
Citation: Sanz-Arauz, D.;

Rodríguez-Escalante, M.; del

Río-Calleja, B.; López-Andrés, S.

Characterization, Analysis, and

Investigation of the Provenance of the

Stone Construction Materials of the

Vera Cruz Church (Segovia, Spain).

Minerals 2024, 14, 178. https://

doi.org/10.3390/min14020178

Academic Editors: Luminita Ghervase,

Monica Dinu and Ioana Maria Cortea

Received: 18 December 2023

Revised: 31 January 2024

Accepted: 1 February 2024

Published: 6 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Characterization, Analysis, and Investigation of the Provenance
of the Stone Construction Materials of the Vera Cruz Church
(Segovia, Spain)
David Sanz-Arauz 1,† , María Rodríguez-Escalante 2,† , Beatriz del Río-Calleja 2,† and Sol López-Andrés 3,*,†

1 Department of Construction and Architectural Technology, Polytechnic University of Madrid,
28040 Madrid, Spain; david.sanz.arauz@upm.es

2 Independent Researcher, 28040 Madrid, Spain; mariaroes1998@gmail.com (M.R.-E.);
beatriz.delrio@hotmail.com (B.d.R.-C.)

3 Mineralogy and Petrology Department, Complutense University of Madrid, 28040 Madrid, Spain
* Correspondence: antares@ucm.es
† These authors contributed equally to this work.

Abstract: As part of the restoration project of the 13th century Vera Cruz Church (Segovia, Spain), a
preliminary study of the stones used in its construction—dolostones of the Montejo de la Vega Fm
of Santonian age (Upper Cretaceous)—and the possible location of the quarry of the provenance of
these stones was carried out. For this purpose, a comparative analysis was performed between the
currently active quarry of La Vera Cruz nº 88 and the historical quarry of Zamarramala. The samples
were characterized using a multidisciplinary approach, combining X-ray diffraction (XRD), polar-
ized optical microscopy (POM), and scanning electron microscopy with microanalysis (SEM-EDX).
The combined mineralogical, chemical, and textural characterization provided valuable information
on historical provenance. The results show a significant correlation between the dolostone samples
obtained from the church and both quarries. The integral characterization confirms the suitability of
the dolostones identified in the currently active quarry, Vera Cruz nº 88, for the restoration of the Vera
Cruz Church, ensuring the use of appropriate materials. This study contributes to the restoration
efforts of the Vera Cruz Church by providing a deeper understanding of the historical origins of the
building stones.

Keywords: Vera Cruz Church (Segovia); provenance area; restoration; multidisciplinary approach;
dolostone

1. Introduction

On the occasion of its forthcoming restoration, a multidisciplinary team is conducting
a study of the Vera Cruz Church in Segovia, Spain. This research is expected to provide
better knowledge before the restoration takes place regarding the compatibility of the stone
construction materials and the adequate use of local historical materials.

The research team that will be in charge of the pre-restoration studies [1] includes
architects, engineers, historians, archaeologists, and geologists. The role of geosciences is
fundamental in this type of study related to stone materials or geomaterials. In particular,
it will provide information on the nature of the stones used, their state of conservation,
and their provenance. This is relevant to the assessment of the building’s heritage val-
ues, both material and non-material, including the complex approach to the concept of
authenticity [2].

On the other hand, the physical and mechanical properties of the new materials to be
used in the restoration must be studied to ensure maximum compatibility, for which it is
essential to determine precisely which of the current quarrying areas can provide a suitable
stone [2,3].
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This work focuses on the analysis of samples taken from the church, which show
visible textural differences and states of conservation. The study aims to provide a compre-
hensive understanding of the stone. Samples from the nearest and most accessible quarries
described in the literature will also be included.

1.1. The Building—History and Former Restorations

The construction of the Vera Cruz Church (Figure 1) dates from the second half of the
12th century to the beginning of the 13th century. Architects and historians do not agree on
the military order that founded it, although at present, according to López-Yarto Elizade,
it is mostly attributed to the Order of the Holy Sepulchre [4]. From the 14th century until
the middle of the 17th century, the church passed into the hands of the Order of Saint John
of Jerusalem [5]. In 1663, a period of gradual abandonment began until 1835 when it was
disentailed. Later, in 1846, the Commission of Monuments of Segovia took charge of the
temple. The San Fernando Royal Academy of Fine Arts contributed during this period
with some interventions, especially in the occasional tasks of tiling the roof [6].

Figure 1. Floor plan and cross-section of the church, by Vicente Lampérez y Romea in Historia de la
Arquitectura Cristiana Española según el estudio de los elementos y los monumentos (1930) [7].

Between 1946 and 1949, the church underwent consolidation and restoration work.
The project was designed by Cabello y Dodero. An analysis of the state of the masonry was
performed, which revealed water leaks inside the building and a large number of fissures
in the vaults. The outer walls were in good condition, but the interior layers needed to be
cleaned. Externally, the stone corbels on the eaves were deteriorated, and an interesting
relief on the side door had practically disappeared, but the rest of the doorways were
found to be in good condition and required only minor repairs. In this intervention, the
roof and the cornice of stone corbels were restored [8]. The 1949 restoration project for the
Vera Cruz Church, also designed by Cabello y Dodero, focused on restoring the interior
of the church. The cracks in the walls and the vault were sealed and a concrete ring beam
was built. The stone masonry of the interior, which had been repainted and smoked, was
cleaned [9].

In 1949, it was given to the Sovereign Military Order of Malta, heir to the Order of the
Knights of the Hospital of Saint John of Jerusalem [5]. Since then, every Good Friday, the
Knights carry the relic of the Holy Wood in a procession.

1.2. The Building—Description

Vera Cruz is a beautiful and unique building of Romanesque architecture located
to the northwest of the city of Segovia, next to the suburb of San Marcos on the way to
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Zamarramala. It is an isolated building that sits on a promontory from where the eyes can
see the Alcazar of the city.

The spatial configuration of the building and its composition are part of a characteris-
tically Romanesque scheme that incorporates a central layout with a triple apse. The floor
plan is dodecagonal, with the temple of the Holy Sepulchre in Jerusalem as a reference
archetype. In this work, we analyze the stone used in the construction of the outer wall and
its two doorways. The stone used in the construction of the building is dolostone, with the
exception of three elements made with granite: the first access step to the southern door,
two corbels under the tympanum of the western door, and a reinforcement of the buttress
of the tower on its southern side. The inclusion of granite is due to specific interventions
before the 20th century.

The outer wall is made up of sections that follow a twelve-sided polygonal layout on
the extrados, while, on the intrados, the wall follows a circular layout, except for the two
sides of the polygon where the doors open, which are also straight panels on the intrados.
One of these two doorways faces west and the other south. The geometric ornamentation
belongs to different schools [10] where the Norman school predominates [7].

The west doorway (Figure 2a) consists of three pairs of columns topped with capitals
and archivolts (a set of arches inscribed on top of each other to form a flared doorway).
The first arch is only decorated with a thick architrave on its edge and rests on the door-
jambs [11]. Men, birds, and demons embellish the capitals of the six columns. Chevron
ornaments adorn the upper and lower parts of the archivolts [12]. The archivolt, which
closes the whole, is decorated with a fine square billet (chequers) molding. All of them are
framed by a horizontal impost of carved corbels. The carving is very fine and graceful, as
Cabello y Dodero points out. The stone used for the doorways is better suited to the needs
of a more precise, better quality carving, as it is finer-grained.

Figure 2. Church façades: (a) West doorway; (b) South doorway. Orthoimages: Luis-Javier Sánchez-
Aparicio.

The south doorway (Figure 2b) is also flared but has only two pairs of semicircular
archivolts. These are surmounted by a chequer molding as well. In this doorway, the work
on the archivolts and capitals is simpler and the decoration is much less elaborate. Above
this door is a bas-relief that was described in the report of the Royal Academy of Fine Arts
of San Fernando. It had already deteriorated in 1919, but it was possible to identify a seated
monarch or a judge in the act of administering justice on the left side, three standing women
on the right, and a tree in the center [4]. This bas-relief is currently in a very advanced
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state of deterioration (see also Section 1.4 Stone Weathering), which makes it impossible to
recognize the iconography described in the report by the San Fernando Royal Academy of
Fine Arts for the declaration of a “National Monument” in 1919.

1.3. Geological Setting and Quarries

The literature on comparative studies of quarry and stone heritage samples is very rich.
Most of the works show an interest in the location of old quarries in order to know what
trade and mining activity was like in ancient times. In some cases, this academic objective
is complemented by another of an applied nature: to have a compatible resource for future
restoration. Much of the work consulted is based on mineralogical and petrographic studies,
using thin sections studied by PLM. The most common is the geochemical study, especially
in marbles [13,14], but also in limestones [15,16] and in volcanic rocks [17], with the use of
binary diagrams of representative ions and the projection in classical diagrams such as the
Total Alkali–Silica (TAS).

Complementary to the use of these mineralogical, petrographic, and chemical tech-
niques, other authors have worked on the comparative study with petrophysical tests,
mainly focusing on hydric [18] and mechanical properties through non-destructive test-
ing [19], and even through the correlation of deterioration patterns in the monument and
in the quarries [20,21]. In our work, we offer a multi-analytical study with an important
presence of SEM-EDX observations to complement the petrographic discussion.

Several quarries have been documented as the source of the materials used in the most
important historical buildings in the city of Segovia [22–24]. In particular, the Piedra de
Bernuy, a fine-grained, compact, yellowish dolostone, and the Piedra del Parral, a fine-grained
dolostone with yellow-orange tones and a certain degree of closed porosity described as
dolomitic limestone or even as dolomitic sandstone [25]. Both stones come from the same
geological area: Dolostones Formation of Montejo de la Vega, Upper Cretaceous (Figure 3).
This formation follows the model of the internal carbonate platform of high to medium
energy, with a parareciphalic character. The unit is homogeneous and consists mainly of
recrystallized dolomite [26].

Historically, the Piedra del Parral has been extracted from various quarry fronts, in
search of the banks with the best conditions for its exploitation along the outcrop of the
Montejo de la Vega Formation in the cuts of the terrain on the outskirts of Segovia. These
outcrops have even been exploited in underground mining, depending on the topography.
In the literature, Refs. [22–24] describe the areas of the valley of Tejadilla and the Vera Cruz
ravine, including those known as ‘Zamarramala’ and ‘Vera Cruz 88’ as the most recent
exploitations [24].

In order to accurately locate the quarries in this work, we have followed the method-
ology initiated by Lazzarini in 1984 for determining the origin of marbles of classical
antiquity [27] and adapting it to quarry rocks [28–30]. The methodology involves carrying
out characterization studies of the materials used in buildings and sites, as well as docu-
mentary research. Samples are taken in the field and tested to compare with those of the
built element.

According to the bibliography, the masonry used in the construction of the temple
came mainly from historical mining areas near the building, especially the Parral and
Zamarramala stone quarries [22,31].

Parral dolostone is quarried at ‘Vera Cruz nº 88’ (Figure 4a), which is still active today,
and could be used for the reconstruction of elements in the church. It is an open-cast
quarry, although there are traces of underground mining. The terraces are about 10 m
high on a slope front about 100 m long [24]. The stone, soft and porous, is suitable for
building (Table 1). It is possible that the stones in Vera Cruz come from different strata and
quarry faces.
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Figure 3. Geological map of the area. To the south (below) is the city of Segovia. To the north (top) is
the town of Zamarramala. The black-highlighted building features the Vera Cruz Church. Quarries
are marked in red, with the historical Zamarramala quarry on the left and Vera Cruz nº 88 on the
right. Both quarries belong to the same geological unit nº 27, identified as ‘Dolostone Formation
of Montejo de la Vega’. Figure constructed using cartographic bases BTN25, sheet 35037, from the
National Geographical Institute (IGN) [32] and Sheet nº 483 (Segovia) of the Geological Map of Spain,
E:1:50.000, second series, 1st edition (MAGNA) [33]. Segovia: 40.94808, −4.11839.

Table 1. Physical and mechanical properties of Parral dolostone. Adapted from García and Báez
(1994) [25].

Property Data

Bulk specific gravity 2.24 g/cm3

Compression strength 35.13 MPa
Bending strength 3.3 MPa

Absorption coefficient 5.33%
Elasticity Modulus 66,265 KPa/cm2

Frost Resistance 0.21%
Anchorage resistance 938.13 N
Frictional wear test 14.18 mm

Impact test 32.50 cm
Resistance to SO2 0.93%

It is a fine-grained, cream-colored dolomite with some centimetric-sized cavities on the
surface. It has undergone a strong dolomitization process. Its dolomite content is between
75% and 95%. The content of siliciclastic components of quartz grains and potassium
feldspar can reach 10%, with an average size of 1 mm. Its crystalline texture is very
homogeneous, with crystals of rhombic sections quite euhedral and zoned [22].
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Porosity can be observed macroscopically and involves the formation of cavern-type
macropores that do not communicate with each other. Microscopically, secondary porosity
of the moldous type is observed due to the dissolution of bioclasts [22,24].

As for the Zamarramala quarry (Figure 4b), it is also an open-cast quarry with traces of
underground extraction and with better-quality fronts [24]. It was exploited in search of a
stone with a finer grain size and lighter color, considered to be of better quality for carving.

Figure 4. (a) Active quarry of Vera Cruz nº 88. (b) Historical quarry of Zamarramala. Source: Google
Earth [34].

1.4. Stone Weathering

In order to gain a better understanding of the material, an initial conservation assess-
ment was conducted. This assessment makes possible a better understanding of the current
condition of the stone and its behavior in its environment, as well as better decision-making
regarding preventive measures and future interventions.

Following the terminology proposed by ICOMOS [35], alterations are identified in all
the categories described in the Glossary, as visually illustrated in Figure 5.

Fracture-type cracks are observed in the masonry and are particularly evident in the
apses (west façade) and interior vaults. As a result of the accumulation of water and
unfortunate interventions, detachments in the form of fragmentation can be seen in the
base area and in the masonry.

The predominant alteration observed in the monument is material loss. There is pitting
(unconnected cavities) in the contact zones between the granite steps and the dolostone
on the south façade [22]. In addition, interconnected cavities in the form of alveolization
are prevalent. Discoloration and deposits associated with damp conditions are particularly
concentrated on the base and roof, giving rise to efflorescence and soiling.

Biological colonization of spores within dolostone pores causes cracking upon ger-
mination. Low intracrystalline porosity potentially hinders fungal penetration into the
crystal, so they are located in spaces between dolomitic crystals. Fungi are predominantly
associated with altered zones, both on the surface and in the interior [31]. In addition,
plants are also found on the outer walls.
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Figure 5. Stone weathering following ICOMOS terminology.

2. Materials and Methods
2.1. Materials

Eleven stone samples were taken from the Vera Cruz Church as well as one from each
of the historical quarries (one from Zamarramala and one from Vera Cruz nº 88). Table 2
shows their location and the nomenclature used for their identification.

Ten samples were taken from the outside of the church (Figure 6) (east façade: VC-
P-18; south façade: VC-P-1; VC-P-2; VC-P-3; VC-P-5; and VC-P-7; and west façade: VC-
P-9; VC-P10; VC-P-13; and VC-P-14) and one from the interior (VC-P-20) in the altar
area. These samples were extracted and analyzed, in accordance with the principles of
minimum intervention and maximum conservation of the original materials, following the
characterization sequences recommended by the ICOMOS Natural Stone Committees [35].

The sample from the active quarry Vera Cruz nº 88 (VC-01) was taken from an active
layer, while Zamarramala’s sample (Z-01) was taken from the remains of the histori-
cal quarry.

Table 2. Location of the samples. X: Characterization techniques used, and group assignation. S: south
façade, E: east façade, and W: west façade.

Group Sample Location XRD POM SEM

(A) Low Qz content

VC-P-1 S, Above the gate. Sculptural X
VC-P-3 S, Above the gate. Ashlar X
VC-P-9 W, Basis X X X
VC-P-14 W, Above the gate. Sculptural X

(B1) 15–30% Qz. Low exposure

VC-P-5 S, Impost X
VC-P-7 S, Basis X X X
VC-P-10 W, Basis X
VC-P-13 W, Basis X

(B2) 15–30% Qz. Weathering

VC-P-2 S, Above the gate. Ashlar X
VC-P-18 E, Apse X X X
VC-P-20 Altar X

Quarries VC-01 Vera Cruz nº 88 Quarry X X X
Z-01 Zamarramala historical Quarry X X X
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Figure 6. Location of samples in the outside of the building. East façade: VC-P-18 (Apse). South
façade: VC-P-1 (sculptural ensemble on the door); VC-P-2 (decorations on the door); VC-P-3 (ashlar
facing above the door); VC-P-5 (Impost); and VC-P-7 (Baseboard). West façade: VC-P-09 (decorations
above the door); VC-P-10 (Ashlar on the baseboard); VC-P-13 (inner part of the ashlar on the
baseboard); and VC-P-14 (Sculptural ensemble in the door). Interior: VC-P-20 (Altar). Orthoimages:
Luis-Javier Sánchez-Aparicio. Layout: Diego Vicente Sánchez.

2.2. Methods

The proposed methodology combines X-ray diffraction (XRD), polarized optical mi-
croscopy (POM), and scanning electron microscopy with microanalysis (SEM-EDX) tech-
niques, which are best suited for compositional and deterioration studies [1,36].

The BRUKER D8 ADVANCE diffractometer is used to obtain the X-ray diffraction
data for mineralogical identification. Disoriented powder diffraction patterns of the whole
sample were obtained using an angular range from 2º to 65º, a step size of 0.02º, a time
per step of 1 s, and KαCu radiation. A representative and homogeneous fraction of the
samples was ground and sieved at 53 µm. The relative proportions of each crystalline
phase (semi-quantitative analysis) were carried out using the Chung method (1975) [37]
and BRUKER’s EVA software 13.0.
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The petrographic analysis was conducted using optical polarization microscopy on
a ZEISS Axiolab 5 microscope with image capture using an Axiocam 208 Color camera.
For the petrographic study, the samples selected from the church (VC-P-7, VC-P-9, and
VC-P-18) and the two from the quarries (VC-01 and Z-01) were prepared in thin sections.

Morphological and textural observations and microanalysis (SEM-EDX) have been per-
formed on a TESCAN Vega 4 (high/low vacuum) scanning electron microscope equipped
with two Bruker EDX detectors with an accelerating voltage of 20 kV. Samples were pre-
pared in fresh fracture and coated with Au (Cressington 108) to ensure good conductivity
to the electron beam.

In order to optimize the analytical process and obtain the best results, all samples
were subjected to XRD. They were grouped according to their composition, and the most
representative of each group was selected to perform SEM and POM. Table 2 shows the
samples and the techniques used to characterize them.

This process was carried out by the Geological Techniques Unit of the Research
Support Centre in Earth Sciences and Archaeometry of the Complutense University of
Madrid (Spain).

3. Results and Discussion
3.1. X-ray Diffraction (XDR)

XRD was used to characterize the mineralogy. Figure 7 shows the minerals present
and their percentages.

All samples have dolomite as the predominant crystalline phase, with percentages
ranging from 49% to 91% in the church samples, 94% in the Vera Cruz quarry, and 68% in
the Zamarramala quarry, with smaller proportions of quartz and clay minerals. All of them
are classified as dolostones.

The dolostones from the nearby quarries differ in composition. For example, the
sample from the active quarry of Vera Cruz is a dolostone of high purity (94%), with no
quartz detectable by XRD, and with clay minerals, potassium feldspar, plagioclase, and
calcite in proportions of less than 2%. The sample from the historical quarry of Zamarramala
has a significantly lower dolomite content of 69%. It has 19% quartz and, as in the previous
case, has the same accessory minerals in slightly higher percentages, up to 5%.

Based on their quartz content, the samples from the church are categorized into two
groups. The first group (A) includes samples with a lower percentage of quartz (1%–4%),
consisting of VC-P-1, VC-P-3, VC-P-9, and VC-P-14. These samples were taken from
sculptural groups on the façade (see Figure 6).

The second group (B), made up of the remaining samples, has a quartz content from
about 15% to 30%. These correspond to those taken from the ashlars. According to
the sampling location and their visually appreciated decay, two different subgroups are
established. The first subgroup (B1) includes stones taken from the upper parts, where
there is minimum or no water accumulation, showing good conditions. These are VC-P-5,
VC-P-7, VC-P-10, and VC-P-13. The second subgroup (B2) comprises samples taken from
lower areas that are exposed to the effects of wind and water accumulation. VC-P-2,
VC-P-18, and VC-P-20 show a higher degree of weathering.

The remaining microscopic analyses were performed on samples from the two quarries
and one representative sample from each group. Specifically, VC-P-9 was used for Group A,
VC-P-7 for Group B1, and VC-P-18 for Group B2, which was the only option available due
to the quantities of the samples.

Samples of group A, with low quartz content, can be considered the most similar to
the active quarry of Vera Cruz, although with slight compositional differences, such as the
higher dolomite content of the quarry sample (94%) compared to the average value of these
samples which is 87%.

Samples from subgroups B1 and B2, with a higher quartz content, are more similar to
those from the historical quarry of Zamarramala, which has 19% quartz and 68% dolomite.
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The stones in these groups have average quartz values of 18% and 22%, and dolomite
values of 70% and 61%, respectively.
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values of 70% and 61%, respectively.

Figure 7. Mineralogical identification and quantification in %. XDR patterns of quarries and diffrac-
togram of representative samples with identification of the principal peak phases. Abbreviations
after Whitney and Evans [38] and Cardell Fernández [39]: Dol (Dolomite), Cal (Calcite), Ilt (Clay
Minerals/Illite), Kfs (Potassium feldspar), Pl (Plagioclase), Qz (Quartz), Ntm (Nitromagnesite).

3.2. Mineralogical Characterization by Polarizing Optical Microscopy (POM) and Scanning
Electron Microscopy (SEM-EDX)

POM on thin sections and fresh fracture SEM-EDX of the representative samples
facilitated the characterization of the dolostones. To allow comparison of the different
samples, microphotographs were taken at the same magnification (50× and 100×) on
representative areas of the thin sections. A magnification of 100× and 1000× was utilized
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togram of representative samples with identification of the principal peak phases. Abbreviations
after Whitney and Evans [38] and Cardell Fernández [39]: Dol (Dolomite), Cal (Calcite), Ilt (Clay
Minerals/Illite), Kfs (Potassium feldspar), Pl (Plagioclase), Qz (Quartz), Ntm (Nitromagnesite).

3.2. Mineralogical Characterization by Polarizing Optical Microscopy (POM) and Scanning
Electron Microscopy (SEM-EDX)

POM on thin sections and fresh fracture SEM-EDX of the representative samples
facilitated the characterization of the dolostones. To allow comparison of the different
samples, microphotographs were taken at the same magnification (50× and 100×) on
representative areas of the thin sections. A magnification of 100× and 1000× was utilized
on the fresh fracture. Figures 8 and 9 show the microphotographs taken with optical and
electron microscopes, respectively, of the quarry samples, VC-01 and Z-01.
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Figure 8. Representative thin section of the quarry’s samples VC-01 and Z-01. (a) VC-01, 50×
magnification parallel nicols; (b) Z-01, 50× magnification parallel nicols; (c) VC-01, 50× magnification
crossed nicols; (d) Z-01, 50× magnification crossed nicols; (e) VC-01, 100× magnification parallel
nicols; (f) Z-01, 100× magnification parallel nicols; (g) VC-01, 100× magnification crossed nicols; and
(h) Z-01, 100× magnification crossed nicols.
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Figure 9. Scanning microscopy images, secondary electrons at 20 kV. (a) VC-01, 100× magnification;
(b) Z-01, 100× magnification; (c) VC-01, 1000× magnification. S2 and S5: Spectrum 2 and 5 (e and f);
(d) Z-01, 1000× magnification. S4 and S7: Spectrum 4 and 7 (g and h); (e) EDX analysis on VC-01,
1000×, SE. Spectrum 2 (S2): dolomite; (f) EDX analysis on VC-01, 1000×, SE. Spectrum 5 (S5): clay
minerals; (g) EDX analysis con Z-01, 1000×, SE. Spectrum 4 (S4): dolomite and calcite; and (h) EDX
analysis con Z-01, 1000×, SE. Spectrum 7 (S7): clay minerals.

POM observations of VC-01 show a uniform matrix composed of recrystallized
dolomite crystals (Figure 8a,c,e,g) with a euhedral morphology. The size of the dolomite
grains is small (100 µm) in most of the sample. Calcite recrystallizations around the oc-
cluded intercrystalline porosity (Figure 8c,g) were observed, as well as the almost complete
absence of detrital fragments, mainly quartz. In this sample (Figure 9a,c), the texture
appears chaotic and altered, with high porosity. Crystals of dolomite within a clay matrix
were identified with EDX analysis (Figure 9e,f). In addition, traces of biological alteration
on the grains were found.

Sample Z-01 exhibits a larger grain size in POM with a remarkable presence of anhedral
quartz grains up to 600 µm (Figure 8b,d,f,h). On SEM-EDX observation (Figure 9b,d), the
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sample shows low porosity and minimal surface alteration, characterized by two different
quartz grain sizes: large and small ones. EDX analyses (Figure 9g,h) show chemical
elements compatible with the presence of quartz, dolomite, clays, and calcite.

As the representative sample of Group A (Figure 10a,d,g,j), VC-P-9 is characterized by
POM. Homogeneity and lack of interconnected porosity, with pore sizes of approximately
50 µm, were observed. The absence of quartz is obvious. The dolomite grains have an
irregular, fine-grained morphology. SEM-EDX (Figure 11a,d) shows a closed porosity.
Well-formed dolomite crystals are observed, as well as recrystallized dolomite. Surface
alteration is minimal. EDX analysis indicates the presence of calcium, magnesium, carbon,
oxygen, and iron, interpreted as dolomite and iron products of weathering.

Figure 10. Thin section of the church’s samples: (a) VC-P-09 (Group A), 50× magnification paral-
lel nicols; (b) VC-P-07 (Group B), 50× magnification parallel nicols; (c) VC-P-18 (Group C), 50×
magnification parallel nicols; (d) VC-P-09 (Group A), 50× magnification crossed nicols; (e) VC-P-07
(Group B), 50× magnification crossed nicols; (f) VC-P-18 (Group C), 50× magnification crossed
nicols; (g) VC-P-09 (Group A), 100× magnification parallel nicols; (h) VC-P-07 (Group B), 100×
magnification parallel nicols; (i) VC-P-18 (Group C), 100× magnification parallel nicols; (j) VC-P-09
(Group A), 100× magnification crossed nicols; (k) VC-P-07 (Group B), 100× magnification crossed
nicols; and (l) VC-P-18 (Group C), 100× magnification crossed nicols.
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In VC-P-7, from Group B1 (Figure 10b,e,h,k), two different sizes of quartz crystals are
observed by optical microscopy. The larger ones measure approximately 600 µm, while
the smaller ones measure 100 µm, both exhibiting subhedral morphology. In addition,
recrystallization of dolomite about 70 µm in size is observed (Figure 10k). Brownish
oxides are presented in the matrix, indicating the weathering of the sample. Two distinct
grain textures, one finer and the other larger, are identified by SEM images (Figure 11b,e).
The surface texture of altered dolomite crystals shows high porosity and disintegration of
the grain matrix, indicative of biological alteration. EDX analyses confirm the presence of
clays and dolomite, as well as all the minerals detected by XRD.

VC-P-18, representative of Group B2 (Figure 10c,f,i,l), shows both anhedral and
subhedral quartz crystals, measuring around 300 µm, displaying undulating extinction.
The dolomite matrix shows a variety of textures and sizes, with recrystallized dolomite.
Pronounced intercrystalline and interconnected porosity is evident, accompanied by in-
tracrystalline fungal attack. This sample stands out as the most substantially altered sample
examined by POM. In Figure 11c,f, by SEM, the texture appears altered with loose and
detached grains in the matrix, resulting in high porosity. Observations include biological
alterations on the crystals, disaggregation, and poor adhesion to the matrix. EDX analysis
confirms the presence of minerals identified by XRD (quartz, dolomite, and clay), together
with biological alteration and iron-related smooth weathering processes.

Figure 11. Electron microscopy images, secondary electrons at 20 kV. (a) VC-P-09, 100× magnification;
(b) VC-P-07, 100× magnification; (c) VC-P-18, 100× magnification; (d) VC-P-09, 1000× magnification;
(e) VC-P-07, 1000× magnification; (f) VC-P-18, 1000× magnification.

4. Conclusions

XRD, POM, and SEM-EDX analyses have shown the common origin of all samples:
Formation of the Montejo de la Vega dolostones. However, they show significant textural
variation in terms of porosity, quartz content, and grain size. This is indicative of formation
processes and vertical heterogeneity in the quarry faces.

In this study, samples from the Vera Cruz Church from the late 12th and early 13th
centuries were compared with samples obtained from present-day quarry sources. Textural,
porosity and grain-size differences found between the two quarry samples may have led to
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using different material sources for the sculptural and building elements in medieval times.
The quarry sources exploited in antiquity no longer exist. The dolostones sampled from
the Zamarramala and Vera Cruz nº 88 quarries had similar petrographic characteristics to
the church samples.

Group A dolostones, characterized by low quartz content (1%–4%), high dolomite
purity (87%), fine-grained texture, and low unconnected porosity, and associated with
sculptural groups, are more similar to sample VC-01, taken from the active quarry of Vera
Cruz nº 88.

Samples of groups B1 and B2, with quartz contents between 15% and 30%, show
two grain sizes (600 µm and 100 µm), lower dolomite purity (average 66%), and higher
porosity. They showed similarities to sample Z-01, obtained from the historical quarry
of Zamarramala. In particular, Group B2 samples, unlike those of Group B1, are located
in areas more exposed to environmental conditions, that cause physical, mechanical, and
biological alteration.

Stones from the Vera Cruz nº 88 quarry, the characteristics of which were studied in
VC-01, would be suitable for the restoration efforts within the Vera Cruz Church.
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