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Abstract: Traditionally, the building stones used in the architectural heritage of Galicia (Spain) during
the past were mainly extracted from quarries located in the surrounding areas of the historical
buildings. Thus, a great variety of monuments were built with the same type of granite but with
different degrees of weathering depending on local conditions, geological context (facies), and period
of construction. The main purpose of this work is to evaluate the probable origin of the construction
materials of six historical buildings on the Barbanza Peninsula, Galicia (Spain), based on the degree
of weathering and petrographic-mineralogical characteristics. The evaluation was performed on six
different samples of granite according to the geological context in outcrops of places where there
are old quarries. We used X-ray fluorescence spectrometry (XRF), X-ray diffraction (XRD), and
petrographic microscopy (PM) to attempt to address whether the origin is really local to the Barbanza
Peninsula or whether the stone was brought from more distant places, based on our knowledge
of the geological context of the study area. Based on the chemical, textural, and mineralogical
analyses obtained, the material used for construction has a local origin and comes from small quarries
spread over a wide area within the Peninsula itself. Barbanza-type granite is the most abundant
within the geological context of the area and also the most used as a construction material. Other
types of granites identified are the Confurco Granite and other granitoids of the Noya complex.
The Chemical Alteration Index (CIA) shows low to moderate weathering in the granites, fitting
petrographic observations. In monuments, samples show higher concentrations of Na and K due
to salt crystallization. They show microcracks due to extraction, cutting, and finishing processes
and common alteration processes of the main minerals, such as sericitization of plagioclase and
chloritization of biotite. This work consists of a multidisciplinary study focused on the geological
perspective for the identification and preservation of historic quarries. Knowledge of the original
material also presents a unique opportunity for the restoration and/or reconstruction of monuments,
which allows for the maintenance of their conceptual and constructive homogeneity.

Keywords: geological resource; historical quarries; granite; weathering

1. Introduction

The granite massifs cover most of the territory of Galicia (NW Spain) and Northern
Portugal. As granite is the most frequent stone type in these areas, it played a very
important role in the construction of historic buildings from prehistoric times. This type
of stone is usually highlighted as a building material due to its hardness, low porosity,
and, in general, great durability [1–4]. The Barbanza Peninsula is located on the western
coast of Galicia (Figure 1). It has a vast architectural heritage of all historical periods [5,6],
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from megalithic constructions such as Dolmens to villages of the Iron Age referred to as
‘Castros’. There are also remains of heritage buildings from Roman times, like those of
Santa Mariña de Xuño. Religious buildings include Romanesque and Gothic styles, but
also Baroque style (like the Church of San Xoán de Macenda), and finally, Neoclassical
style buildings (the majority, especially due to the reforms carried out) can be found on
the peninsula. Some of the most abundant buildings, mostly constructed between the 17th
and 19th centuries, are the so-called ‘Pazos’ (large manor houses). Unfortunately, many of
the most prominent cultural heritage walls in the study area were destroyed over time and
replaced with new construction materials, but, on the other hand, there are also remains
that have survived the urban reforms carried out. Despite that, granite has been the main
rock construction material used in both the original buildings and these reforms over the
centuries. From this perspective, natural stones can be understood not only as geological
resources but also as cultural resources [7].
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Figure 1. Location of the Barbanza Peninsula.

Traditionally, on the Barbanza Peninsula, the building stones used in the past were
mostly extracted from quarries located in the surroundings of buildings [8,9]. Thus, a great
variety of monuments have been built with the granite types that can be found on the
peninsula, according to the geological context (Figure 2). The same granite type can show
different degrees of weathering according to the local outcrop conditions (facies). During
the historical periods of construction, there was no current technology for carrying out deep
excavations. Thus, the old quarries were shallower than the present ones, and the granite
used for construction weathered to some degree. According to this aspect, the granites used
in historical monuments tend to have a more yellowish color than the granites extracted
today for construction. At the same time, such granites should have greater porosity and
lower density than the granites used in modern buildings [10,11].
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Figure 2. Location of the outcrop and monuments samples in geological map on Barbanza Peninsula.
Historical quarries: 1. Neixón; 2. Confurco; 3. San Alberte; 4. Carballa; 5. Minas de San Finx;
6. Moimenta; 7. Bealo; 8. Lampón; 9. Santa Cristina de Barro; 10. Corrubedo; 11. Monte de la Curota;
12. Ribeira (mountain zone); 13. Asados; 14. Baroña; 15. Santa Maria de Parish (Xuño); 16. San Isidro
de Postmarcos.

In addition, natural stones can decay over time at higher rates outside of their natural
environment [12]. For this reason, there are a large number of studies that indicate that
granite can undergo deterioration processes when exposed to weathering, due to their
intrinsic properties (mineralogy, porosity, permeability) together with extrinsic (fluid cir-
culation, climatic conditions, environment) and anthropogenic factors [13–18]. If decay
is significant in historical periods, it can lead to serious problems in historical buildings
with loss of value, and eventually the loss of some physical properties can lead to ruins.
Hence, evaluating its characteristics and knowing the origin of the material are essential
in conservation and restoration work. Recently, different studies have shown interest in
identifying the outcrops of origin of building stone. More specifically, antique quarries
provide geographic and geological information on the bedrock and allow study of the stone
behavior under several environmental conditions [11,19–26], as well as finding the most
suitable material for future restorations and replacements of the construction elements of
buildings [27–30].

The main purpose of this work is to evaluate the probable origin of the construction
materials of historical buildings on the Barbanza Peninsula based on the petrographic-
mineralogical characteristics and the degree of weathering. The evaluation is performed
on the granite used in historical buildings in the area and also on the geological context in
outcrops of places where there is evidence of old quarrying. Knowledge of these materials
is very important for the scientific community, both to understand the characteristics of
historic buildings and their possible damage, and to propose solutions for the best possible
conservation and preservation of these remains of architectural value. Recently, an effort
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has been made to study the degree of deterioration and geochemical properties of granite
as a stone material in the heritage of the Barbanza Peninsula [6], but the lack of provenance
data for these materials inspires this work as a first approach to the current situation and
raises awareness about the importance of heritage stones and the need to save resources
for the continuing lack of historic buildings and structures.

2. Geological Setting
2.1. Geology

The geologic bodies in the Barbanza Peninsula are mostly Hercynian or pre-Hercynian
intrusive bodies, with the exception of some Quaternary filonian rocks and detritic deposits
(the latter located mainly in coastal areas). The classification of Galician granites is based
essentially on the works of Capdevila (1969) and Capdevila and Floor (1970) [31,32], which
established two general series: one alkaline and the other calc-alkaline (Figure 2).

The granites of the calc-alkaline series are characterized by their porphyritic charac-
ter and the predominance of biotite over muscovite (sometimes only biotite). They are
frequently deformed by the third phase of Hercynian deformation, and microgranular
enclaves of highly variable dimensions abound [33]. They include megacrystal-bearing
granodiorites and coarse-grained two-mica granite (Confurco Granite) [34]. The Confurco
Granite (Figure 2), also called Moimenta Granite, formed after the third phase of Her-
cynian deformation, being younger than all the others described. Two facies have been
described [35]: porphyritic and fine-grained. The porphyritic facies represents more than
80% of this granite area.

The alkaline series occupies the largest area of rocks, comprising all the two-mica
granites that are pre- or synkinematic with the third phase of Hercynian deformation, both.
It also includes a heterogenous granitoid, also called migmatitic or first granitoid products
of migmatization (Migmatite Domain and of the Granitic Rocks-Laxe Group).

The Barbanza Granite (Figure 2) occupies most of the Peninsula [34]., distributed
mainly in the central zone. It consists of two micas of coarse-grained alkaline granite. In the
north of Barbanza, this granite contacts rocks of the Noya metamorphic zone (the Malpica-
Tuy Unit, called here the Noia Complex), formed by schist, paragneiss, and amphibolites.
On the Corrubedo zone (in the SW portion of Barbanza), this granite is transformed into
a fine-grained variant (Corrubedo Granite) with many xenoliths and also migmatites,
oriented [33].

On the other hand, the Migmatite Domain of the Granitic Rocks-Laxe Group is a set
of rocks formed mainly by anatectic granites, granitic gneisses, and intensely migmatized
schists [33]. It is distributed mainly along the entire SE coast, as well as along the road
between Noya and Boiro and in the SW part, near Ribeira.

2.2. Historical Quarries and Mining

Since the dominance of granite on the Peninsula of Barbanza, the main quarries have
been dedicated to the extraction of this material, creating important sources of employment
and wealth in the area. Several building stones came from a large number of small quarries
spread over a wide area (Figure 2). It is beyond the scope of this document to provide a
comprehensive review of all extraction points. Most of the information about the location
of these extraction sites is obtained from the inhabitants of the village, and the existing
documentation is scarce, mainly registered in national texts [33,36].

According to this, the construction material used in the traditional houses of Castros
de Neixón came from Neixón [37], but the granite used came mainly from more distant
quarries, such as the one in Confurco (Boiro). Furthermore, in San Alberte (Ribeira), large
stone blocks, also locally called “penedos”, are located with granite stone extraction marks.
Another place of stone and mud extraction is in Carballa (Palmeira, Ribeira), according to
information from a woman who worked in this mine [36].

On the other hand, granitic pecmatites emerge in the surroundings of San Finx Tin
Mines, which contributed to the first tungsten exploitation started in Spain and one of
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the first in Europe [38]. In this period, new mining techniques appear and spread with a
rational approach to management, contributing to the evolution of culture and technology
in Galicia. Also reported are the mining operations in Moimenta and Bealo (Boiro) [36] and
other smaller mines in the Muros-Noia Ria.

In Noia, there is granite exploitation in the village of Iglesia, near Santa Cristina
de Barro. On the other hand, on the back cover of the magazine “La Voz de Galicia”
(27 October 2007), a dozen disused mining drillings are reported. Numerous mines con-
sisted of family-run exploitations and therefore are difficult to report throughout history,
probably underestimating the number of explorations and quarries. An example of this is
the LLovo mine in Cabo Ladrón, Corrubedo. Mining activities were also reported in the
20th century in Mondelo (Palmeira) and in the vicinity of Monte de la Curota (Ribeira, on
the border with Puebla), related to the Arosa de Lampón tin factory in Boiro. On the other
hand, vestiges of mining exploitation are also reported in the surroundings of the mountain
surrounding the City of Ribeira, in Baroña (Porto de Son), in Santa Maria de Xuño, in San
Isidro de Postmarcos (A Pobra do Caramiñal), and in many places in Rianxo [8,9].

Currently, there are active quarries, mainly Barbanza-type granite (Figure 3) and
granodiorite, noted for its potential interest as an ornamental rock due to its pink color. In
the case of gneiss and schists, they have less practical interest as industrial rock; however,
locally, they present good characteristics and are used.
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Figure 3. Outcrops and samples. (a) Granite (NW of Noia); (b) Granite found in the areas adjacent to
the Petroglyphs of A Gurita; (c) San Xoan de Macenda granite; (d) Granite found near San Vicente de
Noal; (e) Granite found near Leiro (Rianxo); (f) Granite found near Desamparados Chape (Rianxo).

As previously mentioned, the information on the oldest quarries used for the ex-
traction of rocks as construction material is limited and does not appear on the maps
(Figure 2). Therefore, the only current source is population knowledge. In this work, we
have proceeded to obtain samples of granite of different types according to the geological
context in bedrock outcrops of places where an old quarry possibly existed (AF1, AF2, AF5,
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AF6, AF10, AF13) (Figures 2 and 3) and to assess whether they were used as construction
material in the monuments of Barbanza.

3. Historical Buildings Included in This Study

This section describes some monuments of interest that were built with stone material
and are shown in Figure 4. Despite the large number of churches and pazos that are part of
the cultural heritage, only a few of them will be mentioned. The description of the main
type of rock used in each monument is established in Table 1.

• The Pazo de Goiáns (Figure 4a) is an old medieval fortress (symbol of lordship between
the 15th and 19th centuries) measuring 1,972 m2, located in a unique environment, at
the foot of the Coroño river estuary, and surrounded by large gardens full of unique
species, a jetty, and some old fisheries. The complex is extensive, with an abundance of
buildings, some complementary (e.g., warehouses, winepresses) and others decorative
(mainly in the garden area), as well as porticos, pumps, stables, cellars, a chapel, and a
garden that descends to the riverbank. Most of these buildings are made of medium-
to coarse-grained granite, although many façades, including the wall that delimits the
pazo, are built with a mixture of granites and metamorphic rocks (schist and gneiss).
In 2019, the complex was declared in danger of collapse, and rehabilitation works have
been carried out on the Main Tower, which is currently being restored, with the vision
of continuing with the annexed constructions, whose state of deterioration is alarming.
An example is the collapse of the chapel roof and the extensive biological colonization
of the complementary buildings.

• The Church of Santa Mariña de Xuño (Figure 4b) is located in Xuño (Porto Son), about
70 km from Santiago de Compostela towards the western coast. It is very close to the
sea and the Sieira River. The church was built in the 12th century but has undergone
numerous modifications and extensions, preserving the original Romanesque fabric of
the main chapel (externally in the eaves corbels). Most of these buildings are made of
medium- to coarse-grained granite and the weathering is moderate.

• The Church of San Salvador de Taragoña (Figure 4c) was rebuilt in the 19th century, and
although its original age is unknown, it is one of the most recent historical buildings.
It has a rectangular floor plan with a single nave and two side chapels with a square
floor plan. It is located in Taragoña (Rianxo). It is made up of a light tone and medium
grain. Weathering is low.

• The Church of San Xoán de Macenda (Figure 4d) is a valuable example of a rural
Baroque church, located in Macenda (Boiro), very close to where the Río Grande
crosses. It was built in the 18th century. Most of the decorative elements of the temple
are found in the bell tower since the rest of the walls of the temple are symmetrical and
only altered by the placement of a square tower that consists of a body and a tower that
was built in 1778. It is made up of a granite of medium-grain, medium-coarse-grained
granite with potassium feldspar phenocrysts.

• The Church of Santa Maria de Barro (Figure 4e) is located in Noia, 38 km from Santiago
de Compostela and 1.5 km north of the main town. This church is in the baroque style
and was built in the 16th century. It has a rectangular floor plan with a barrel vault,
which starts with simple molding on each of the side walls.

• Guadalupe Chapel (Figure 4f) is located in the center of the municipality of Rianxo. It
is one of the monuments found on the Camino de Santiago. It is a religious temple
built in the 17th century on a previous chapel. It is a very simple chapel made up of a
single rectangular nave in which the buttresses stand out, accessed by a staircase.
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Table 1. Samples, sample location and macroscopic description.

Sample Code Place of Sampling Macroscopic Description

O
ut

cr
op

s

AF1 In the NW of Noia, on the
slopes of the San Lois peak

Outcrop with slight orientation. Granite with two micas of
medium grain. Light gray-yellow tone and moderate

weathering. Composed mainly of quartz, plagioclase, feldspar,
biotite, and muscovite.

AF2 San Xoán de Macenda (Boiro)

Outcrop of coarse-grained granite with potassium feldspar
phenocrysts and light pink tone. Moderate weathering.

Phaneritic texture and composed mainly of quartz, plagioclase,
feldspar, biotite, and muscovite.

AF5
Outcrop near the Baroña

church, areas adjacent to the
Petroglyphs of A Gurita.

Granite with two micas of medium-coarse grain with
potassium feldspar phenocrysts. Composed mainly of quartz,
plagioclase, feldspar, biotite, muscovite, and dispersed mafic
minerals (amphibole). Grey tone and moderate weathering.

AF6 Outcrop near the church of
Porto Son (San Vicente Noal)

Granite with two micas of medium-coarse grain, composed
mainly of quartz, feldspar, muscovite, and plagioclase.

AF10 Outcrop around
Leira (Rianxo)

Outcrop with marked orientation. Medium-grained granite
with whitish tone and equigranular texture. Composed mainly

of quartz, plagioclase, feldspar, and muscovite. High
weathering (tends to disintegrate).

AF13 Outcrop near the chapel “de
los desamparados” (Rianxo)

Outcrop of medium- to coarse-grained granite with a light gray
tone. Low-medium weathering. Phaneritic, equigranular, and

composed mainly of quartz, plagioclase, feldspar,
and muscovite.

M
on

um
en

ts

BO9 The Pazo de Goiáns (Boiro)

Coarse-grained granite with potassium feldspar phenocrysts
and light gray tone. Phaneritic texture and composed mainly of
quartz, plagioclase, feldspar, biotite, and muscovite. There is

no orientation.

BO2 Church of San Xoán de
Macenda (Boiro)

Coarse-grained granite with potassium feldspar phenocrysts
and light pink tone; moderate weathering. Phaneritic texture
and composed mainly of quartz, plagioclase, feldspar, biotite,

and muscovite. There is no orientation.

RIA01 Guadalupe Chapel (Rianxo)
Granite with fine-medium grain. Whitish tone and

equigranular texture. Composed mainly of quartz, plagioclase,
feldspar, and muscovite. Slight orientation marked by micas.

RIA06 Church of San Salvador de
Taragoña (Rianxo)

Medium-grained Granite with whitish and pink tones.
Equigranular texture. Composed mainly of quartz, plagioclase,
feldspar, and muscovite. Slight orientation marked by micas.

PO4 Church of Santa Martiña de
Xuño (Porto Son)

Medium- to coarse-grained granite with a light gray tone.
Low-medium weathering. Phaneritic, equigranular, and
composed mainly of quartz, plagioclase, feldspar, biotite,

and muscovite.

NO4B Church Santa Maria de
Barro (Noia)

Medium- to coarse-grained granite with potassium feldspar
phenocrysts and light pink tone, moderate weathering.

Phaneritic texture and composed mainly of quartz, plagioclase,
feldspar, biotite (sometimes phenocrysts), muscovite, and

dispersed mafic minerals (amphibole).
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Figure 4. (a) The Pazo de Goiáns, (b) Church of Santa Mariña de Xuño, (c) Church of Taragoña,
(d) Church of Macenda, (e) Church of Santa Maria de Barro, (f) Guadalupe Chapel.

4. Methodology
4.1. Sampling Procedure and Experimental Process

First, a macroscopic characterization of outcrops and monuments was carried out to
discriminate morphology, grain size, texture, color, mineral composition, alterations, and
foliation of the material.

A total of 12 representative granite outcrops (6) and monument (6) samples were
collected. For instrumental analyses, a portion of the dried samples was separated and
homogenized to be analyzed by X-ray diffraction and X-ray fluorescence spectroscopy.

4.2. X-ray Diffraction (XRD)

Mineralogical composition was also determined by means of X-ray diffraction (XRD)
of bulk samples. We prepared fine powders (<150 µm) from representative samples by
pulverizing in an alumina mortar until the powdered material easily passed through a
150-um sieve. Samples were analyzed using a D5000 Siemens (Munich, Germany) powder
diffractometer with Ni-filtered Cu Kα radiation. Measurements were performed at 40 kV,
30 mA, with a step size of 0.050◦ and step time of 2.5 s, a 2q range of 2–80◦. The patterns of
XRD in all samples have been recorded with DIFFRAC Plus XRD software.

4.3. X-ray Fluorescence (XRF)

The elemental analyses of the samples were performed using a Fluorescence Spectrom-
eter S4 Pioneer of wavelength dispersion Bruker-Nonius under helium purge. The bulk
geochemical composition was analyzed on pressed powder pellets by X-ray fluorescence
(XRF). All XRF analyses were measured in triplicate. The analyzer was calibrated using
USGS standard reference materials. Statistical and geochemical analyzes were performed
with the GCDKIT 6.0 program.

4.4. Petrographic Microscopy (PM)

Representative thin sections of outcrop samples were prepared for the petrographic
study. The thin sections (30 µm) were observed under a polarizing microscope (Leica
DM4500 P, Wetzalar, Germany, University of A Coruña), equipped with a digital FireWire
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Camera (Leica DFC 290 HD, Wetzalar, Germany) that worked with the Leica application
suite software LAS 4.

5. Results
5.1. Macroscopic Characterization of the Samples

The description of samples includes criteria of morphology, grain size, texture, color,
mineral composition, alterations, and foliation. Distinct types of granite have been identi-
fied, corresponding to the geological framework of the area (Figure 5).
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crossed nicols at 40× magnification.

The representative samples of the monuments show macroscopic evidence comparable
to some granite outcrops. Samples BO2, BO9, and PO4 are medium- to coarse-grained
two-mica granites like AF6, AF5, and AF2, while RIA6 and RIA1 samples present ori-
ented texture and light tonality like the outcrops AF13 and AF10. Finally, sample NO4 is
characterized by being medium-grained granite but with biotite megacrystals.

5.2. Petrographic Characteristics

The petrographic characteristics (textures and minerals) of samples taken from both
outcrops and monuments are described in a thin section and shown in Figure 5. Moreover,
details of the general microscopy and petrography of samples BO9A and BO2 have been
previously studied to evaluate the weathering processes in the rocks [6]. Thus, similar
petrographic characteristics are evident in the samples: hypidiomorphic and porphyritic
texture, composed mainly of quartz, potassium feldspar, plagioclase, biotite, and muscovite.

The AF1 sample exhibits a light orientation generally parallel to sub-parallel alignment
(Figure 5) attributed to the crystals of muscovite. Quartz crystals are anhedral, very strained,
and commonly show undulatory extinction, generally in mosaics. Plagioclase shows
polysynthetic twinning, pertitic texture, and the presence of microfractures. It is common
for the edges to have simplectitic textures. Biotite occurs in tabular and subhedral crystals
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with a very marked pleochroism, dark to light brown, and partially includes anhedral to
subhedral apatites. Clinozoisite and opaques are also present.

AF2 granite shows large crystals of quartz (with undulatory extinction), plagioclase,
biotite, and feldspar that include small crystals of muscovite. The megacrystals are twinned
pertitic microclines in Carlsbad (Figure 5) and include plagioclase and micas. Plagio-
clase is polysynthetically twinned, and there is sericitation. As for micas, muscovite is
strongly pleochroic, and biotite appears altered to chlorite. Also, biotite occurs in tabular
crystals with very marked pleochroism, dark to light brown, frequently with zircon and
opaque inclusions.

AF5 granite shows quite an altered, hypidiomorphic texture with a porphyry ten-
dency (Figure 5). Quartz with wave extinction is frequently fractured. Plagioclase shows
polysynthetic twinning and irregular edges. Potassium feldspar with quartz and plagio-
clase inclusions is also present. Pertitic texture. Furthermore, pertitic texture, titanite,
opaques, tourmaline, muscovite flakes with a certain orientation, and chloritized biotite are
also observed.

AF6 Granite shows mainly feldspar with a poikilitic texture and quartz and mica
inclusions. Sericitation in plagioclase and wedge finishes due to the effect of deformation
and partially recrystallized zones is observed. Muscovite crystals have a platy habit with
corroded edges, are either interstitial or occur as inclusions in other crystals, and generally
show a preferred orientation. Intergrowth-textured quartz and chloritized biotite are also
present. (Figure 5).

The AF10 granite sample exhibits a granular, lepidoblastic texture. Muscovite is a
very altered form of lepidoblasts and subhedral crystals (Figure 5). Quartz crystals are
anhedral, very strained, and commonly show undulatory extinction. It shows a pertitic
texture (Figure 5). Presence of clinozoisite and opaques. K-feldspar crystals are stained and
have a pertitic texture.

Samples BO2, BO9, and PO4 (Figure 5) were compared in texture and mineralogy with
AF6 and AF2 samples due to their similarities, while the RIA6 sample shows texture and
mineralogy similar to AF10, and this coincides so far with the macroscopic characteristics.

5.3. Chemical Composition

Table 2 shows the chemical composition of the rocks extracted from the different
outcrops, comparing them with the samples from the monuments. The samples are granites
with a very similar elemental composition, but some aspects can be differentiated: The
SiO2 and Al2O3 compositions of the monument samples are 68.3%–70.4% and 15.6%–17.5%,
respectively, which is consistent with the composition of outcrop samples (65.5%–71.8% and
14.6% vs. 18.4%). Samples AF1, AF13, and RIA06 have the highest values of SiO2, while
AF2, AF6, AF10, RIA1, PO4, and NO4B, BO2, and BO9AP show middle values between
67% and 69%. However, AF5 is different since it shows the lowest values of Si. Fe2O3
was observed below 1% in samples RIA6, RIA1, BO9A, and AF13, in which no (or very
limited) presence of biotite or amphibole was observed. Na and Ca are earth elements
that present greater migration in weathering processes [3]. In fact, the content of Na2O
is variable between 2.8% and 4.6%, and that of CaO is between 0.36% and 0.78%. K has
moderate migration, and in these samples, the content of K2O is 4.1%–5.6%. Potassium is
found mainly in micas and potassium feldspars.
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Table 2. Chemical composition of the samples in % by XRF.

SiO2 Al2O3 K2O Na2O Fe2O3 CaO MgO P2O5 TiO2 Rb2O ZnO ZrO2 SrO CuO MnO BaO LOI CIA WIP

Samples % % % % % % % % % % % % % % % % % % %

Q
ua

rr
ie

s

AF1 71.8 14.6 5.0 2.8 2.0 0.44 0.53 0.40 0.33 0.027 0.015 0.018 0.005 0.006 <0.005 <0.008 2.0 63.9 57.2

AF2 69.9 15.9 4.9 4.6 1.8 0.36 0.44 0 0.23 0.047 0.012 0.020 0.004 <0.005 <0.005 <0.008 1.6 61.7 66.5

AF5 65.5 18.4 4.1 4.2 2.4 0.87 0.83 0.11 0.43 0.021 0.012 0.020 0.045 <0.005 0.028 0.083 2.8 66.7 59.0

AF6 69.5 15.6 6.6 4.3 1.2 0.39 0.18 0.41 0.13 0.035 0.009 0.007 0.008 <0.005 <0.005 <0.008 1.6 58.0 74.1

AF10 69.5 17.6 4.6 2.8 1.2 0.64 0.43 0.20 0.15 0.017 0.008 0.009 0.012 <0.005 <0.005 0.053 2.7 68.6 54.2

AF13 71.3 15.7 5.2 4.4 0.92 0.65 0.18 0.27 0.10 0.041 0.011 0.006 0.008 <0.005 0.017 <0.008 1.1 60.5 67.9

M
on

um
en

ts

N04B 68.3 16.2 6.1 3.5 1.4 0.50 0.43 0.37 0.24 0.042 0.016 0.016 0.009 <0.005 <0.005 <0.008 1.8 61.59 70.0

Ria01 69.5 17.5 5.3 3.6 1.0 0.60 0.26 0.34 0.13 0.036 0.011 0.007 0.007 <0.005 0.012 0.000 1.5 54.42 64.1

PO4 69.5 17.1 4.8 4.4 1.3 0.26 0.24 0.37 0.11 0.039 0.011 0.006 0.005 <0.005 0.018 <0.008 1.7 64.38 64.2

Ria06 70.4 15.6 4.8 5.3 0.98 0.62 0.23 0.42 0.10 0.034 0.009 0.006 0.007 <0.005 <0.005 <0.008 1.4 59.27 69.8

BO9AP 67.9 17.4 6.2 5.1 0.77 0.41 0.26 0.40 0.11 0.036 0.010 0.007 0.008 0.008 <0.005 <0.008 1.3 59.77 79.6

BO2 68.5 16.4 5.8 5.3 1.3 0.78 0.36 0.14 0.16 0.047 0.010 0.017 0.006 <0.005 0.046 <0.008 1.1 57.99 78.2
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The degree and weathering intensity of the samples can be evaluated from the relation-
ship between the alkaline elements and the alkaline earth elements (molar ratio), making
use of the Chemical Alteration Index (CIA) [38–41] shown in Table 2 and calculated from
the following formula:

CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] × 100

The fresh rocks have CIA values that oscillate between 40% and 50%. These values
begin to increase according to the degree of alteration of the rock. In the samples studied,
a range of CIA between 58% and 68.6% is observed; therefore, most of them present
moderate weathering.

On the other hand, the Weathering Index of Parker (WIP), derived by Parker (1970) [42],
was calculated from the following formula:

WIP = [(2Na2O/0.35) + (MgO/0.90) + (2K2O/0.25) + (CaO/0.70)]

The Weathering Index of Parker (WIP) is based upon the proportions of the major
alkaline metals and their bond strength with oxygen, which is used as a weighting factor.
Inversely, as the values decrease, the degree of weathering also decreases (Table 2). This
trend is reflected in Figure 6, where both weathering indices are correlated. Furthermore,
samples AF1, AF10, and Ria06 form another correlation.
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5.4. Mineralogical Composition

Figure 7 shows the mineralogical composition of the analyzed samples. In general, the
granites show a similar XRD pattern, and the mineralogical phases identified are quartz,
orthoclase, albite-type plagioclase, microcline, and micas, commonly muscovite. Sample
AF13 contains these phases, with the exception of orthoclase. In particular, samples AF2,
AF5, and AF6 record vermiculite (mica rich in iron or magnesium) and chlorite (chamosite).
In the monument samples, chamosite was present in the BO2 samples.
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Figure 7. Identification of mineralogical phases by means of XRD (AF1, AF2, 5AF6,AF10, AF13; BO2,
NO4B, RIA01, RIA06 and BO9AP). Mineral abbreviations: Quartz (Qtz), Muscovite (Ms), Microcline
(Mc), plagioclase (Pl), Vermicullite (Vm), and Chlorite (Chl).

6. Discussion

Given that many quarries are local and managed in a family environment, it is a
complex task to establish the exact location of extraction areas in outcrops and spaces that
were continuously reused in historical times. The features of historical quarries may have
undergone significant changes or even disappeared over time, making their interpretation
difficult. In Spain, the efforts made to locate these quarries have allowed them to be
classified according to the degree of knowledge, activity, quarry protection, dissemination,
and disclosure activities [43]. In this case, the majority of the old granite extraction quarries
on the Barbanza Peninsula are considered to be lost, unknown, and abandoned quarries
with no administrative protection measures.

There is a correlation between the mineralogical and chemical analyses of the stone
material of the historical monuments on the Barbanza Peninsula and the rocks of the
selected outcrops. For the outcrop samples, three fundamental aspects were considered:

1. The documentary information on the historical mining sites (which involve small local
quarries spread throughout the peninsula with very generic location data [Figure 2]).

2. Exploitation criteria such as geometric holes with curved edges (Figure 3a,b,e) [44]
and small-cut stone blocks could raise suspicions of mining activity (Case of AF5) in
the areas adjacent to the Petroglyphs of A Gurita. Furthermore, proximity to commu-
nication routes is also considered, taking into account transportation to the locations.

3. Geological criteria take into account the types of granite in the areas surrounding the
monuments (whether or not the lithology matches the stone of the buildings).

The Barbanza-type granite is the most abundant within the geological context of the
area and also probably the most used as a construction material according to the charac-
teristics of the type of granite used in several monuments and previously reported [5,6].
It is a medium- to coarse-grained two-mica granite like sample AF6, and texturally and
mineralogically, they are very similar to samples BO9 and PO4. In addition, very close to
the AF6 outcrop, small local quarries are reported (more specifically in the Baroña area,
Figure 2). Thus, the local differences between some monuments on the Barbanza Peninsula
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are due to this variation in the facies of this same granite. On the other hand, other local
differences could be related to the existence of several quarries for the same type of granite.
For example, mining activity is reported in Xuño and Baroña, and both could be the same
type of granite.

On the other hand, outcrop AF2 corresponds to the Confurco granite and is textu-
rally and mineralogically comparable to sample BO2. In both samples, chlorite, feldspar
phenocrysts, and the distinctive plaid (cross-hatched) twinning (also known as tartan
twinning) were identified, giving a zebra stripe appearance in the microcline. At the same
time, historical quarries are reported in this area (Figure 2), and the church of San Xoán
de Macenda (Sample BO2) is very close, so it would make sense that the granite used is
from this area. Finally, the similarity of samples AF1 and AF10 with RIA01 and RIA06
(medium-grained two-mica granite with light tones and marked orientation) corresponds
with the lithological descriptions of the geological strip corresponding to the Noya Com-
plex. Quarries are reported in the region of the outcrop of sample AF13, which also appears
to be a rock extraction site (Figure 3). Although AF13 is chemically similar to these samples
(geologically located within the Noya Complex), the textural characteristics are different,
as it does not have a marked orientation and the grain size is medium to coarse. AF5 is
differentiable since it shows the lowest values of Si, and not much correspondence was
found with the selected churches.

The extraction, cutting, and finishing processes often develop microcracks, altering
the physical and mechanical properties of the rock. The CIA and WIP values show low to
moderate weathering and agree with the petrographic images of the samples. In cases of
greater alteration, the plagioclase is slightly transformed into sericite, and in some cases, the
biotite presents chloritization. Some crystals undergo a fracturing and precipitation process
along their internal microfractures. The CIA has been studied at other monuments on the
Barbanza Peninsula, and they are similar to these values [6]. Although the CIA values were
very similar between samples, the lowest value also corresponds to the oldest churches,
in this case the Church of Santa Martiña de Xuño (Porto Son). Therefore, construction
time plays a fundamental role in stone wealth. On the other hand, when performing
the correlation between both indices, two groups are shown; one of them corresponds
to samples AF1, AF10, and Ria06, whose similarities have been previously mentioned in
mineralogical and petrographic terms.

In addition, being a coastal city, the stone monuments are constantly subjected to
sea foam, which damages their structure due to the crystallization of salts [6,45–47]. It is
probable that the Na and K values in the material of the monuments are slightly higher
for this reason [5]. The content of these elements could be affected by the direct attack of
rainwater (directly on the outcrops), the action of the wind and sea salts mainly on the
monuments, and biological colonization [5]. Granites like NO4B, BO9, and BO2 show the
highest values of K2O, and they are similar to AF6. It also coincides that these samples
contain large amounts of feldspar phenocrysts. Moreover, the variations in weathering are
mainly due to the different sizes, shapes, and orientations of feldspar grains.

The oxidation of minerals rich in iron, such as biotite, causes the stone to turn yellow
(like AF1). Moreover, this yellowing can also result from reactions with sulfur dioxide
(SO2) present in the atmosphere and also with ozone (O3), which acts as an oxidant and
can interact with nitrogen oxides, generating nitrogen dioxide (NO2) [48]. On the other
hand, regarding the degree of alteration, superficially, the granitic rocks of the monuments
exposed on the facades present greater coatings than in the natural outcrops, due to greater
exposure to anthropogenic factors such as air pollution, construction materials, and the
structure of the monument [17,49].

Vermicullite present in AF2, AF5, and AF6 is a typical product of the transformation
of biotites in an acid environment and in the presence of organic matter [50,51]. The
presence of this mineral is possible, taking into account that the samples have been taken at
a shallow depth. Considering that in other studies, alteration minerals such as kaolinite
and vermiculite are more abundant at the interface and are attributed to the decrease in pH
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caused by the acidic substances secreted by the lichens [52], it favors the replacement of K’
ions in the interlayer with hydroxylated forms of aluminum. On the other hand, the samples
of the monuments are collected in deep quarries, and the alteration products are more
typical of primary minerals. In this case, the most common types of hydrothermal alteration
were found: sericitization of plagioclase and chloritization of biotite [53]. Additionally, the
rock deformation processes in some samples are evident in the orientation trend of the
muscovite, mainly in the majority of the samples.

The overall analysis allows us to establish similarities between the outcrops and
samples. So, it is considered that the material used for construction has a local origin and is
attributed to small quarries spread over a wide area within the peninsula.

7. Conclusions

There are very few research studies that have focused on the characterization of the
origin of stone monuments in Galicia. In most cases, the results are only disseminated at the
national level, despite the cultural richness that surrounds this region. In this manuscript,
six samples extracted from outcrops on the Barbanza Peninsula were compared with
six granite samples on the facades of monuments of cultural heritage on the Barbanza
Peninsula. This study represents an attempt to address whether the origin is really local to
the Barbanza Peninsula or whether the stone was brought from more distant places, based
on knowledge of the geological context of the study area. The chemical-mineralogical
studies revealed that they have been extracted from local and small quarries, spread over a
wide area within the Peninsula itself.

It is beyond the scope of this document to provide a comprehensive review of ex-
traction points. However, the article, focused on the geological perspective, is a call for a
multidisciplinary approach to the detailed promotion of these historic quarries, which can
offer new perspectives for the promotion of cultural and nature tourism. Knowledge of the
original material presents a unique opportunity for restoration and/or reconstruction of
monuments, which allows for maintaining their conceptual and constructive homogeneity.

Author Contributions: Conceptualization, A.C.H., J.S.-S. and C.A.; methodology, A.C.H. and J.S.-S.;
validation, A.C.H., J.S.-S. and C.A.; formal analysis, A.C.H.; investigation, A.C.H.; resources, A.C.H.;
writing—original draft preparation, A.C.H.; writing—review and editing, J.S.-S., C.A. and C.A.M.F.;
supervision, J.S.-S. and C.A.; project administration, J.S.-S.; funding acquisition, J.S.-S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Consellería de Cultura, Educacion, e Ordenacion Univer-
sitaria, Xunta de Galicia, Spain (program ED431B 2021/17).

Data Availability Statement: All data are available in this paper.

Acknowledgments: The University Institute of Geology of the University of A Coruña (Spain)
received support from the Xunta de Galicia for the program “Consolidación y estructuración
de unidades de investigación competitivas: Grupos de potencial de crecimiento”. The Lab2PT-
Landscapes, Heritage, and Territory Laboratory (UIDB/04509/2020) is supported by the Portuguese
FCT—“Fundação para a Ciência e a Tecnologia”. The authors also gratefully acknowledge the sup-
port of CERENA (funded by a strategic project of the FCTUIDB/04028/2020), Instituto Superior
Técnico, University of Lisbon, Portugal. The following additional acknowledgements are extended to
the Academia Erea and Ana for technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Abu-Jaber, N.; Bloxam, E.G.; Degryse, P.; Heldal, T. Introduction. In QuarryScapes: Ancient Stone Quarry Landscapes in the Eastern

Mediterranean; Geological Survey of Norway Special Publications 12; Abu-Jaber, N., Bloxam, E., Degryse, P., Heldal, T., Eds.;
Norges Geologiske Undersøkelse: Trondheim, Norway, 2009; pp. 3–6.

2. Sousa, L.M.O. Petrophysical properties and durability of granites employed as building stone: A comprehensive evaluation. Bull.
Eng. Geol. Environ. 2014, 73, 569–588. [CrossRef]

https://doi.org/10.1007/s10064-013-0553-9


Minerals 2024, 14, 595 16 of 17

3. Panova, E.G.; Vlasov, D.Y.; Luodes, H. Evaluation of the durability of granite in architectural monuments. Geol. Surv. Finland. Rep.
Investig. 2014, 214, 79.

4. Jakhar, S.R.; Mathur, R. Dimensional stones: Weathering nature and technical properties. Int. J. Sci. Res. 2015, 5, 710–715.
5. Hernández, A.C.; Sanjurjo-Sánchez, J.; Alves, C.; Figueiredo, C.A. Comparative Study of Deterioration in Built Heritage in a

Coastal Area: Barbanza Peninsula (Galicia, NW Spain). Geosciences 2023, 13, 375. [CrossRef]
6. Hernandez, A.C.; Sanjurjo-Sánchez, J.; Alves, C.; Figueiredo, C.A. Study of the Geochemical Decay and Environmental Causes of

Granite Stone Surfaces in the Built Heritage of Barbanza Peninsula (Galicia, NW Spain). Coatings 2024, 14, 169. [CrossRef]
7. Uhlrich, C.; Gwyn, D. Stone Quarrying Landscapes as World Heritage Sites; The International Committee for the Preservation of the

Industrial Heritage: Dublin, Ireland, 2015; pp. 1–18.
8. López Otero, L.; Álvarez-Campana Gallo, J.M. Introdución á Minería no Barbanza; Cámara Oficial Mineira de Galicia: A Coruña,

Spain, 2008.
9. Álvarez-Campana, J.M.; Ramos, A. Introducción a la historia minera de la Península del Barbanza, A Coruña. In Proceedings of

the Libro de Actas del IX Congreso Internacional Sobre Patrimonio Geológico y Minero, Andorra, Teruel, Spain, 25–28 September
2008; pp. 207–213.

10. Freire-Lista, D.M. The forerunners on heritage stones investigation: Historical synthesis and evolution. Heritage 2021, 4, 1228–1268.
[CrossRef]

11. Freire-Lista, D.M.; Gonçalves, G.V.; Vazquez, P. Weathering detection of granite from three asynchronous historical quarries of
Sabrosa municipally (North Portugal). J. Cult. Herit. 2022, 58, 199–208. [CrossRef]

12. Sanjurjo-Sánchez, J.; Vidal-Romani, J.R.; Alves, C.A.S.; Fernández-Mosquera, D. Origin of gypsum-rich coatings on historic
buildings. Water Air Soil Pollut. 2009, 204, 53–68. [CrossRef]

13. Hayes, N.R.; Buss, H.L.; Moore, O.W.; Krám, P.; Pancost, R.D. Controls on granitic weathering fronts in contrasting climates.
Chem. Geol. 2020, 535, 119450. [CrossRef]

14. Basu, S.; Orr, S.A.; Aktas, Y.D. A geological perspective on climate change and building stone deterioration in London: Implications
for urban stone-built heritage research and management. Atmosphere 2020, 11, 788. [CrossRef]

15. Freire-Lista, D.M.; Campos, B.B.; do Rosário Costa, M.; Sanjurjo-Sánchez, J. Main building granite of São Tiago de Folhadela
Parish Church (North of Portugal). Petrography, glyptography, construction phases and decay by pyrite oxidation. Constr. Build.
Mater. 2022, 350, 128904. [CrossRef]

16. Freire-Lista, D.M.; Becerra, J.B.; de Abreu, M.S. The historical quarry of pena (Vila Real, north of Portugal): Associated cultural
heritage and reuse as a geotourism resource. Resour. Policy 2022, 75, 102528. [CrossRef]

17. Sanjurjo-Sánchez, J.; Romaní, J.R.V.; Alves, C. Comparative analysis of coatings on granitic substrates from urban and natural
settings (NW Spain). Geomorphology 2012, 138, 231–242. [CrossRef]

18. Sanjurjo-Sánchez, J.; Alves, C. Decay effects of pollutants on stony materials in the built environment. Environ. Chem. Lett. 2012,
10, 131–143. [CrossRef]

19. Mota-López, M.I.; Fort, R.; Álvarez de Buergo, M.; Pizzo, A. Provenance analysis of the granitic ashlars used in the construction
of the Roman theatre in Emerita Augusta (Merida, Spain). Archaeol. Anthropol. Sci. 2020, 12, 236. [CrossRef]

20. Storta, E.; Borghi, A.; Perotti, L.; Palomba, M.; Deodato, A. Minero-petrographic characterization of stone materials used for the
roman amphitheater of Eporedia (Ivrea, To): A scientific-dissemination proposal in the Cultural Heritage. Resour. Policy 2022,
77, 102668. [CrossRef]

21. Duma, Z.S.; Surakka, A.; Härmä, P.; Laxström, H.; Sihvonen, T.; Reinikainen, S.P. Tool for similarity identification of rapakivi
granites in heritage buildings. J. Cult. Herit. 2022, 58, 229–236. [CrossRef]

22. Columbu, S.; Garau, A.M.; Lugliè, C. Geochemical characterisation of pozzolanic obsidian glasses used in the ancient mortars of
Nora Roman theatre (Sardinia, Italy): Provenance of raw materials and historical–archaeological implications. Archaeol. Anthropol.
Sci. 2019, 11, 2121–2150. [CrossRef]

23. Galán, E.; Carretero, M.I.; Mayoral, E. A methodology for locating the original quarries used for constructing historical buildings:
Application to Málaga Cathedral, Spain. Eng. Geol. 1999, 54, 287–298. [CrossRef]

24. Shekofteh, A.; Oudbashi, O.; Cultrone, G.; Ansari, M. Geochemical and petrographic identification of stone quarries used for the
construction of the Anahita Temple of Kangavar (West Iran). Herit. Sci. 2020, 8, 14. [CrossRef]

25. Freire-Lista, D.M.; González, R.F. Stone provenance and conservation of the Trinitarias Descalzas of San Ildefonso convent,
Madrid (Spain). Ge-Conservacion 2017, 11, 25–33. [CrossRef]

26. Martínez-Martínez, J.; Pola, A.; García-Sánchez, L.; Reyes Agustin, G.; Osorio Ocampo, L.S.; Macías Vázquez, J.L.;
Robles-Camacho, J. Building stones used in the architectural heritage of Morelia (México): Quarries location, rock dura-
bility and stone compatibility in the monument. Environ. Earth Sci. 2018, 77, 167. [CrossRef]

27. Alves, C.; Sanjurjo-Sánchez, J. Conservation of stony materials in the built environment. Environ. Chem. Lett. 2015, 13, 413–430.
[CrossRef]

28. Alves, C.; Sanjurjo-Sánchez, J. Maintenance and conservation of materials in the built environment. In Pollutants in Buildings,
Water and Living Organisms; Springer: Cham, Switzerland, 2015; pp. 1–50.

29. Loke, M.E.; Kumar, P.; Cultrone, G. Challenges in Characterization and Development of Suitable Historic Repair Mortars. Int. J.
Conserv. Sci. 2023, 14, 783–802. [CrossRef]

https://doi.org/10.3390/geosciences13120375
https://doi.org/10.3390/coatings14020169
https://doi.org/10.3390/heritage4030068
https://doi.org/10.1016/j.culher.2022.10.008
https://doi.org/10.1007/s11270-009-0025-9
https://doi.org/10.1016/j.chemgeo.2019.119450
https://doi.org/10.3390/atmos11080788
https://doi.org/10.1016/j.conbuildmat.2022.128904
https://doi.org/10.1016/j.resourpol.2021.102528
https://doi.org/10.1016/j.geomorph.2011.09.008
https://doi.org/10.1007/s10311-011-0346-y
https://doi.org/10.1007/s12520-020-01192-1
https://doi.org/10.1016/j.resourpol.2022.102668
https://doi.org/10.1016/j.culher.2022.10.013
https://doi.org/10.1007/s12520-018-0658-y
https://doi.org/10.1016/S0013-7952(99)00042-3
https://doi.org/10.1186/s40494-020-0361-z
https://doi.org/10.37558/gec.v11i0.438
https://doi.org/10.1007/s12665-018-7340-7
https://doi.org/10.1007/s10311-015-0526-2
https://doi.org/10.36868/IJCS.2023.03.02


Minerals 2024, 14, 595 17 of 17

30. Prieto, A.J.; Macías-Bernal, J.M.; Chávez, M.J.; Alejandre, F.J.; Silva, A. Impact of maintenance, rehabilitation, and other
interventions on functionality of heritage buildings. J. Perform. Constr. Facil. 2019, 33, 04019011. [CrossRef]

31. Capdevila, R. Le Métamorphisme Régional Progressif et les Granites Dans le Segmenthercynien de Galice Nord Orientale (NW
de l’Espagne). Ph.D. Thesis, Université Montpellier, Montpellier, France, 1969; pp. 1–430.

32. Capdevila, R.; Floor, P. Les différents types de granites hercyniens et leur distribution dans le Nord-Ouest de l’Espagne. Bol. Geol.
Min. 1970, 81, 215–225.

33. Galán Arias, J.; Fernández Rodríguez-Arango, R.; Aldaya Valverde, F.; Ruiz Arias, F.; y González Lodeiro, F. Memorias y Mapa
Geológico de España Escala 1:50,000, Hoja 151 Puebla de Caramiñal; IGME. Servicio Publicaciones Ministerio Industria: Madrid,
Spain, 1981.

34. Parga-Pondal, D.I. Nota explicativa del mapa geológico de la parte NO de la provincia de La Coruña. Leidse Geol. Med. 1956, 21,
468–484.

35. Fernández García, J. Geología Granítica del Macizo del Confurco (Galicia, España). Ph.D. Thesis, Departamento de Geología,
Universidad de Oviedo, Asturias, Spain, 1994; 299p; Unpublished Work.

36. López Otero, L. Explotacións Mineiras en Moimenta e Bealo (Boiro, A Coruña); López Otero, L., Álvarez-Campana Gallo, J.M., Eds.;
Cámara Oficial Mineira de Galicia: A Coruña, Spain, 2008.

37. Ayán Vila, X.M.; Moledo Santiago, X.; González Pérez, L.; González Gómez de Agüero, E. Etnoarqueoloxía e Metalurxia de Os
Castros de Neixón; López Otero, L., Álvarez-Campana Gallo, J.M., Eds.; Cámara Oficial Mineira de Galicia: A Coruña, Spain, 2008.

38. Sanjurjo-Sánchez, J.; Alves, C.; Vidal-Romaní, J.R. Assessing the weathering of granitic stones on historical urban buildings by
geochemical indices. Earth Sci. Res. J. 2016, 20, F1–F13. [CrossRef]

39. Price, J.; Velbel, M. Chemical weathering indices applied to weathering profiles developed on heterogeneous felsic metamorphic
parent rocks. Chem. Geol. 2002, 202, 397–416. [CrossRef]

40. Mora, J.E.R.; Gallo, J.M.Á.C. Patrimonio geominero de Galicia: La mina de estaño-wolframio de San Finx, Lousame (A Coruña)
durante sus comienzos industriales y primer impulso (1897–1928). In En I Congreso Internacional de Mineria y Metalurgia en el
Contexto de la Historia de la Humanidad. IV Simpósio Sobre Minería y Metalúrgica Históricas; Centro de Estudios Universitarios de
Puertollano: Puertollano, Spain, 2006.

41. Law, K.R.; Nesbitt, H.W.; Longstaffe, F.J. Weathering of granitic tills and the genesis of a Podzol. Am. J. Sci. 1991, 291, 940–976.
[CrossRef]

42. Parker, A. An index of weathering for silicate rocks. Geol. Mag. 1970, 107, 501–504. [CrossRef]
43. Navarro, R.; Monterrubio, S.; Pereira, D. The importance of preserving small heritage sites: The case of La Tuiza Sanctuary

(Zamora, Spain). Geoheritage 2022, 14, 47. [CrossRef]
44. Muriel, M.J.V.; Calvo, C.V.; González, R.F.; Monserrat, E.M.P. Canteras y monumentos históricos: Un recurso didáctico Monuments

and historical quarries: A didactic resource. Enseñanza Las Cienc. Tierra 2010, 18, 259.
45. Charola, A.E. Salts in the deterioration of porous materials: An overview. J. Am. Inst. Conserv. 2000, 39, 327–343. [CrossRef]
46. Arnold, A.; Zehnder, K. Monitoring Wall Paintings Affected by Soluble Salts: The Conservation of Wall Paintings; Cather, S., Courtauld

Institute of Art Getty Conservation Institute, Eds.; Getty Conservation Institute: Marina del Rey, CA, USA, 1991; pp. 103–135.
47. Morillas, H.; Maguregui, M.; Gallego-Cartagena, E.; Marcaida, I.; Carral, N.; Madariaga, J.M. The influence of marine environment

on the conservation state of Built Heritage: An overview study. Sci. Total Environ. 2020, 745, 140899. [CrossRef] [PubMed]
48. Brimblecombe, P. Refining climate change threats to heritage. J. Inst. Conserv. 2014, 37, 85–93. [CrossRef]
49. Sanmartín, P.; Sanjurjo-Sánchez, J.; Prieto, B. Covering layers on granite buildings of northwestern Iberian Peninsula: When

observable characteristics and lab characterization do not match. Coatings 2020, 10, 137. [CrossRef]
50. Robert, M.; Verges-Belmin, V.; Jaunet, A.M.; Hevio, M.; Bromblet, P.H. Mise en évidence de deux microsystémes d’altération

(chimique et physique) dans les monuments en granite (Bretagne). In Proceedings of the j h International Congress on Deteriora-
tion and Conservation Stone; Delgado Rodriguez, J.F., Henriquez, F., Telmo, J., Eds.; Laboratório Nacional de Engenharia Civil:
Lisbon, Portugal, 1992; pp. 129–138.

51. Mortland, M.M.; Lawton, K.; Uehara, G. Alteration of biotite to vermiculite by plant growth. Soil Sci. 1956, 82, 477–482. [CrossRef]
52. Prieto, B.; Rivas, T.; Silva, B. Alteración del Granito por Acción de los Líquenes. Aspectos Biogeofísicos y Biogeoquímicos. In

Biodeterioro de Monumentos de Iberoamérica; Jiménez, C.S., Héctor Videla, H., Eds.; CYTED: Madrid, Spain, 2002; pp. 127–147.
53. Creasey, S.C. Hydrothermal alterations. In Geology of the Porphyry Copper Deposits, Southwestern North America; Titley, S.R.,

Hicks, C.L., Eds.; University of Arizona Press: Tucson, AZ, USA, 1966; pp. 51–74.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1061/(ASCE)CF.1943-5509.0001271
https://doi.org/10.15446/esrj.v20n3.49560
https://doi.org/10.1016/j.chemgeo.2002.11.001
https://doi.org/10.2475/ajs.291.10.940
https://doi.org/10.1017/S0016756800058581
https://doi.org/10.1007/s12371-022-00685-w
https://doi.org/10.1179/019713600806113176
https://doi.org/10.1016/j.scitotenv.2020.140899
https://www.ncbi.nlm.nih.gov/pubmed/32721614
https://doi.org/10.1080/19455224.2014.916226
https://doi.org/10.3390/coatings10020137
https://doi.org/10.1097/00010694-195612000-00004

	Introduction 
	Geological Setting 
	Geology 
	Historical Quarries and Mining 

	Historical Buildings Included in This Study 
	Methodology 
	Sampling Procedure and Experimental Process 
	X-ray Diffraction (XRD) 
	X-ray Fluorescence (XRF) 
	Petrographic Microscopy (PM) 

	Results 
	Macroscopic Characterization of the Samples 
	Petrographic Characteristics 
	Chemical Composition 
	Mineralogical Composition 

	Discussion 
	Conclusions 
	References

