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ABSTRACT
Granitic rock presenting varying alteration processes were sampled from three of ﬁve
tombs unearthed in Ávila (Spain). The origin of these processes could be both biogenetic
and climatic. The purpose of this study is to examine the alteration processes in granitic
rocks from the tombs in the area around the Church of San Andrés (Ávila) and to compare
these archaeological materials with similar raw materials that could have been employed
in their construction. Samples of granitic rock used in the constructive elements of tombs
were collected from the same location to compare their physicochemical properties with
granite from local quarries. The physical properties of the samples were studied by
Polarisation Microscopy and their porosity was determined by BET methodology. Their
major and minor constituents were analysed by ICP-MS and their most relevant crystalline
mineral compounds (quartz, opal, plagioclase, potassic feldspars, phyllosilicates and
hematite) were quantiﬁed using X-Ray Diﬀraction Spectrometry.

KEYWORDS: granitic rock, porosimetry, petrography analysis, alteration, weathering,
Spain.
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1. INTRODUCTION
Stone is the most abundant of all
construction materials used by mankind,
however in spite of its great durability and
strength, many of its properties are subject
to alteration processes (i.e. climatic change,
anthropogenic action, ﬂooding).
It is widely accepted that contamination
in the form of surface run-oﬀ and shallow
ground waters in an urban environment
with low indices of atmospheric pollution,
as well as the long-term eﬀects of mortars,
are the most important sources of soluble
salts in ornamental stones and the most
active factors in any related stone decay.
Stone alteration and weathering
processes are determined by natural and
anthropogenic factors, which are inﬂuenced
by various physical, chemical and biological
damage parameters (Ariño and SaizJimenez, 1996). The ﬁrst deterioration
process to aﬀect stone begins when it is cut
in the quarry and transported to the
stonemason’s yard, for fashioning as a
ﬁnished object prior to its ﬁnal use.
Deterioration continues with the exposure
of the rock to weathering agents (wind,
sunlight, temperature, rain and snow).
These agents will induce both physical and
chemical weathering processes. A further
degradation process is biodeterioration,
which follows the initial deteriorating
eﬀects of inorganic agents. Changes to the
physical parameters of rocks are due to
temperature cycles (heating-cooling). This
climatic mechanism causes oscillations
(periods of expansion and contraction) in
the rocks, which produces compressive and
tensile stress lines.
The penetration of hyphae into granite
rocks usually occurs in the intergranular
pores (Wierzchos and Ascaso, 1998) and by
cleavage planes in minerals such as biotite,
muscovite, and feldspars (Del Monte et al,
1996), generating kaolinite (Ascaso, 1985),
silica gels (Adamo et al, 1993), oxalates,
carbonates and sulfates (Edwards and
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Seaward, 1995), as well as iron oxides
(Gehrmann and Krumbein, 1994). Many of
the aforementioned compounds were
present in the samples taken from the
tombs.
Heating-cooling cycles take place with
the highest frequency on the south and the
west sides of the tombs during summer. The
temperature cycles produce a thermal
gradient within the rocks leading to thermal
stress or insolation weathering. Diﬀerences
in the rate of thermal expansion between
superﬁcially degraded minerals or stone
may also contribute to the breakdown of the
rock.
The most likely explanation is that the
daily variation of the atmospheric
temperature dynamically drives the ﬂuid
ﬂow from inside the rock towards its
surface where the water evaporates. The
process of mineral dissolution, transport
and subsequent recrystallization, the result
of temperature driven ﬂuid ﬂows, can for
example cause continuous delamination of
sandstone surfaces.
Previous studies have considered the
relation between dissolution rates and
neoformed minerals such as kaolinite,
albite, and smectite (Oelkers and Schott,
1999; Taylor et al, 2000; Berger et al, 2002).
Silva et al (1997) demonstrated the
importance of roughness and porosity in
the alteration processes of granite and took
account of secondary processes due to the
high degree of weathering of the granite in
their study. As water is a limiting factor,
physical properties related to the processes
of intake, loss and movement of water
inside the rock were also measured: the
kinetics of wetting and drying; the
maximum amount of water absorbed under
vacuum (water saturation); the degree of
saturation, (i.e., the relation, expressed as a
percentage, between the maximum amount
of freely absorbed water and the maximum
amount of water absorbed under vacuum);
the maximum amount of water absorbed by
capillarity suction (capillary water content);
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and the capillarity coeﬃcient that indicates
the speed of capillary suction (Prieto and
Silva, 2005).
These
alteration
processes
are
conditioned by the origin of materials, the
orientation of the construction, and may
even depend on the microenvironmental
conditions of the zones in which they are
located. All these factors mean that the
evolution of diﬀerent areas of the stone will
vary: basal zones subjected to salt-loaded
humidity due to capillary ascent; high
zones with ﬁltering, leading to alteration
accompanied by the washing out of
elements and material loss; vertical
surfaces, less aﬀected by weathering and
the mobility of the diﬀerent chemical
elements, associated with the dominant
weathering process in each case.
The purpose of this study is to examine
the alteration processes in granitic rocks
from the tombs in the area around the
Church of San Andrés (Ávila) and to
compare these archaeological materials
with similar raw materials that could have
been employed in their construction.

109

building materials.
Excavations in the area surrounding the
Church of San Andrés have unearthed ﬁve
tombs in diﬀerent states of conservation,
with very diﬀerent chronologies (Fig.1 and
2). The most ancient of the ﬁve tombs, at the
Romanic level, was sealed at a very early
point, around the end of the 12 c. All the
tombs consist of graves with uncouth
caleño granite ﬂagstones on the ﬂoors and
even on some of the walls (Fig. 1 A and B).

Figure 1. Location map and San Andrés
Church image. A) and B) Detail of the tombs.

2. MATERIALS AND METHODS
2.1 Materials
The city of Avila is situated in the
interior of the Iberian Peninsula (40"39'N4''44'30'W), on a granite platform at an
altitude of 1,100-1,200 m a.s.l. It has a
Mediterranean climate with a continental
trend and its atmosphere shows low
pollution indices, below the detection limit
of the measuring systems of the J.C.L.
Environmental Health Oﬃce mobile unit.
The area has a mean annual precipitation of
370 mm, with a mean relative atmospheric
humidity of 57% and an annual
temperature that ﬂuctuates between 36.8°C
and -16°C. On average, there are 210 days
with minimum mean temperatures of
below 0 °C each year. All of this points to
sharp hydric and thermal changes that
generate strong surface tensions on the

Figure 2. Schematic arrangement of the
studied units (tombs 1, 2, 3, 4 and 5).

Samples of materials from both the
exterior and the interior of the Church of
San Andrés were taken at diﬀerent
weathering levels and from various zones
exposed to diﬀerent environments (lower
parts of walls aﬀected by humidity by
capillary rise, undeteriorated intermediate
zones, columns and values aﬀected by
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ﬁltrations from roofs and terraces).
These types of tombs, though, generally,
of a greater height and with more carefully
worked head-boards, have been well dated
and documented in other necropolis
around the old town of Ávila and the San
Vicente basilica (UNESCO World Heritage
site) (Caballero Arribas, 1996).
The highly altered state of the granitic
rocks from the tombs has prompted this
study on their weathering processes and a
study of the materials from nearby quarries
that could have been used in their
construction. Clean rocks were sought,
similar to the rock supplied by constructors
(for restoration work) from quarries near
Ávila, in order to study the origins of the
alteration processes.
The ﬁrst step was to locate sources for
the supply of comparable materials, which
were eventually found near the city of Avila
(La Colilla, Las Hálagas, El Lomo) (García
Talegón et al, 1999), where the exploitation
of these types of granite rocks continues for
restoration purposes and as a source of
ornamental stone, known as ochre granite
or caleño, as well as silcrete, another granite
known as bleeding stone (Sangrante).
Three granite rock samples were taken
from the ﬁve tombs (1, 2, 3, 4 and 5) and two
further samples from the quarry
environment: "caleño" granite and bleeding
stone.
2.2 Methods
Mineralogical composition was studied
by X-ray diﬀraction (XRD), using the
random powder method for the bulk
sample, and the oriented slides method for
the <2 µm fraction. A SIEMENS D-500 X-ray
diﬀractometer equipped with a Cu anode,
operated at 30 mA and 40 kV using
divergence and reception slits of 2 and 0.6
mm, respectively. The XRD proﬁles were
measured in 0.04 2θ goniometer steps for
3s.
Textural and morphological character-
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izations were performed by using a SEMEDAX device (PHILIPS XL30, W source,
DX4i analyser and Si/Li detector). The
analyzer was previously calibrated with a
multimineral sample: the USGS standard
ADV-1 (Govindaraju, 1994).
Transversal thin sections (20-25 μm)
were cut oﬀ the samples, in order to observe
several components in a Petrographic
Polarisation Orto Plan Pol Leitz Microscope.
When suitably thin sections of the samples
were not easily available, the samples were
consolidated with resin and the sections
were cut oﬀ, following drying, as
previously described.
Following the dissolution of each
sample, the content of Al2O3, CaO, MgO,
K2O, Na2O, Fe2O2, MnO, and TiO2 were
determined as major constituents, and SiO2
was determined by diﬀerence. These
chemical elements were calculated by
inductively
coupled
plasma-mass
spectrometry (ICP-MS, Perkin-Elmer Sciex
Elan 6000 equipped with an AS 91
autosampler). Moreover, blank samples,
standard samples and duplicated samples
were simultaneously performed as quality
control.
Speciﬁc surface area study, N2 BET
surface, was determined in a GEMINI V
micrometrics porosimeter after degassing
under N2 ﬂow for 18 h at 90ºC. The BET
surface area provided information on the
outer surface of the sample aggregates. A
method developed by Brunauer et al. (1938)
was used for determination, based on
physical
adsorption
of
gases
at
temperatures close to their condensation
temperature, considering the isotherms of
nitrogen adsorption /desorption.

3. RESULTS AND DISCUSSION
The sample of ochre granite or caleño
was identical to the samples from the Las
Hálagas and El Lomo quarries. They were
all formed from tropical weathering
processes, but the caleño sample diﬀered
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with regard to variations in its own
petrophysical
characteristics
(García
Talegón et al, 1999). Other granite rocks such
as bleeding stone and silcrete originated
from a siliciﬁcation process of the opal CT,
with
kaolinitization
processes,
remobilisation of iron oxyhydroxides and
siliciﬁcation by opal CT. This is a SiO2variety
of ﬁbrous structures formed through
bacterial action (Bustillo, 1995). The samples
from the tombs are granitic rock that have
been completely transformed into sand.
3.1.
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Table 1. Mineralogical composition of the
samples (n.d. = not detected).

Mineralogical study

Petrographic studies revealed that the
granitic rocks from the tombs contained
very fragile altered feldspars. The
mineralogical composition of the samples
from the tombs analysed by XRD was
quartz, feldspar (Fig. 3 and Table 1), opal,
hematite, kaolinite, illite and smectite.
Quartz and feldspars are the minerals with
the largest presence in the samples (Fig. 4A
and 5B). Quartz crystals showed allotriomorphic
forms
and
sometimes
polycrystalline aggregates. The potassium
feldspar was orthoclase, usually with
inclusions of other minerals such as biotite,
quartz, and plagioclase. Most of the
plagioclases were oligoclase; occasionally
with intracrystalline microﬁssures and
slight seritization of the nuclei (Fig. 4B).
Muscovite was only present as an accessory
mineral, together with zircon and opaque
minerals. Bleeding stone or sangrante is a
highly altered granite with clay minerals
and opal granite that is rich in hematite (Fig.
4C). The morphology of the minerals from
the tombs is thoroughly diﬀerent: it
presents abundant pores (Fig. 4C) and the
feldspars have been transformed into clay
minerals (Fig. 4D and 5C).

Figure 3. XRD patterns of the tomb 3
and granitic rock.

Figure 4. Petrographic studies: A) Large feldspar
crystal from “caleño” granite (X64 crossed
nicols). B) Detail of biotite and feldspar
seritized crystals from “caleño” granite (X64
crossed nicols). C) Hematite crystal from the
bleeding stone (X64 crossed nicols). D) Altered
minerals to clay minerals from the tomb 3 (X64).

Degradation of feldspars and micas took
place due to the weathering processes
(Churchman and Gilkes, 1989; Bjorkum et
al, 1990) (Fig. 5F). In general, it was
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considered that the kaolinite present in the
original materials was a product of previous
mineralogical alterations. The high kaolinitization process in the caleño granite (Fig.
5A) produced a highly unstable, fragile and
easy to work material, which meant that
some blocks were sculpted into anthropomorphic forms. The mobilized silica
crystallized as opal spheres that are
preserved in the material (Fig. 5E).

Figure 5. SEM microscopy: A) Detail of quartz
and kaolinite in the “caleño” granite from Las
Hálagas quarry. B) Alteration front into feldspar
crystal to the “caleño” granite. C) Altered
feldspar from the tomb 3. D) Hyphae in material
rock from tomb 5. E) Opal spheres from tomb 4.
F) Quartz and micas from tomb 4.

Feldspar alteration processes shows etch
pit morphologies in SEM imaging,
revealing rhombus-shaped, crystallographically controlled etch pits on all
samples. Both pyramidal and ﬂat-bottomed
etch pits were present (Beig and Lüttge,
2006). According to accepted theory, etch

pits form where, for example, line defects,
such as screw dislocations that originate
within the crystal lattice intersect its surface.
These dislocations are identiﬁed dissolution
fronts continuing the growth steps of the
feldspar (Fig. 5B and 5C). Dissolving
mineral surfaces are the mechanisms (Casey
and Ludwig, 1995) that explain the decrease
of silica content in the compositions in
relation to the tombs (Table 2).
Table 1 shows the mineralogical analysis.
The materials from tomb 3 are similar to the
sample “caleño” granite: there are kaolinite,
quartz, opal, hematite and smectite. In
comparison with the “caleño” granite, the
tomb material shows a major alteration: its
kaolinite and smectite contents are higher
than in the original rock. The material from
tombs 4 and 5 are similar to the bleeding
stone from the El Lomo quarry.
Biodegradation
processes
were
identiﬁed by the presence of hyphae in
tomb 5 (Fig. 5D) which contribute to
feldspar alteration and its transformation
into clay minerals (Mansch and Bock, 1993).
3.2. Speciﬁc surface area study
Considering the granitic nature of the
samples (Table 2), they present a high level
of porosity (near values of 17%), mainly
represented in families of microporosity
(93%) (not recognized in the petrographic
microscope), which are largely of the
trapped type. In addition, there is a
signiﬁcant percentage of ﬁssural type
porosity identiﬁed by SEM near feldspars

Table 2. Chemical analyses of the major elements in %.
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which originated from their alteration
processes. In general, high porosity is
shown and the degree of alteration
increases as the grain size is reduced (Vigil
de la Villa et al, 2000).
The most porous material was found in
tomb 3 (Table 3). However, the sample from
tomb 3 was similar to caleño granite, as the
alteration processes of the stone left buried
under the soil lead to high porosity values.
Bulk density and open porosity are related
to the consistency of the rock; open porosity
reﬂects the volume of empty pores
interconnected to each other and to the
exterior. It is therefore important, due to the
movement and storage of water in a rock,
and consequently to the bioreceptivity of
the rock. Both water saturation and
capillary matter followed the same order, in
terms of porosity (Zouridakis and
Tzevelekos, 1999).
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aﬀects the silica, CaO, Na2O and Fe2O3
content. In tomb 3, the loss of silica is close
to 40%.
Analysis of the minor elements (Table 4)
provides a large volume of comparative
data that supports the association of the
material from tomb 3 with the “caleño”
granite and the material from tombs 4 and
5 with bleeding stone. The elements that
allow us to aﬃrm those similarities are P, Sc,
Ni, Cu, Zn and Rb.
It is worth mentioning the high content
of boron and barium and the minor concentrations of neodymium and lead in the
original granitic rocks from the tombs when
compared to the raw material from the
quarries. Washing processes in the granitic
rocks from the tombs and the exchange
with the environment are responsible for
the assimilation of some and the reduction
of other elements.

4. CONCLUSIONS

Table 3. BET Speciﬁc Surface Area (m2/g) of the
samples

3.3. Chemical analysis study
Chemical analysis of the major elements
(Table 3) and reference to petrographical
criteria allows us to associate the sample
from tomb 3 with "caleño" granite. Bleeding
stone has greater aﬃnity to the material
from tombs 4 and 5. These results are
consistent with those described in the XRD
technique.
The alteration process of the tomb
materials is evident in the decrease of the
silica content that is compensated by the
increase in the alumina content. Weathering

The granitic rock employed in the
construction of ﬂagstones in the tombs
found around the Church of San Andrés is
closely comparable to diﬀerent types of
rock sampled from a nearby quarry front.
The assumption that granitic rocks were
quarried in the local environment has
previously been suggested (Caballero
Arribas, 1996; García Talegón et al., 1999),
although these studies were not conducted
with the same techniques and at the same
archaeological site as this study
XRD analysis has indicated the link
between the quarry samples and the tomb
samples. The materials from tomb 3 are
similar to the sample “caleño” granite:
kaolinite, quartz, opal, hematite and
smectite are all present, but the granite rock
from the tomb is greatly altered by
weathering, while the bleeding stone forms
part of tombs 4 and 5. The other two tombs,
numbers 1 and 2, present a diﬀerent
lithology from the above mixture.
Atmospheric agents aﬀect the stability of

114

R. GARCíA GiMéNez et al

Table 4. Chemical analyses of the minor elements in µgg-1 (n.d. = not detected)

the rocks counterfoil, stimulating the
alteration and the creation of new minerals.
Washing processes have increased due to
the contribution of hyphae.
The degree of alteration was found to
increase as the grain size decreased and the
samples were very much more porous than
the raw granitic rock samples. This fact
facilitates weathering and assists the
processes of dissolution and neoformation.

Analysis of the tombs has shown that the
granitic rocks in each tomb were not from
the same quarry and that some rock
fragments have possibly been reused.
However, the comparison with samples
taken from two nearby quarries adds
weight to the assumption that they came
from the same area, taking into account the
presence of several granite fronts of similar
lithology.
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