. The copper ore is located
in the stringer, and at the bottom of the basalt laccolith, the stringer zone gives way to
deformed stockworks (breccias) and replacements of the basalts and, on some occasions,
the paragneisses. The metallic mineral paragenesis is mostly composed of pyrrhotite and
chalcopyrite with minor amounts of pyrite and sphalerite. The richest zones in Cu are
located at the contact between the stockwork and the replaced basalt. The copper-rich body
(>0.2% Cu) is surrounded by a pyrrhotite mass.

As mentioned, the mineralized bodies are hosted in a garnet-rich amphibolite, which
is included in a fine-grained amphibolite. Some preliminary geochemical data from both
the amphibolites and paragneisses are given in Figure 5. We took as a reference the Arca
ore body because, in it, the mineralized paragneisses are abundant and representative
while, in other ore bodies, they are scarcer and not well represented, but the results in all
the deposits are quite similar.
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We plotted some geochemical results in Figure 5, the diagram proposed by [63] and
modified by [64,65]. In accordance with these data, most of the paragneisses plot in
a cluster over the Pacific Ocean pelagic sediments and terrigenous sediments plot. In
addition, most of the amphibolites plot in a cluster at the average MORB value. By contrast,
both mineralized garnet amphibolite and mineralized paragneisses show a tendency of
amphibolites and paragneisses to mix with metalliferous sediments of the Red Sea and
East Pacific rise.
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Figure 5. Fe/Ti vs. Al/(Al + Fe + Mn) plot from the Arca deposit. Shown also for reference are average compositions
for metalliferous sediments from the Red Sea, the East Pacific Rise, pelagic sediment from the Pacific Ocean, terrigenous
sediments [64] and average value of MORB.

6. Results and Structural Characteristics of the Touro 3D Geological Model

An important contribution of this 3D geological model to the knowledge of the
structural evolution of the area is the modeling of a roughly N-S-trending antiform, the
Arinteiro antiform. This fold shows a subvertical axial plane, with the fold axis plunging
toward the north (Figure 6 and Figure S1). The ore bodies (massive sulfides) outcrop over
approximately 8 km both on the limbs and in the hinge zone of the antiform (Figure 6 and
Figure S1). The massive sulfides are located in the western limb (Arca, Bama, Brandelo and
Fuente Rosas) and the eastern limb (Vieiro and Arinteiro) of the fold and in the hinge zone
(Monte Mina) (Figure 6). The mineralized structures are mostly tabular, up to 100 m in
thickness, subhorizontal and have a well-defined contact with the host rocks (Figure 7A,B).
The Arinteiro and Viero massive sulfides, in the eastern limb, dip at around 25-30° to the
east (Figure 7B and Figure 9). The Fuente Rosas massive sulfides, in the western limb, dip
around 35° to the west (Figure 8 and Figure 10).
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Figure 6. General view, from the south, of the whole modeled area showing the different lenses of massive sulfides in the
western and eastern limbs and in the hinge zone of the antiform. The stringer zones of Fuente Rosas and Vieiro (light green)

are also labeled.

The host rocks of the deposits are mainly amphibolites showing lenticular morphology
(Figure 7A,B and Figure §; Figures S2 and S3). Both the strong deformation and meta-
morphism make it difficult to recognize the stringer zones of the mineralized areas, but
in some areas, a brecciated stringer zone showing two preferential directions is detected:
N-S-trending (Vieiro, Figures 7B and 9) in the eastern limb and E-W-trending (Fuente
Rosas) in the western limb (Figures 7A, 8 and 10). Both are probably related to the old
Ordovician fracture system formed during a rifting process. These stringer zones are
located below the massive sulfides and at a low angle to them (Figures 7, 9 and 10).
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Figure 7. Two representative geological sections of the Touro deposit: (A) Section 2000 in Fuente Rosas and (B) Section 8200

in Vieiro. Both sections were selected from 87 sections generated from drilling data. For an explanation, see text.
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Figure 8. A 3D view, from the southwest, of the Fuente Rosas modeled area. The amphibolites are represented in pink, the
massive sulfides in red and the stringer zone, which is mainly included in the amphibolites, in green.
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Figure 9. A perspective from the southeast of the Vieiro modeled area. The massive sulfides (in red) gently dip around
25-30° to the east, and the stringer zone (in green) is located below the massive sulfides at a low angle to them. The drill
traces are included.
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Figure 10. A perspective from the north of the Fuente Rosas modeled area. The massive sulfides (in red) dip around 35° to

the west, and the stringer zone (in green) is also represented.

7. Discussion

The general structure of Touro resulted from three main periods of formation (Table 1).
The first, during Ordovician times (£480 Ma), must have been largely transtensional, with
the depositing of siliciclastic sediments in a back-arc extensional basin setting, including
basaltic volcanism and the formation of the Volcanic Massive Sulfide deposits. Many
authors [4-10,12,13,41-50] describe the general characteristics of this geological setting.
The VMS bodies are mostly hosted in the basalts but quite frequently also in the siliciclastic
sediments, as can be seen in the sections and in the 3D model (Figures 7 and 8). The breccia
ores are interpreted in this work as feeder zones, which are probably related to the old
Ordovician fracture system formed during a rifting process. The hydrothermal fluids from
which the ore was precipitated may well have metasomatized both the basalts and the
siliciclastic sediments, leading to the possible formation of abundant chlorite, among other
minerals. As stated in Figure 3 and in the 3D views (Figures 6-10), the conditions for the
VMS formation appear to have taken place in this type of geodynamic setting.

After the formation of the deposit in Ordovician times, the second step was the
burial of the siliciclastic sediments, mafic rocks and VMS at depths of around 10 km. These
rocks were metamorphosed under amphibolite facies, the siliciclastic rocks becoming parag-
neisses, sometimes with high graphite contents (black shales or carbonates), and the basaltic
rocks were transformed into amphibolites during Early Devonian (410-390 Ma [66—69]) and
the hydrothermally affected host rocks into iron-rich, calcium-poor and chlorite-rich garnet
amphibolite and gneisses. Thus, the anomalous Ca-poor amphibolites are interpreted as
metamorphosed basalts, hydrothermally altered and metasomatized, and mineralized
paragneisses are the metamorphic result of metasomatized and mineralized siliciclastic
sediments.
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Table 1. Summary of the three main periods of Touro deposit formation.

Periods of Formation Tectonic Setting Processes Involved Ore and Rocks Structural Elements
First step: Extensional back-arc o Pepo.smon. of Format1on of VMS. .
. ) . siliciclastic sediments. deposits. Host rock is Normal extensional
Early Ordovician basin setting .
. mafic rocks hydrothermally faults
(£480 Ma) (transtension) .
emplacement as sills affected

Second step:
Early Devonian
(410-390 Ma)

Burial of siliciclastic
sediments, mafic rocks
and VMS

Metamorphism of
siliciclastic sediments,
mafic rocks and VMS

under amphibolite

facies

Transformation of rocks
into amphibolites and
paragneisses

Foliation in all the
rocks. development of
S-type mylonite folds

Third step:
Late Devonian
(375-371 Ma)

Exhumation of the
sequence, and
emplacement by thrust
on the top of the
Ordenes complex

Broad retrograde
metamorphism

Formation of
retrograde
amphibolites and
chlorite-rich schists

Formation of a roughly
N-5-trending antiform
(arinteiro) during the
last Variscan
deformation

Macro- and microstructural analyses suggest that the high metamorphic grade and
strong deformation developed a foliation in all the rocks, giving rise to S-type mylonites,
suggesting a nonhomogeneous pure shear or flattening, which occurred in the Ortegal
complex [70]. This flattening and metamorphism prevent us from clearly recognizing the
stringer zones of the mineralized areas. Nevertheless, both in the cross-sections (Figure 7)
and texturally (“rolled-balls”), in some of these areas, a brecciated feeder zone is detected,
inclined at an angle to the rest of the sulfides and showing two preferential directions:
N-S-trending (Vieiro) and E-W-trending (Fuente Rosas) (Figures 6—10). A similar situation
is presented in [71] for the Palaeoproterozoic Bryah Rift-Basin in Western Australia.

The third step of the evolution of the deposits took place during the Late Devonian
(375-371 Ma [72,73]), when the sequence was exhumed and placed by a thrust on the top of
the ophiolites of the Ordenes complex. During this process, broad retrometamorphism was
developed, and the high-grade metamorphic rocks were transformed into amphibolites
and chlorite-rich schists. After this exhumation, a roughly N-S-trending antiform, the
Arinteiro (Figure 6), was formed during the last Variscan deformation stage, which is
probably related to the Asturian oroclinal development [23-25]. The present contact
between the amphibolites, the paragneisses and VMS is tectonic (sheared) due to the
contrast of rheological behavior among them. The VMS feeder zones are probably related
to the old Ordovician fracture system formed during a rifting process. The copper ore
is located in the feeder zones and at the bottom of the basalt laccolith, giving rise to
deformed stockworks (breccias) and replacements of the basalts and, on some occasions,
the paragneisses.

The metallic mineral paragenesis is mostly composed of pyrrhotite and chalcopyrite,
with minor amounts of pyrite and sphalerite. The richest zones in Cu are located at the
contact between the stockwork and the replaced basalt. The copper-rich body (>0.2%Cu) is
surrounded by a pyrrhotite mass.

As far as the VMS type is concerned, there are three main elements that should be taken
into account to classify the deposit. These are mafic volcanics (basalts), massive sulfides
within these volcanics and a thick siliciclastic sequence, including the aforementioned
volcanics and VMS. Other characteristics to take into account are the predominance of
Cu compared to Zn contents and the lack of Pb minerals; the size of over 100 Mt; the
amphibolite (basalts) lenses intercalated with metasediments (paragneisses), as is clearly
shown in the 3D model; and the absence of felsic rocks. Thus, Touro deposit should
be classified as a volcanic massive sulfide (VMS) of the mafic-siliciclastic type [14] that
corresponds to the old term “Besshi type” used by [10].

In addition, our geochemical data presented in Figure 5 indicate that the trend of
garnet amphibolites, which plot between normal amphibolites and exhalites, may derive



Minerals 2021, 11, 85

17 of 21

from the metasomatism of basalts by way of the hydrothermal exhalative fluids. In the
same way, mineralized brecciated paragneisses are the consequence of the metasomatism of
these metasediments by the hydrothermal fluids. Thus, the most likely model for the Touro-
mineralized area is the mafic exhalative in a marine siliciclastic sedimentary sequence. As
can be seen in the 3D geological model, the host rocks of the deposit are mostly amphibolites
with lenticular-shape geometry. They correspond to retrograde-metamorphosed basalts
of MORB affinity [60] emplaced in a back-arc basin [58]. The amphibolites are included
in paragneisses, which appear to originally have been flysch-type siliciclastic turbidity
sediments (Figure 5), including black shales or carbonated rocks.

The main district containing VMS deposits in the Iberian Peninsula is the famous
Iberian Pyrite Belt (IPB). As indicated in [15,74], the IPB is located in the South Portuguese
Zone and contains the greatest known concentrations of volcanic-hosted massive sulfides
(VMS) on Earth. The IPB and Touro districts are both located in the Variscan Iberian Massif,
and the mineralizations are VMS, but their characteristics are very different.

The Touro deposit formation is pre-Variscan (Early Ordovician) in a back-arc en-
vironment, and the IPB is Variscan and was formed on a stable epicontinental shelf in
Devonian—Carboniferous times due to the collision of Laurussia (SPZ) and Gondwana
(OMZ and CIZ). Touro is a world-class deposit, with over 100 Mt of ore, but the IPB has
also been estimated to hold a minimum resource of more than 1700 Mt of VMS. In Touro,
the ore is metamorphosed in amphibolite facies and was highly deformed (flattened); later
on, it underwent retrograde metamorphism and was deformed once more. By contrast, the
IPB metamorphic grade is mostly very low, typically prehnite-pumpellyite facies, and only
in the northern part does it reach the greenschist facies [75]. In addition, deformation is
much less intense, and the tectonic structures related to ore formation (extensional faults,
pull-aparts, half-graben basins, stringer zones) and host rocks can easily be recognized.

In Touro, it is not easy to recognize the Ordovician stringers, and in the IPB, the
basin-forming faults were reactivated as reverse faults with an associated buttressing
phenomenon during later Variscan shortening [15].

The igneous rocks at Touro are all mafic and appear to be intruded as laccoliths in
the siliciclastic sediments, the ore being directly related to the mafic rocks. In the IPB, the
volcanism is bimodal and characterized by andesitic intermediate volcanism, basaltic lava
flows, dacitic—rhyolitic dome complexes and sills, interbedded with detrital sedimentary
rocks, mostly mudstones with some greywacke and sandstones [74]. The ore can be found
both in the sediments and in the felsic volcanism. The abundant bimodal volcanism and the
extensive development of VMS mineralization were both mainly emplaced along fracture
zones limiting the different basins [74].

Finally, in the Touro deposits, the main ore is Cu with minor Zn and without Pb,
whereas in the IPB, Zn and Pb are abundant, and the mineralogy is more complex. Touro
can be classified as siliciclastic-mafic, and the IPB as bimodal siliciclastic [74]. Thus, the
3D geological model presented here is an important contribution to the knowledge of the
geological evolution of the area.

8. Conclusions

In this work we present, for the first time, a 3D model showing the geometrical char-
acteristics of the world-class VMS Touro deposit. In this 3D geological model, seven main
ore bodies were defined, massive sulfides and stringer zones being clearly differentiated
in three of them (Fuente Rosas, Vieiro, Arinteiro). In the rest of the bodies, stringer zones
(breccia sulfides) are identified, but the drill core data are not sufficient for us to be able to
establish a clear relationship between the stringers and VMS.

The 3D model of both the VMS and the amphibolites allowed us to recognize their
lenticular-shaped geometry and the relationships between the ores and the host rocks.
Most of the sulfides are included in the amphibolites, but on some occasions, they are also
in the paragneisses.
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The 3D modeling technique, together with the petrographical, mineralogical and some
geochemical characteristics of the Touro deposit, has been very useful to define in the
Iberian Massif, a siliciclastic-mafic VMS deposit (Besshi type) of over 100 Mt formed in a
back-arc environment in rifting. Two preferential directions, N-S and E-W, structurally
control the stringer zones identified.

The different amphibolite and paragneiss types show a geochemical trend, indicating
that they were affected by hydrothermalism related to ore formation. The amphibolites,
originally MORB basalts, become garnet-rich and calcium-poor.

The Touro VMS deposit evolved in three main steps. First, it was formed in an early Or-
dovician transtensional back-arc environment. Second, it was buried and metamorphosed
in amphibolite facies in Early Devonian, and third, it was exhumed and subsequently
retrograde-metamorphosed in Late Devonian. As a final conclusion, this 3D geological
model provides a better insight to help increase knowledge and facilitates exploration
guidelines for this type of VMS deposit in the Ordenes complex.
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