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Abstract
The objective of this study is to evaluate the petrophysical properties of four ignimbrites employed as dimension stones. The 
natural stone under study is produced in Tenerife Island (Spain) under the commercial brand name of Piedra Chasnera and 
are differentiated according to their chromatic variety into: brown, violet, grey and green. To assess the suitability for feasible 
applications, it is essential to have a comprehensive knowledge of its properties. In this respect, mineralogical, petrographic 
and chemical properties were obtained by X-ray diffraction (XRD), polarisation microscopy (POM) and X-ray fluorescence 
(XRF). According to the procedure described in the standardised methods, apparent density, open porosity, water absorption 
at atmospheric pressure, water absorption coefficient by capillary and ultrasound propagation velocity were measured. The 
four variants of ignimbrites were analysed and classified according to the results obtained. It was found that the proper-
ties vary depending on the depth of the stratigraphic volcanic level from which the stone is extracted. From the review of 
the published data, it can be seen that the test results are within the expected values for this lithotype. A comparison was 
also made with other types of dimensional stones. The correlation analysis shows that there is a high degree of correlation 
between the physical properties studied.
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Introduction

Dimension stone is a natural stone material quarried with 
the purpose of obtaining blocks or slabs, which can be used 
for buildings, monuments, paving, furniture, and decora-
tive objects. Since antiquity, dimension stones have been 
used as building materials, due to their natural beauty and 
availability, and the diversity of their applications has been 
increasing ever since (Siegesmund et al. 2018; Sousa et al. 
2019; Freire-Lista et al. 2021). As with any other build-
ing material, nowadays, dimension stones have to meet the 
physical and technical requirements demanded by architects 

(Siegesmund and Dürrast 2014). The physical properties are 
of vital importance when natural stones are used for con-
structing modern structures and buildings. In addition, these 
properties are directly related to mechanical behaviour and 
durability, which affect not only the monuments but also the 
safety of modern buildings (Yarahmadi et al. 2019; Ahmed 
et al. 2021; Sousa et al. 2021). Therefore, field and labo-
ratory studies are indispensable in investigating the stone 
quality for purposed structures (Yagiz 2010).

In this context, the number of published studies on 
natural stone is extensive, leaving evidence that its prop-
erties differ according to the type of rock (igneous, sedi-
mentary, metamorphic) and even, for the same type of 
rock, its physical–mechanical behaviour differs from one 
lithotype to another. Reviewing the literature and focusing 
only on research carried out on igneous rocks, numerous 
works stand out. Yüksek and Demirci (2010) tests different 
lithotypes from the central region of Turkey, while Kutulus 
et al. (2012) uses rocks from the north–west region. Pola 
et al. (2014, 2016) perform a general characterization of the 
mechanical behaviour of different igneus rocks coming from 
different areas of Italy, and later from a group of ignimbrites 
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from central Mexico. Yang (2015) compares the physical 
and mechanical characteristics of intact rocks from two 
regions of South Korea. Schaefer et al. (2015) characterize 
the igneous rocks of a region in Guatemala and Vieira et al. 
(2018) obtain the physical and mechanical properties of 
different samples originating from Madeira (Portugal). It is 
important to emphasize the work carried out by Engidasew 
and Abay (2016), who analyse, according to petrographic 
and physical–mechanical properties, the suitability of the 
rock in different areas of the city of Addis Ababa (Ethio-
pia) for potential use as a dimensional stone. Volcanic rock 
from the Canary Islands has also been studied. González 
de Vallejo et al. (2006) carry out a complete geomechani-
cal characterisation of the volcanic materials of Tenerife, 
while Rodríguez-Losada et al.’s (2007a) study the geotech-
nical properties of intact rock, with the aim of establishing 
a new classification of volcanic rocks. In this work from 
Rodríguez-Losada et al. (2007b) the geotechnical charac-
teristics of the welded ignimbrites of the Canary Islands are 
determined for the first time, associated with two pyroclastic 
deposits, one of which is the source of the ignimbrites evalu-
ated in this study. In a more recent study, Perucho-Martínez 
(2018) evaluates the mechanical behaviour of volcanic rocks 
by laboratory testing of core samples extracted from differ-
ent locations in the Canary Islands.

These investigations are essential to know the properties 
of the intact rock, specific to the massif or outcrop; however, 
to optimise the applications of this resource, when used as 
a building stone, it is of interest to know its petrophysical 
properties, as well as its physical–mechanical behaviour.

In this sense, Silva et al. (2002), carried out a lithological 
and physico-mechanical characterisation of different litho-
types, six commercial specimens, from Madeira and Porto 
Santo (Portugal). Also from Madeira, specifically from the 
southwest, comes the basalt characterized by Alves et al. 
(2017). Sousa et al. (2005) and Sousa (2014) carried out an 
exhaustive study of nine granites used as dimension stones, 
quarried in north-western Portugal. In fact, Portugal is one of 
the world's leading producers of building stones (Carvalho 
et al. 2018) and numerous authors have investigated the prop-
erties of its resources as dimensional stone (Carvalho et al. 
2013a, b; Sousa et al. 2016; Santos et al. 2018; Bogdanow-
itsch et al. 2022). Germinario et al. (2017) obtain the petro-
physical and mechanical properties of a set of stones extracted 
from various areas of northern Italy, historically used as a 
building material under the commercial name “Zovonite”. 
Yüksek (2019) determines the mechanical properties of six 
types of commercial stone, mostly tuff, from Turkey. Men-
doza-Chavez et al. (2012) approach their research from an 
engineering perspective, obtaining the mechanical properties 
of stones used as pillars in four bridges in southern Mexico.

Although the above-mentioned research is valuable, none 
of them includes a study and characterization of ignimbrite 

as a dimensional stone. With exclusive reference to this 
lithotype, other similar research has been carried out. For 
example, the ignimbrites of Turkey have been extensively 
studied. Öner et al. (2006) obtain the petrographic, geo-
chemical, mechanical and physical properties of a group of 
ignimbrites, used as building materials, originating from 
Erzurum. Kekec and Gokay (2009) determine the mechani-
cal properties of four ignimbrites, in addition to a basalt, 
excavated from Erciyes mountain volcanics in Kayseri, to 
study the suitability for use in artistic and engineering pro-
jects. Along the same lines is the research of Akin et al. 
(2017), evaluating the physical–mechanical properties of 
four different types of ignimbrites from the city of Ahlat. A 
large part of Mexico's architectural heritage is built with ign-
imbrites, which have been the subject of numerous research 
studies (Wedekind et al 2011; López-Doncel et al. 2013, 
2016, 2018; Siegesmund et al. 2022).

Studies of ignimbrites from other countries can also be 
found. Wedekind et al (2013), studies the deterioration by 
moisture expansion of a group of ignimbrites from Mexico, 
Germany and Hungary. In a recently published research, 
Pötzl et al (2022), studies the petrography and petrophysics 
of fifteen ignimbrites, correlating the properties obtained, 
and including to the statistical and correlation analysis, 
parameters from other ignimbrites extracted from the lit-
erature, from different regions.

Research aimed at studying the physical–mechanical 
properties of natural stone quarried in the Canary Islands 
for use as dimension stone, regardless of the lithotype, is 
practically non-existent. Barbero-Barrera et al. (2019) carry 
out a thermal, physical and mechanical characterisation of 
two types of tuffs extracted on the island of Gran Canaria 
and widely used in traditional construction. Cárdenes et al. 
(2022) provide information on the physical–mechanical 
properties of the ignimbrites of Arucas (Gran Canaria), 
although the aim of their work is really to provide informa-
tion on the historical significance of this group of ignim-
brites and not to study their properties.

Historically, the Canarian aborigines made a rather lim-
ited use of stone. They did not know much about the extrac-
tion process, nor did they know the metal, so they did not 
have the right tools for its processing and transformation 
(Marrero Cabrera 2000). After the conquest of the Canary 
Islands in the fifteenth century, the first stonemasons arrived 
from the peninsula to build fortresses, chapels and churches, 
transmitting their knowledge and implementing the tech-
nology available at the time for this sector. It was then that 
stone, used as a building material, played a fundamental role 
in the economy and in the development of the industry that 
emerged after the conquest.

The Canary Islands are one of the most interesting vol-
canic regions on the planet as practically all possible vol-
canic processes have taken place there, and a wide spectrum 
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of useful stones can be found (Hernández-Gutiérrez 2014). 
This high availability, together with the regulations that 
favoured the creation of an open quarrying and commer-
cialisation regime (Larraz Mora 1999), contributed to the 
large number of quarries on the islands, especially in the 
most inhabited ones (Marrero Cabrera 2000). Initially, the 
lack of regulation meant that quarries were located almost 
anywhere. Through successive laws on environment protec-
tion and conservation, an extensive network of protected 
natural areas (natural monuments and reserves, sites of sci-
entific interest, protected landscapes, national parks, etc.) 
has been defined on the islands; on the island of Tenerife, 
for instance, these areas represent almost 45% of its surface 
area. The extractive activity in these protected areas is totally 
prohibited or restricted, so all of the quarries located in such 
areas were abandoned. An example of this is the “Piedra de 
Tindaya”, a grey to light brown trachyte, which extraction 
was permitted until the “Montaña de Tindaya” was declared 
a Natural Monument.

Spatial planning legislation limits, for each of the islands, 
extractive activity to a number of areas (Hernández-Durán 
2016). Outside these delimited areas, extractive activity is 
strictly prohibited, except for those which are made in a 
handcrafted manner or which are linked to works of pub-
lic interest. Industry companies study the profitability of 
exploiting a given resource within in these areas and will 

apply or not for an exploitation concession depending on 
the results obtained in their cost–benefit analysis. There are 
currently licensed areas without an operating concession. 
According to Carvalho et al. (2008), the reasons may be very 
diverse and depend on the following criteria: morphology, 
structure, fracturing, metamorphism, lithologic characteris-
tics and exploitability. It should be noted that the geomor-
phological characteristics of the Canary Islands are, in terms 
of exploitability, one of the most determining factors, since 
their orography (formed by mountain systems, volcanoes, 
calderas, ravines, etc.) can condition accessibility increasing 
the cost of exploiting the resource. On the island of Tenerife, 
the current planning model sets out thirteen extractive areas 
(BOC 2011), including the area known as Guama-El Grillo, 
located in the southern part, where the ignimbrites subject 
of this study come from.

Figure 1 shows the islands that have active quarries, i.e., 
authorised quarrying areas with a current mining conces-
sion and their location. Only extractive activities where the 
natural resource exploited is natural stone for use as build-
ing stone have been taken into account. It also includes the 
companies authorised to exploit each of the quarries, as well 
as the texture and trade name of the stone.

Based on the available literature, this is probably the 
first work on the petrographic, mineralogical, chemical and 
physical characterisation of the group of ignimbrites used as 

Fig. 1  Islands with active building stone quarries in the Canary Islands
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dimension stone under the trade name of “Piedra Chasnera”. 
Although ignimbrites from other sites have been studied 
previously, it should be noted that the igneous rocks, and 
especially ignimbrites, exhibit complex mechanical behav-
iour due to the large variation in welding, porosity, texture 
and granulometric characteristics (Pola et al. 2016). The aim 
of this study is to analyse the behaviour of four chromatic 
varieties and to contribute to a better scientific knowledge of 
this lithotype. For this purpose, each variety has been clas-
sified according to the most widespread criteria, it has been 
checked whether the results obtained are related to those 
reported by other studies, the properties of these ignimbrites 
were compared with those of other types of stone and a cor-
relation analysis between the different properties was carried 
out. In addition, this study can enable the scientific commu-
nity, as well as technicians and engineers, to undertake fur-
ther research or to adapt their designs and rehabilitation or 
restoration works, according to the behaviour of this stone.

Materials and methods

Materials

The Canary Islands is an archipelago of volcanic origin 
located in the Atlantic Ocean and is part of the Macaron-
esian region with Azores, Cape Verde, Madeira and Salvage 
Islands. It has a total area of 7501  km2, and is made up 
of seven islands (those with their own administration), of 
which Tenerife is the largest one (2036  km2). It is also the 
highest island with the Mount Teide 3718 m altitude, in fact 
the highest summit elevation in Spain. After Mauna Loa 
and Mauna Kea in Hawaii, Mount Teide is the third highest 
volcanic structure and most voluminous in the world. The 
first scientific theories on the origin of the Canary Islands 
emerged in the 1970s and several hypotheses have been put 
forward since then. As far as the island of Tenerife is con-
cerned, the theory most widely accepted by the scientific 
community suggests that the island was formed from a Cen-
tral Shield, Roque del Conde (11.9–8.9 Ma) and two later 
constructions that grew on its flanks, Teno (6.2–5.6 Ma) 
and Anaga (4.9–3.9 Ma) (Guillou et al. 2004). The eruptive 
activity of the central shield was followed by a period of 
calm until the onset of a new eruptive stage marked by the 
Las Cañadas volcano (3.5 Ma), which developed in three 
main cycles of activity, each of which involved successive 
caldera collapses. (Ancochea et al. 1990).

Unlike the basaltic composition of the three shields 
(Roque del Conde, Teno and Anaga), the magmas of Las 
Cañadas volcano are characterised by a more evolved com-
position, mainly phonolites and trachytes rich in dissolved 
gases (Schwartz-Mesa 2016). This resulted in a series of 
large explosive Plinian eruptions, producing extensive 

pyroclastic deposits on the southern slopes of the island. 
(Dávila-Harris et al. 2013). This sequence of deposits is 
known as the “Bandas del Sur Group” and is usually differ-
entiated according to the sector to which they belong, south-
west or southeast, into “Bandas del Sur Group in the Adeje 
Region” or “Bandas del Sur Group in the Abona Region”, 
respectively (Dávila-Harris 2009). Most of the pyroclastic 
levels of the “Bandas del Sur Group” are areal projection, 
pumice fall deposits interspersed with various pyroclastic 
flows, some with ignimbritic structures, scoria cones, basal-
tic and phonolitic lavas, epiclastic deposits and paleosols. 
(Bryan et al. 1998).

The definition of the different stratigraphic levels that 
make up the “Bandas del Sur Group” varies according to 
the author. Brown et al. (2003) proposes that the “Bandas 
del Sur Group” is made up of ten distinct formations, while 
Edgar et al. (2007) proposes only two major formations, 
which he further divides into members. However, in most 
cases, the members defined by Edgar et al. (2007) coincide 
with the formations proposed by Brown et al. (2003), so it 
is generally only a change of nomenclature.

The Arico Ignimbrite is one of the units that make up 
the Arico Formation, being the most recent pyroclastic flow 
with ignimbritic structure of this formation and the only 
welded ignimbrite that outcrops in the “Bandas del Sur 
Group”. (Brown et al. 2003). Its origin is associated with 
the gravitational or explosive collapse of a dome or lava 
flow of phonolitic composition (Alonso et al. 1988) and its 
estimated age is 0.65 Ma (Ancochea et al. 1990). These ign-
imbrites occur in transitional association with tephritic tuffs. 
They contain fragments of tephritic pumice slag up to 50 cm, 
and sporadic nepheline syenite cobbles. Some of the frag-
ments are crushed (fiammes). They are also characterised by 
loose crystals of feldspar, hauyne and biotite (IGME 2017).

In Fig. 2, which corresponds to the geological map of an 
area delimited around the quarry, sit is shows the distribu-
tion and location of this lithotype (number 65). In the box 
above, the island of Tenerife is depicted with the location of 
the three coats of arms and the area covered by the “Bandas 
del Sur Group”.

Arico ignimbrite is and has been a popular dimensional 
stone in the Canary Islands, especially in Tenerife, for many 
centuries and is often used as a building and ornamental 
stone. Figure 3 shows some of the most singular construc-
tions made with this stone, being present in many historical 
buildings, such as, for example, in the main church of the 
village of Arico, from the seventeenth century (Fig. 3c) or in 
more modern works as the Plaza de San Pedro, in the village 
of El Sauzal (Fig. 3j).

The commercialisation and extraction of these ignim-
brites is carried by the company Guama-Arico S.L., under 
the trade name of Piedra Chasnera. According to the colour, 
four varieties are distinguished as: brown (MA), violet (VA), 
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grey (GA) and green (VB). The different chromatic varieties 
of the stone are obtained according to the depth of the exca-
vation, with the brown (MA) variety being the shallowest 
and the green (VB) variety the deepest. All ignimbrite sam-
ples used in this research come from this quarry, located in 
the municipality of Arico. The coordinates and geographical 
origin of these ignimbrites are given in Fig. 4a. The quarry 
currently has three quarrying faces. In Fig. 4b, it can be 
seen face number 2 on the right side of the picture, which 
runs along the hillside of the gully, while on the left side 
of the picture is face number 3, upstream of the channel. In 
Fig. 4c, it is shown a transition from green (upper zone) to 
grey colour (lower zone) in the same stone block.

Methods

In the present work, two principal experimental studies 
can be distinguished. First, a lithological characterisation, 
with petrographic analysis (polarized microscopy), chemi-
cal analysis by X-Ray Fluorescence (XRF) and mineral-
ogical analysis by X-Ray Diffraction (XRD). Second, a 
physical characterisation by testing; apparent density, open 
porosity, water absorption at atmospheric pressure, water 
absorption coefficient by capillary and ultrasound propaga-
tion velocity. The tests were performed according to the 
guidelines and indications of the corresponding standards, 
following the described methodology and using the recom-
mended dimensions and number of specimens. According 
to these indications, some tests must be carried out taking 
into account the anisotropy planes. Depending on the test 
direction (Fig. 5), the properties obtained are differentiated 
into normal (Z-axis) and parallel (X-axis) with respect to 
these planes. All tests performed have been arranged, so 

that the test direction is perpendicular to the X–Y anisot-
ropy plane (Z-axis), with the exception of the ultrasound 
velocity measurement, which is performed in both direc-
tions. The interest in analysing this direction (Z-axis) lies 
in the fact that this is the preferred arrangement used in 
its commissioning. As set out in the standards, all the tests 
were done once the specimens were dried to constant mass 
(weighting each 24 h until less than ± 0.1% variation in 
mass).

In the petrographic analysis, a thin section was exam-
ined, of dimensions of 45 × 25 mm with a thickness of 
0.030 ± 0.005 mm, for each of the samples to identify the 
stone's minerals, texture and structure, in accordance with 
the UNE-EN 12407 standard (AENOR 2007a). Using a 
Leica DM750P optical petrographic microscope with a Flex-
acam C3 microscope camera, more than two hundred images 
were taken for each thin section and then composited to get 
to high-resolution overview of the entire surface.

The X-Ray Fluorescence (XRF) chemical analysis of the 
pulverized samples were carried out by Activation Labora-
tories Ltd. (Canada), that has ISO/IEC 17025 and CAN-P-
1579 accreditation for mineral analysis. The X-Ray Diffrac-
tion (XRD) mineralogical analysis was carried out by SIDIX 
from SEGAI of La Laguna University with a Panalytical 
X´Pert equipment for Powder Diffraction (Cu Kα radia-
tion). The samples were previously pulverized to particle 
size below 63 μm.

The apparent density and open porosity was evaluated 
based on UNE-EN 1936 standard (AENOR 2007b). Appar-
ent density and open porosity were determined by vacuum 
absorption of water hydrostatic weighing using a pump vac-
uum Büchi VAC V-100 with controller of vacuum Büchi 

Fig. 2  Geological map with the distribution of the different geological units, the location of the quarry and the population centres (IGME 2007) 
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I-100 Interface Module. Six cubic specimens (edges measur-
ing 50 mm) were taken:

where md is the dry mass (g), ms is the saturated mass (g); 
mh is the mass when submerged in water (g) and ρw is water 
density (g/cm3).

(1)
Apparent density

(

g∕cm3
)

∶

�b =
[

md∕
(

ms − mh

)]

× �w,

(2)
Open porosity (%) ∶

po =
[(

ms − md

)

∕
(

ms − mh

)]

× 100,

The water absorption at atmospheric pressure was deter-
mined according to the methodology described in UNE-EN 
13755 standard (AENOR 2009). The specimens are placed 
in a tank and water is added gradually at the time intervals 
described in the standard. After 48 h of total immersion the 
test specimens are removed from the tank and weighted. 
Then, the specimens are dipped in water again, repeating 
the procedure every 24 h, until the difference between two 
successive weightings does not exceed 0.1%. Six cubic 
specimens were used (edges measuring 50 mm):

(3)
Water absorption at atmospheric pressure (%) ∶

Ab =
[(

md − ms

)

∕ms

]

× 100,

Fig. 3  Examples of buildings with “Piedra Chasnera”. a Outside the 
fairgrounds of Santa Cruz de Tenerife, b Natural Pool - La Laguna, c 
San Pedro square - Güimar, d Seafront promenade - Los Cristianos, 
e Historic centre of La Laguna (World heritage city  -  UNESCO 
1999),. f Water source - Hotel “Plantaciones del Sur”), g Adan Mar-

tin auditorium outsides -  Santa Cruz de Tenerife. h Single-family 
house  -  Adeje, i Teide cable car station square  -  La Orotava, j San 
Pedro square - El Sauzal and k Teide cable car station restaurant - La 
Orotova (Guama-arico S.L 2021)
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where ms is the dry mass (g) and md is the saturated mass (g).
The water absorption coefficient by capillary was 

determined following the specifications described in the 
UNE-EN 1925 standard (AENOR 1999), perpendicular 
to the anisotropy planes. The specimens are placed on 
supports in a tank. Water is added until the base of the 
specimens is partially submerged to a depth of approxi-
mately 3 mm. Initially, the samples are weighed at differ-
ent time intervals, then every 24 h until a constant mass 
is reached. Once the constant mass has been reached, 
the mass of water absorbed divided by the area of the 
submerged base is plotted for each test tube as a func-
tion of the square root of time. If the graph obtained can 
be satisfactorily approximated by two straight lines and 
the regression coefficient obtained for the first section 
is greater than 0.90, the water absorption coefficient by 
capillary is the slope of the regression line. However, if 

this approximation is not possible, usually for specimens 
with low absorption, the absorption coefficient is deter-
mined by Eq. (4). Six cubic specimens were used (edges 
measuring 70 mm):

where mf is the final mass (g);  md is the dry mass (g); A is 
the submerged base area  (m2) and ti is the time elapsed from 
the start of the test until the constant mass is reached (s).

The test to determine the ultrasound P-wave velocity 
propagation is carried out according to UNE-EN 14579 
standard (AENOR  2005). The propagation velocity 
is obtained as the ratio of the travel length to the time 
elapsed between the start of the pulse generated at the 
transmitting transducer and the detection of its arrival 
at the receiving transducer  (Fig. 6). Six specimens of 
dimensions 300 × 75 × 50 mm were tested. The ultrasound 
P-wave velocity propagation was determined through a 
UltraTest GmbH, type BP-7 device, with 29 mm diameter 
transducers.

(4)

Water absorption coefficient by capillarity
�

g∕m2
⋅ s0.5

�

∶

Cw =
��

mf − md

�

∕A
�

×
�

1∕
√

tf
�

,

Fig. 4  a Location of the quarry and the extraction company “Guama - Arico” (Google Maps 2021), b Quarry face and c transition between two 
colours

Fig. 5  Test direction (X, Y and Z)

Fig. 6  Ultrasound propagation velocity test (X-axis direction)
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The ultrasound velocity is measured, so that the 
waves propagate perpendicular (Z-axis) and paral-
lel (X-axis) to the planes of anisotropy. In addition to 
studying the influence of the arrangement of the anisot-
ropy planes on the propagation velocity of the waves, 
this makes it possible to analyse in future work their 
relationship with the test direction in obtaining the 
mechanical properties.

Table 1 summarizes the physical tests performed, iden-
tifying the number and size of the specimens used for each 
test.

Results and discussion

The results obtained for each of the four chromatic varieties 
object of this study are expressed as the arithmetic mean of the 
single values of each specimen tested. In addition, the maxi-
mum and minimum values of each series are presented, as well 
as the standard deviation and the coefficient of variation. These 

parameters provide relevant information about the degree of 
dispersion of the data. A comparison is also made with other 
studies made on ignimbrites, even with other lithotypes.

Petrographic analysis

The lithology is typical of a breccia rock with eutaxitic or 
flow texture, marked by the orientation of the vitreous frag-
ments in the form of small fiammes (1–3 cm). It contains 
dispersed angular fragments of trachytic or phonolytic com-
position (1–5 cm) and abundant feldspar crystals. The ash 
matrix can present a wide variety of colours. In outcrops 
they appear in powerful packages of massive rock with few 
fractures (Hernández-Guitérrez et al. 2015).

Brown sample (MA)

Extrusive igneous rock, with eutaxitic texture. Phenocrysts 
and lithic fragments are visible, elongated (fiammes) (dashed 
red line) and rounded (dashed blue line), the latter in smaller 

Table 1   Physical tests Test name Nº Size (mm) Standards

Apparent density 6 50 × 50 × 50 UNE-EN 1936
Open porosity 6 50 × 50 × 50 UNE-EN 1936
Water absorption at atmospheric pressure 6 50 × 50 × 50 UNE-EN 13755
Water absorption coefficient by capillarity 6 70 × 70 × 70 UNE-EN 1925
Ultrasound propagation velocity 6 300 × 75 × 50 UNE-EN 14579

Fig. 7  Full thin section photomicrographs of brown sample (MA) with main minerals displayed (crossed polarized-left; plane polarized-right)
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proportions, contained in a cineritic matrix with vitreous 
characteristics, in which very abundant and dispersed small 
iron hydroxides are present (A) (Fig. 7). The lithic fragments 
have a phonolytic/trachytic composition and porphyritic tex-
ture with the same phenocrysts found scattered in the cin-
eritic matrix. The most abundant phenocrysts are of anortho-
clase (B) and sanidine (C), both unaltered and with a clean 
appearance. In lesser proportion, sodalite pseudomorphs 
occur after nepheline, with generally hexagonal sections 
(D) and opaque minerals, possibly hematite (E), sometimes 
altered to iron hydroxides. Sporadically, microphenocrysts 
of augite (F) and phlogopite occur. The aphanitic matrix 
consists mainly of zoned oligoclase (cloudy core), frequently 
altered to zeolites, also predominate in the contact between 
the fiammes and the cineritic matrix (H). Vesicles may also 
contain zeolites.

Violet sample (VA)

Extrusive igneous rock, with eutaxitic texture. Phenocrysts 
and highly altered lithic fragments are perfectly distin-
guished, some of large size (green dashed line). Other are 
elongated (fiammes; dashed red line), sometimes undulating 
as consequence of magmatic flow (shaded in red) or rounded 
(dashed blue line). All these are distributed in a cineritic 
matrix with vitreous characteristics, which contain abundant 
small dispersed iron hydroxides (A) (Fig. 8). There is evi-
dence of assimilation of the lithic fragments by the matrix. 
The lithic fragments have a phonolytic/trachytic compo-
sition and porphyritic texture, with the same phenocrysts 

found scattered in the cineritic matrix. The most abundant 
phenocrysts are of anorthoclase (B). In smaller propor-
tions, phenocrysts of sanidine (C), nepheline and microphe-
nocrysts of augite occur. (D). Pseudomorphism of sodalite 
after nepheline, phlogopite crystals and opaque minerals, 
probably hematite (E), sometimes altered to hydroxides, are 
sporadic. In the aphanitic matrix, plagioclase is very sparse, 
often altered to zeolites (F) and calcite (G). Scattered iron 
hydroxides (H) are abundant in the zeolites. The vesicular 
spaces have generally been occupied by zeolites and calcite.

Grey sample (GA)

Extrusive igneous rock, with eutaxitic texture. Phenocrysts 
and highly altered lithic fragments can be seen in a cineritic 
matrix with vitreous characteristics and few dispersed iron 
hydroxides. The lithic fragments can be elongated (fiammes) 
(dashed red line), sometimes wavy due to magmatic flow 
(shaded in red) or rounded (dashed blue line) (Fig. 9). Those 
fragments have a phonolytic/trachytic composition and por-
phyritic texture with the same phenocrysts found scattered 
in the cineritic matrix. The predominant phenocrysts are of 
anorthoclase (A) and sanidine (B), both unaltered and clean 
appearance. In smaller proportions, sodalite pseudomorphs 
after nepheline (C) are found. Sporadically, phlogopite (D), 
augite (E) and opaque minerals, possibly hematite (F), occur. 
The aphanitic matrix consists mainly of zeolites (G) result-
ing from the alteration of plagioclase. The vesicles have 
generally been occupied by zeolites (H).

Fig. 8  Full thin section photomicrographs of violet sample (VA) with main minerals displayed (crossed polarized-left; plane polarized-right)
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Green sample (VB)

Extrusive igneous rock, with eutaxitic texture. Phenocrysts 
and very altered lithic fragments, some of them large 
(dashed green line), elongated and very flattened (fiammes) 
(dashed blue line), contained in a cineritic matrix with vitre-
ous characteristics, can be seen (Fig. 10). This matrix has 
scattered small iron hydroxides (A) and evidence of areas, 

where it assimilates lithic fragments (B). The lithic frag-
ments have a phonolytic/trachytic composition and porphy-
ritic texture with the same phenocrysts found scattered in the 
cineritic matrix. Anorthoclase (C) and sanidine (D) are the 
most abundant crystals. In lesser proportion there are micro-
phenocrysts of augite (E), sporadically pseudomorphs of 
sodalite after nepheline associated with calcite (F), opaque 
mineral, while phlogopite crystals are scarce. The aphanitic 

Fig. 9  Full thin section photomicrographs of grey sample (GA) with main minerals displayed (crossed polarized-left; plane polarized-right)

Fig. 10  Full thin section photomicrographs of green sample (VB) with main minerals displayed (crossed polarized-left; plane polarized-right)
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matrix is characterised by a low abundance of plagioclase, 
most of which has been altered to zeolites (G), with abun-
dant iron hydroxides (H). The vesicles are very flattened and 
occupied by zeolites and calcite.

Chemical analysis: X‑ray fluorescence (XRF)

The weight percent of most of the compounds varies from one 
sample to another by less than 0.5%. In case of manganese 
oxide (MnO) or magnesium oxide (MgO) is even less than 

0.05%. The most notable differences between the maximum 
and minimum values are for silica oxide  (SiO2) and sodium 
oxide  (NaO2), with 3.0% and 1.5%, respectively. Table 2 
shows the results of the chemical analysis of major elements 
and the graphic representation in Fig. 11 shows how is similar 
the chemical composition of the four ignimbrites analysed.

Based on the chemical analysis results, the samples are 
projected onto the TAS (Bas et al. 1986) and AFM diagrams 
(Tilley 1960). The boundaries between the alkaline and sub-
alkaline series on the TAS diagram and between the calc-
alkaline and toleiitic series on the AFM diagram correspond 
to Irvine and Baragar (1971). The location of the samples in 
these diagrams, according to the geochemistry of the main 
elements, demonstrates the trachytic composition, belonging 
to the alkaline series, (Fig. 12a). The calc-alkaline character 
of the parental magmas is shown in Fig. 12b. The Canary 
Islands are practically the only region in the world, where 
ignimbrites are associated with alkaline trachytic–phonolitic 
magmas (Fúster et al. 1968).

Mineralogical analysis: X‑ray diffraction (XRD)

Mineralogical analysis shows that the four ignimbrites 
studied have a similar mineralogical composition (Fig. 13). 

Table 2   Major element oxides 
of ignimbrite samples (oxides 
are expressed as wt %)

Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI Sum

MA 61.73 18.48 3.68 0.19 0.78 1.08 8.48 4.58 0.95 0.18 0.43 100.6
VA 58.88 18.19 3.49 0.22 0.77 0.93 6.97 5.08 0.78 0.07 5.02 100.4
GA 59.71 18.11 3.78 0.20 0.82 1.25 7.10 4.67 1.00 0.17 2.93 99.7
VB 60.94 18.59 3.87 0.19 0.79 1.23 8.26 4.55 0.99 0.16 0.30 99.9

Fig. 11  Normalized chemical composition

Fig. 12  Chemical classification: a Total Alkalis—Silica (TAS) Diagram and b relative proportions of the oxides of alkalis (A), iron (F) and mag-
nesium (F) (AFM) Diagram
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Anorthoclase (Ano), sanidine (Sa), phlogopite (Phl) and 
sodalite (Sdl) are minerals common to all samples. Anortho-
clase (Ano) and sanidine (Sa) are the most abundant miner-
als, and phlogopite (Phl) and sodalite (Sdl) the least. In the 
case of the brown sample (MA) and the grey sample (GA), 
oligoclase (Olg) is the mineral with the highest occurrence 
after anorthoclase (Ano) and sanidine (Sa). With exception 
of grey sample (GA), augite (Aug) is present in all samples, 

although the proportion in the brown ignimbrite (MA) is 
small. Nepheline (Ne) was only detected in the grey sam-
ple (GA) and in the violet sample (VA), in both cases in a 
similar proportion. Hematite (Hem) is another mineral that 
was only detected in two of the four varieties, brown (MA) 
and violet (VA). The green ignimbrite (VB) contains phil-
lipsite (Php), a mineral that has only been detected in this 
chromatic variety.

Fig. 13  Diffractograms. a Brown (MA), b Violet (VA), c Grey (GA) and d Green (VB). Minerals: Anorthoclase (Ano), Augite (Aug), Hematite 
(Hem), Nepheline (Ne), Oligoclase (Olg), Phillipsite (Php), Phlogopite (Phl), Sanidine (Sa), Sodalite (Sdl) (Warr 2021)

Table 3   Results of apparent 
density and open porosity test

Apparent Density
(g/cm3)

Open Porosity
(%)

MA VA GA VB MA VA GA VB

Mean 1.96 2.05 2.18 2.35 25.61 22.10 15.20 2.18
Standard deviation 0.03 0.02 0.05 0.02 1.05 0.71 2.83 0.24
Minimum value 1.93 2.03 2.09 2.30 24.09 21.11 12.06 1.96
Maximum value 2.00 2.08 2.22 2.37 26.75 22.95 20.07 2.61
Coef. of variation 0.01 0.01 0.02 0.01 0.04 0.03 0.19 0.11
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Apparent density and open porosity

The results for these tests are shown in Table 3. Small differ-
ences can be observed in apparent density, which are more 
significant or noticeable with respect to open porosity. The 
green sample (VB) presents the highest apparent density, 
2.35 g/cm3, and a really low open porosity with respect to 
the rest of the samples, at 2.18% as opposed to 15.2%, for the 
grey sample (GA), which is the next sample with the lowest 
porosity. It is important to highlight the low variability of 
the results obtained for apparent density, at a maximum of 
2.2%, given for the grey sample (GA). Regarding the open 
porosity, dispersion varies from only 3% for violet sample 
(VA), to 19% for the grey sample (GA).

In agreement with to the classification by Anon (1979) 
for the apparent density of the samples, the grey (GA), 
brown (MA) and violet (VA) variants belong to class 2 

(1.80–2.20 g/cm3), with low densities ranging from 1.96 to 
2.18 g/cm3, while the green sample (VB) belongs to class 3 
(2.20–2.55 g/cm3). The difference between the green sample 
(VB) and the rest is even more noticeable in the classifica-
tion according to open porosity. The green sample (VB) has 
a low porosity, between 1 and 5% (class 4), while the rest 
of the samples correspond to class 2 (15–30%). Figure 14 
shows graphically the classification of the four ignimbrite 
variants studied, according to their apparent density and 
open porosity.

Previous studies by other authors have found that the 
apparent density of ignimbrites varies between 1.45 and 
2.93 g/cm3. Therefore, the apparent density values obtained 
(between 1.96 and 2.35 g/cm3) are within the expected range 
for this lithotype. In general terms, the densities of the stud-
ied samples are lower than most of the stone types shown 
in Table 4, practically all the sedimentary and metamorphic 

Fig. 14  Classifications of samples according to Anon (1979) by mean values: a apparent density and b open porosity

Table 4   Apparent density and open porosity of various stones

Rock type Stone Apparent 
density
(g/cm3)

Open porosity
(%)

References

Igneous Basalt [1.72–3.10] [0.60–22.80] Karakuş and Akatay (2013), Engidasew (2014), Vieira et al. (2018)
Ignimbrite [1.45–2.91] [1.37–53.08] Kekec and Gokay (2009), Engidasew and Asmelash (2016), Martínez-

Martínez et al. (2018)
Trachyte [2.24–2.46] [7.67–14.04] Germinario et al. (2017)
Trachyandesite [2.64–2.67] [1.50–3.90] Vieira et al. (2018)
Rhyolite [2.38–2.81] [4.46–8.41] Engidasew and Asmelash (2016)
Granite [2.67–2.77] [0.12–3.72] Sousa et al. (2005), Karaca et al. (2012); Ozcelik and Ozguven (2014)
Tuff [1.35–2.20] [15.03–47.20] Engidasew and Asmelash (2016), Vieira et al. (2018), Yüksek (2019)

Sedimentary Limestone [2.42–2.76] [0.25–8.67] Karaca et al. (2012), Ozcelik and Ozguven (2014), Sarıışık et al. (2016)
Sandstone [2.03–2.53] [6.29–25.57] Siegesmund and Dürrast (2014)
Travertine [2.35–2.56] [1.17–6.08] Karaca et al. (2012), Sarıışık et al. (2016)

Metamorphic Gneis [2.64–2.96] [0.16–1.63] Dias Filho et al. (2014), Siegesmund and Dürrast (2014)
Marble [2.65–2.95] [0.12–1.37] Karaca et al. (2012), Sarıışık et al. (2016), Navarro et al. (2018)
Schist [2.51–2.88] [0.40–10.00] Carvalho et al. (2013a, b), Barros et al. (2014)
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rocks present higher densities and even within the igneous 
rocks only the basalts and tuffs present densities in the range 
of the studied ignimbrites (Table 5).

Similarly, the open porosity values obtained (between 
2.18 and 25.61%) are also within the expected range from 
the literature (1.37 and 53.08%). In this case, it is worth 
highlighting the great variation of this lithotype, being 

ignimbrites the stone with the widest range of porosity. 
The brown (MA), grey (GA) and violet (VA) samples show 
porosities similar to some basalts, tuffs or sandstones. The 
porosity of the green sample (VB), although it could also 
belong to the basalt group, is more similar to trachyandesite, 
granite, limestone or travertine.

Water absorption at atmospheric pressure

The absorption of water at atmospheric pressure is strongly 
conditioned by porosity. Following this pattern, the green 
sample (VB) presents the lowest absorption, at 2.05%, while 
the brown sample (MA) present the highest, at 9.46%. Dis-
persion of results varies between 3 and 23%, correspond-
ing to the brown sample (MA) and the green sample (VB), 
respectively.

In terms of the time needed to reach saturation, there was 
no difference. All samples stabilised their saturated mass 
at the same time, 10080 min (7 days) after starting the test. 
The greater or lesser capacity to absorb of the samples is 
latent in the first 2880 min (48 h) and it is in this period 
that the samples show different absorption rates and which 
establishes the outcome of the results. After this period the 
absorption capacity of all samples is similar. This can be 
seen in Fig. 15 analysing the slopes of the lines, which rep-
resent an approximate adjustment of the water absorption of 
each sample during the course of the test.

The ignimbrite samples in this study have a water 
absorption values (2.05–9.46%) within the range of data 
reported by other authors for this lithotype (0.49–12.61%.). 
The water absorption obtained in the green sample (VB) 
resembles that of some basalts, trachytes and rhyolites, 
and even some limestones, travertines and schists. How-
ever, the grey (GA), brown (MA) and violet (VA) samples 

Table 5   Results from water absorption at atmospheric pressure test

Water absorption at atmospheric pressure
(%)

MA VA GA VB

Mean 9.46 7.32 5.60 2.05
Standard deviation 0.32 0.72 0.65 0.48
Minimum value 9.13 6.23 4.51 1.70
Maximum value 9.92 8.30 6.22 2.94
Coef. of variation 0.03 0.10 0.12 0.23

Fig. 15  Temporal variation of absorption

Table 6   Water absorption at atmospheric pressure of various stones

Rock type Stone Water absorption
(%)

References

Igneous Basalt [0.20–9.10] Engidasew (2014), Moon (2014), Vieira et al. (2018)
Ignimbrite [0.49–12.61] Engidasew (2014), Engidasew and Asmelash (2016)
Trachyte [2.10–4.79] Germinario et al. (2017)
Trachyandesite [0.40–1.40] Vieira et al. (2018)
Rhyolite [1.60–3.33] Engidasew and Asmelash (2016)
Granite [0.24–1.72] Ozcelik and Ozguven (2014), Mustafa et al. (2015)
Tuff [6.81–25.18] Engidasew and Asmelash (2016), Vieira et al. (2018), Yüksek 

(2019)
Sedimentary Limestone [0.14–2.06] Bayram (2012), Sarıışık et al. (2016)

Sandstone [3.20–20.40] Siegesmund and Dürrast (2014)
Travertine [1.42–6.54] Sarıışık et al. (2016)

Metamorphic Gneis [0.39–0.92] Dias Filho et al. (2014), Ademila (2019)
Marble [0.10–0.96] Mustafa et al. (2015), Sarıışık et al. (2016), Navarro et al. (2018)
Schist [0.20–3.55] Carvalho et al. (2013a, b), Barros et al. (2014), Mustafa et al. (2015)
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barely share absorption with some basalts and tuffs, with 
absorptions higher than most of the igneous, metamorphic 
and sedimentary rocks (with the exception of sandstone), 
as it is shown in Table 6.

Water absorption coefficient by capillarity

The behaviour of the samples against capillary water 
absorption is similar to that obtained for water absorption 
at atmospheric pressure. The brown sample (MA), with 
a capillarity coefficient of 136.64 g/m2  s0.5 and the green 
sample (VB), with a capillarity coefficient of 4.30 g/m2  s0.5 
are, respectively, the samples with the highest and lowest 
capillary absorption capacity. In this test the large differ-
ence between these two chromatic varieties also stands 
out. The violet sample (VA) has an absorption coefficient 
close to the brown sample (MA), while the grey sample 
(GA) is close to the green sample (VB), with a differ-
ence of 20–25 g/m2  s0.5 in both cases. The coefficient of 
variation obtained for all varieties is around 10%, except 
for the green sample (VB) which shows a dispersion of 
slightly more than 15% (Table 7). In which two straight 
sections are clearly identified. In this case, the coefficient 
of capillary water absorption is determined by the slope 
of the straight line of the first section. However, for the 

grey (GA) and green (VB) samples, it is not possible to 
approximate the obtained curve to two straight lines, so 
the capillary water absorption coefficient is determined 
by Eq. 4. Figure 16 shows the curves obtained the mean 
absorption values of the six specimens tested for each of 
the varieties. The dashed line represents the adjustment 
made.

The range of the capillary absorption coefficient of the 
ignimbrites studied (4.30–136.64 g/m2  s0.5) is within the 
range of data reported by other authors for this lithotype 
(0.67–312.00 g/m2  s0.5). Most of the stone types listed in 
Table 8 have a large difference between the maximum and 
minimum values of the capillary absorption coefficient val-
ues. This means that the capillary water absorption coef-
ficients of the ignimbrites studied, independently of the 
chromatic variety, are also within the range of the rhyolites, 
limestones, sandstones, travertines and marbles. Even the 
green sample (VB) presents a capillary water absorption that 
could practically be associated with all the stone types listed 
in Table 8, except for the trachyandesites and tuffs. The grey 

Table 7  Results from water absorption coefficient by capillarity test

Water absorption coefficient by capillarity
(g/m2  s0.5)

MA VA GA VB

Mean 136.64 108.29 24.11 4.30
Standard Deviation 14.87 10.32 1.93 0.70
Minimum Value 155.05 124.81 26.94 5.48
Maximum Value 121.32 97.11 22.78 3.58
Coef. of Variation 0.11 0.10 0.08 0.16

Fig. 16  Mass of water absorbed as a function of the square root of 
time

Fig. 17  Classifications of samples according to Snethlage (2005) by 
mean values water absorption coefficient by capillarity

Fig. 18  Classifications of samples according to Anon (1979) by mean 
values ultrasound propagation velocity
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sample (GA) also shares absorption with many stone types, 
in fact, it is only outside the absorption range of basalts, 
trachytes and trachyandesites.

According to the classification proposed by Snethlage 
(2005), the green sample (VB), with an absorption coef-
ficient of less than 8.0 g/m2  s0.5 (0.5 kg/m2  h0.5) has a very 
low capillary absorption, while the brown (MA) and violet 
(VA) samples, with absorption coefficients in both cases 
higher than 50 g/m2  s0.5 (3 kg/m2  h0.5), show a high capil-
lary absorption. Finally, according to this classification, the 
grey sample (GA), with an absorption coefficient of 24.11 g/
m2  s0.5, has a medium capillary absorption (Fig. 17).

Ultrasound propagation velocity

The wave propagation time was measured considering the 
anisotropy planes of the samples: parallel (Y-axis) and nor-
mal (Z-axis) direction. The results shown in Table 9 cor-
respond to the mean value of the velocities obtained in both 
directions, measured in each of the six test specimens. The 
sample with the highest ultrasound propagation velocity is 

the green one (VB) and the lowest correspond to the brown 
sample (MA). The velocity for the grey sample (GA) is 
slightly higher than for the violet sample (VA). The low 
variability of the results is noteworthy, with coefficients of 
variation below 5%.

According to the Anon (1979) classification, five classes 
are differentiated in terms ultrasound propagation velocity. 
The brown sample (MA), with the lowest ultrasound veloc-
ity, belongs to a class 2. The grey (GA) and violet (VA) 
samples are in class 3, with a moderate ultrasound velocity. 
In addition, the green sample (VB), with the highest ultra-
sound velocity, corresponds to class 4 (Fig. 18).

The mean velocities for the two test directions (nor-
mal and parallel) agree with the results obtained for ign-
imbrites by other authors for ignimbrites, in the range of 
1390–4866 m/s. As it can be seen in Table 10, most of the 
range of velocities are so wide that the results for the ana-
lysed ignimbrites could be attributed to virtually any type of 
stone. Trachyandecites and rhyolites are an exception, show-
ing higher velocities. Trachytes in particular share velocities 
with grey (GA), violet (VA) and green (VB) chromatic vari-
ants, but not with the brown sample (MA), at 3094.1 m/s.

Table  11 shows the ultrasound propagation velocity 
obtained for the different samples and test directions.

In the four chromatic varieties studied, the propagation 
speed is greater if the wave travels in a direction parallel 
to the plane of anisotropy, with a difference of between 5 
and 7%, compared to a normal direction. This confirms that 
the anisotropic characteristics of the stone directly affect 
the wave velocity (Fort et al. 2011; Karaman et al. 2015). 
Figure 19 shows the ultrasonic velocity correlation with the 
test direction.

The correlation between the two test directions, paral-
lel and normal, is almost perfect, with a determination 

Table 8   Water absorption coefficient by capillarity of various stones

Rock type Stone Water absorp. capil-
larity
(g/m2  s0.5)

References

Igneous Basalt [1.01–6.50] Graue et al. (2011), Engidasew (2014), İnce et al. (2021)
Ignimbrite [0.67–312.00] Pola et al. (2016), Martínez-Martínez et al. (2018), Bustamante et al. (2021)
Trachyte [3.31–17.83] Graue et al. (2011), Germinario et al. (2017), Oliveira (2017)
Trachyandesite [104.95–417.06] İnce (2021)
Rhyolite [3.36–579.36] Engidasew (2014), İnce (2021)
Granite [0.50–43.33] Rivas et al. (2000), Vázquez et al. (2010), Ribeiro (2013)
Tuff [8.33–847.26] Cueto et al. (2018), Ünal and Altunok (2019), Pötzl et al. (2022)

Sedimentary Limestone [0.88–293.95] Buj and Gisbert (2010), Anania et al. (2012), Rodríguez Pérez et al. (2021)
Sandstone [0.64–671.00] Benavente et al. (2007), Franzini et al. (2007), Cnudde et al. (2008)
Travertine [0.98–130.00] Sengun et al. (2015), Benavente et al. (2018), Çeli̇k and İbrahimoglu (2021)

Metamorphic Gneiss [–]
Marble [0.07–425.22] Ozguven and Ozcelik (2013), Navarro et al. (2018), İnce et al. (2021)
Schist [1.70–53.21] Barros et al. (2014), Barroso et al. (2020)

Table 9   Results from ultrasound propagation velocity test (mean val-
ues of the two X and Z directions)

Ultrasound propagation velocity
(m/s)

MA VA GA VB

Mean 3094.1 3591.8 3732.6 4425.6
Standard deviation 85.2 92.7 137.7 59.8
Minimum value 2970.9 3475.5 3536.7 4356.3
Maximum value 3188.7 3706.8 3965.6 4530.5
Coef. of variation 0.03 0.03 0.04 0.01
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coefficient close to unity. Using the mathematical expres-
sion of the adjustment, the value of the ultrasound velocity 
in a given direction could be obtained from the other with 
high accuracy.

A summary of the results obtained for the physical prop-
erties for the four-ignimbrite variants analysed is presented 
in Table 12.

Correlation analysis between properties

The regression analyses of the properties obtained in this 
study are presented and discussed below. A review of the 
literature shows that there are numerous studies on the cor-
relation between the physical properties of natural stone. The 
may include several types of stone and/or lithologies (for 
instance, Barroso et al. (2020)-schist and granite, Kahraman 
and Yeken (2008)-limestone and travertine or Sarkar et al. 
(2012)-limestone, sandstone, dolomite, shale, granite, basalt 
and gneiss), or be dedicated to a single one (Concu et al. 
(2014) and Parent et al. (2015)—limestone, Azimian and 
Ajalloeian (2015)-marl or Saldaña et al. (2020)-travertine). 
The discussion has been based, whenever possible, on those 
specifically referring to ignimbrites.

Table 10   Ultrasound propagation velocity of various stones

Rock type Stone Ultrasound prop. 
velocity
(m/s)

References

Igneous Basalt [2539–7015] Karakuş and Akatay (2013), Engidasew (2014), Teymen and Mengüç (2020)
Ignimbrite [1390–4866] Rodríguez-Losada et al. (2007b), Engidasew (2014), Martínez-Martínez et al. (2018)
Trachyte [3420–5200] Vanorio et al. (2002), Kılıç and Teymen (2008), Novotný et al. (2009)
Trachyandesite [4020–4640] Vanorio et al. (2002), Sariisik (2020)
Rhyolite [5000–5987] Müller et al. (2009), Teymen and Mengüç (2020)
Granite [2339–6910] Tuǧrul and Zarif (1999), Sousa et al. (2005), Alonso et al. 2008)
Tuff [1150–3170] Çelik and Aygün (2018), Yüksek (2019), Teymen and Mengüç (2020)

Sedimentary Limestone [2232–6570] Anania et al. (2012), Molina et al. (2013), Teymen and Mengüç (2020)
Sandstone [1342–4622] Sarkar et al. (2012), Molina et al. (2013), Ghobadi and Babazadeh (2015)
Travertine [2815–6020] Molina et al. (2013), Benavente et al. (2018), Çeli̇k and İbrahimoglu (2021)

Metamorphic Gneiss [2563–4875] Sharma et al. (2011), Sarkar et al. (2012)
Marble [2820–6560] Durmeková et al. (2015, Navarro et al. (2018), Teymen and Mengüç (2020)
Schist [2242–5952] Sharma et al. (2011), Yagiz (2011), Barros et al. (2014)

Table 11   Results from 
ultrasound propagation velocity 
test

Ultrasound propagation velocity
(m/s)

X (Parallel direction) Z (Normal direction)

MA VA GA VB MA VA GA VB

Mean 3189.3 3693.8 3823.3 4578.4 2998.8 3489.8 3642.0 4272.7
Std. deviation 93.9 56.0 106.4 56.9 87.2 132.5 173.4 82.4
Min. value 3058.1 3610.1 3672.0 4504.5 2883.6 3301.3 3401.4 4174.0
Max. value 3289.5 3759.4 3994.7 4665.6 3105.8 3654.3 3936.5 4395.3
Coef. variation 0.03 0.02 0.03 0.01 0.03 0.04 0.05 0.02

Fig. 19  Relationship between ultrasound propagation velocity paral-
lel and normal direction to the plane of anisotropy
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To determine the degree of linear correlation between two 
properties, the Pearson correlation coefficient “r” has been 
used as a measure, assuming that the variables have a normal 
distribution. This coefficient ranges from − 1 to 1, for r < 0 
there is a negative correlation (the two variables are inversely 
associated), while for r > 0, there is a positive correlation (the 
variables are directly associated). A coefficient r ≈ 0 indicates 
that there is no linear relationship between the two variables 
and an |r| ≈ 1 means that the variables are almost perfectly 
correlated. To determine the correlation coefficient, it makes 
no difference which property is defined as the independ-
ent variable (X-axis) and which as the dependent variable 
(Y-axis), since in both cases, the result will be the same. The 
correlation–dispersion diagrams (Fig. 20a–j) are plotted, with 
the fitting equation for each property pair. The ellipses repre-
sent the confidence regions, with a probability range of 85%.

Apparent density and open porosity

The linear relationship between apparent density and 
open porosity (Fig. 20a) is negative and almost perfect 
(r = − 0.99). The negative linear relationship indicates, as 
expected, that the higher the density, the lower the porosity 
and vice versa. Similar results have been obtained in other 
studies; Engidasew and Asmelash (2016) (r = −  0.94), 
Barahim et al. (2017) (r = − 0.97), Colella et al. (2017) 
(r = − 0.98). Correlation coefficients above 0.90, derived 
from the strong correlation between these two properties.

Apparent density and water absorption 
at atmospheric pressure

Similar results are obtained for correlation analy-
sis between apparent density and water absorption at 

atmospheric pressure are obtained. Negative linear 
correlation and a correlation coefficient close to unity 
(Fig. 20b). Based on this analysis, it can be concluded 
that samples with higher density have lower absorption 
capacity, with absorption capacity increasing as density 
decreases. The correlation coefficient (r = −  0.96) is 
similar to the values found in other studies; Pötzl et al 
(2022) (r = − 0.92), Engidasew and Asmelash (2016) 
(r = −  0.94). On the other hand, Yasar et  al. (2009), 
made an exponential fit, so it is not directly compara-
ble; however, the coefficient of determination obtained 
(R2 = 0.95) can be interpreted as meaning that apparent 
density explains 95% of the variability in water absorp-
tion. In any case, the correlation between apparent density 
and water absorption is high.

Apparent density and capillary water absorption

The linear correlation between apparent density and capil-
lary water absorption is strong, reflecting certain depend-
ence between these two properties, and negative, confirm-
ing that samples with lower density have a higher capillary 
water absorption capacity (Fig. 20c). Barroso et al. (2020) 
obtained a similar linear correlation coefficient (r = − 0.84) 
in their physical characterisation of schist and granite from 
northwest Portugal. Other authors propose that the best fit 
between these two properties is not linear but exponential, 
Ínce et al. (2021) (R2 = 0.88), power Rodríguez et al. (2021) 
(R2 = 0.91) or logarithmic Díçer et al. (2012) (R2 = 0.90). 
Regardless of the type of adjustment made, the degree of 
correlation obtained, both in this study and in the litera-
ture consulted, confirms that the capillary water absorp-
tion coefficient is highly dependent on the density of the 
sample.

Table 12   Summary of 
physical properties results and 
classification

MA VA GA VB

Apparent density  
[g/cm3]

1.96±0.03 2.05±0.02 2.18±0.05 2.35±0.02

Class Low Low Low Medium
Open porosity  

[%]
25.61±1.05 22.10±0.71 15.20±2.83 2.18±0.24

Class High High High Very Low
Water absorp. at atmospheric pressure  

[%]
9.46±0.32 7.32±0.72 5.60±0.65 2.05±0.48

Class – – – –
Water absorp. coefficient by capillarity  

[g/m2·s0.5]
136.64±14.87 108.29±10.32 24.11±1.93 4.30±0.70

Class High High Medium Very Low
Ultrasound propagation velocity  

[m/s]
3094.1±85.2 3591.8±92.7 3732.6±137.7 4425.6±59.8

Class Low Medium Medium High
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Apparent density and ultrasound velocity

The correlation between apparent density and ultrasound 
velocity is positive, meaning that the denser the material it 
passes through, the faster the wave is able to travel, bearing 
in mind that other factors such as transducer contact, tem-
perature or surface roughness can affect the passage of the 
wave through the material (Ersoy et al. 2019). The degree of 
correlation obtained between these two properties is strong 
(r = 0.95) (Fig. 20d). This correlation coefficient is similar to 
those obtained by Azimian and Ajalloeian (2015) (r = 0.96) 
or Rahmouni et al. (2013) (r = 0.92). However, it should be 
noted that these coefficients are derived from the correlation 
analysis of the properties of various lithotypes. Few papers 
in the reviewed literature are focused only on the correla-
tion of these two properties for ignimbrites, standing out the 
work of Pötzl et al. (2022) in which a moderate correlation 
is found (r = 0.65).

Open porosity and water absorption at atmospheric 
pressure

Open porosity and water absorption at atmospheric 
pressure show a strong correlation (r = 0.96) (Fig. 20e). 
In addition, the correlation is positive, indicating that 
samples with higher porosity are predisposed to higher 
absorption capacity. These results do not differ from those 
reported by other authors; Yasar et al. (2009) (r = 0.98), 
Engidasew and Asmelash (2016) (r = 0.99), even perfect 
linear correlation, Barahim et al. (2017) (r = 1.00). It has 
also been proposed that the best fit between these two 
properties is exponential (Türkdönmez and Bozcu 2012) 
or a polynomial of second degree (Murast and Hakki 
2016), obtaining in both cases coefficients of determina-
tion greater than 0.90.

Open porosity and capillary water absorption

Like water absorption at atmospheric pressure, capil-
lary water absorption shows a strong correlation with 
open porosity. Similarly, the correlation is positive, so 
the higher the porosity, the higher the capillary water 
absorption coefficient (Fig. 20f). The correlation coeffi-
cient obtained (r = 0.89) is lower than that obtained by 
Çobanoğlu (2015) (r = 0.95) in his study on the capillary 
water absorption capacity of travertines used as dimen-
sion stone. The difference with the correlation analysis 
carried out by Barroso et al. (2020), is even greater, as 
this obtained a linear correlation coefficient close to unity 
(r = 0.99). One of the most commonly used settings in the 
literature to define a power the relationship between these 
two properties. Mahmutoğlu (2017) (R2 = 0.93) in his 

study on marble degradation, Ínce et al. (2021) (R2 = 0.88), 
in whose study includes different rock types (pyroclastic, 
volcanic, plutonic and metamorphic) or Rodríguez-Pérez 
et al. (2021) (R2 = 0.90) in their research on limestones, are 
some examples. Others propose an exponential fit (Ünal 
and Altunok 2019) (R2 = 0.92).

Open porosity and ultrasound velocity

The correlation between open porosity and ultrasound 
velocity is also strong (r = − 0.95), although in this case, 
the relationship between these two properties is negative 
(Fig. 20g). Apart from the size and distribution of the 
pores, the higher the porosity, the more void space the 
wave encounters on its way between the emitter and the 
receiver, thus reducing its velocity. In fact, the interpreta-
tion of the meaning of the correlation between these two 
properties is based on the same principle described for 
apparent density, since density and porosity are closely 
related. In this case, the comparison with other similar 
works is inconclusive, while Yüksek (2019) (r = − 0.91) 
achieves a strong correlation, Murast and Hakki (2016) 
propose a second-order polynomial fit, in which only 40% 
of the porosity variability is explained by the ultrasound 
velocity, resulting in a weak relationship. In contrast, if a 
wider variety of lithotypes is taken into account, results 
analogous to those of the present study are obtained; Engi-
dasew (2014) and Azimian and Ajalloeian (2015) with a 
coefficient (r = − 0.92) in both cases, or Rahmouni et al. 
(2013) (r = − 0.94).

Water absorption at atmospheric pressure 
and capillary water absorption

The linear correlation between water absorption at atmos-
pheric pressure and water absorption by capillarity is also 
strong (r = 0.91). The relationship between these two prop-
erties is positive, so it is to be expected that samples with 
a higher water absorption capacity at atmospheric pres-
sure will also show a higher willingness to absorb water 
by capillary action (Fig. 20h). Although in this case the 
linear fit defines the dependence of these two properties 
with a high degree of correlation, according to the literature 
consulted, it is more common to use a potential fit; (İnce 
et al. 2021) (R2 = 0.92), (Rodríguez et al. 2021) (R2 = 0.99) 
or logarithmic; (Dinçer et al. 2012) (R2 = 0.86), (Ünal and 
Altunok 2019) (R2 = 0.92). Independently, the conclusion 
is similar, since on the basis of the coefficients determined 
water absorption at atmospheric pressure is able to explain 
approximately 90% of the variability of capillary water 
absorption.
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Water absorption at atmospheric pressure 
and ultrasound velocity

After correlation analysis between water absorption at 
atmospheric pressure and ultrasound velocity, the corre-
lation between these two properties is found to be strong 
(r = − 0.97) and negative (Fig. 20i). The fact that water 
absorption has a strong correlation with density and poros-
ity (|r|= 0.96) and that these (density and porosity), in turn, 
are directly involved in the ultrasound velocity (|r|= 0.95) 
are indications that this result could have been predicted. 
Yüksek (2019) in an exponential fit also obtained a strong 
correlation between these two properties, setting that more 
than 90% of the variability of the ultrasound velocity is 
explained by water absorption. Similar results with correla-
tion coefficients above 0.90 were also found in other correla-
tion analyses carried out with several lithotypes (Azimian 
and Ajalloeian 2015; Engidasew 2014).

Capillary water absorption and ultrasound velocity

Finally, capillary water absorption and ultrasound velocity also 
show a strong linear correlation, although it should be noted 
that the correlation coefficient (r = − 0.86) is the lowest of the 
coefficients obtained in this study. The relationship is negative 
(Fig. 20j), and it can, therefore, be concluded that samples with 
higher ultrasonic propagation velocity will have lower capillary 
water absorption coefficients, and vice versa. This is true, but 
as mentioned above, the effect of density and porosity on the 
ultrasound velocity measurement must be taken into account, 
as these two properties (density and porosity) are indirectly 
involved in the relationship between capillary water absorption 
and ultrasound velocity. Vázquez et al. (2010), in their study of 
granites as ornamental stone, suggest a linear fit between these 
two properties and conclude that both are strongly correlated 
(r = − 0.92). Dinçer et al. (2012) (R2 = 0.83), proposes a loga-
rithmic regression, where ultrasound velocity is able to explain 
more than 80% of the variability of capillary water absorption, 
in contrast, Özvan et al. (2015) (R2 = 0.46) although using the 
same regression model, barely manages to explain 45% of 
variability. İnce et al. (2021) performs an exponential fit, and 
achieves a coefficient of determination (R2 = 0.68), although it 
must be taken into account that their study does not focus on a 
single lithotype, but collects different rock types.

To conclude this correlation analysis, a matrix with the 
correlation coefficients obtained between each pair of prop-
erties is shown (Fig. 21).

Confirmation of model

Correlation coefficients close to unity were obtained, mean-
ing a high correlation between the properties analysed. 
However, it is necessary to assess how significant this cor-
relation is. In other words, if the correlation coefficient is 
significantly different from zero. The significance of the 
coefficients can be determined by hypothesis testing, where 
the null hypothesis is H0: r = 0 and the alternative hypoth-
esis H1: r ≠ 0. To reject the null hypothesis, in favour of the 
alternative, and conclude that the correlation coefficient r 
is significant, the t value calculated by expression (5) must 
be greater than the tabulated t value for the confidence level 
used, 95%. Otherwise, if the calculated t value is lower than 
the tabulated t value, the null hypothesis is not rejected and 
the correlation cannot be said to differ significantly from 
zero. Table 13 shows the results of the t test for the evalu-
ated correlations:

where r is the correlation between the two variables, r2 is the 
coefficient of determination and n is the sample size.

The calculated t value is in all cases higher than the 
tabulated t value for a confidence level of 95%; there-
fore, the null hypothesis can be rejected, concluding that 
the obtained correlation coefficients r are statistically 
significant.

(5)t =
r
√

n − 2
√

1 − r2
,

Fig. 20  Regression analysis with trend lines and coefficient r of the 
different properties obtained in the ignimbrites studied. The blue 
ellipses predict an 85% probability of the data

◂

Fig. 21  Correlation matrix of the analysed properties
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Conclusions

Dimensional stone, has been one remarkable resource in 
local socio-economic development of the Canary Islands 
(Spain). The lack of initial regulation, together with the high 
availability and lithological diversity, led to a large-scale 
exploitation of these resources boom large activity in the 
exploitation of these resources, with quarries scattered all 
over the islands. Today, almost all these quarries have been 
closed, abandoned or have disappeared. On the island of 
Tenerife, only two quarries are still active, named “Guama” 
and “El Grillo object of this study on four of the five dimen-
sional stones extracted in those quarries.

Marketed under the trade name of “Piedra Chasnera” it 
can be differentiated according to its colour into four varie-
ties (brown, violet, grey and green). This type of stone is not 
only used in modern architecture, but is also present in the 
island's historical heritage, which is another indicator of the 
relevance of this study.

The characterization made has provided detailed infor-
mation on the chemical composition of these four stones, 
confirming that they are trachytic ignimbrites. From the pet-
rographic/mineralogical analysis it can be concluded that all 
of them present an eutaxitic texture and a cineritic matrix of 
a vitreous nature, containing lithic fragments of phonolite/
trachytic composition. The brown sample (MA) may owe 
its colour to the higher amount of hydroxides dispersed in 
its matrix, which are much more abundant than in the other 
varieties.

The violet sample (VA) shows greater signs of alteration, 
although in this case, the hydroxides are mainly located in 
the lithic fragments, and as a consequence the tone of the 
sample is not so brown. The vesicles of this sample (VA) 
have been occupied by secondary minerals, and, therefore, 
has lower porosity than the brown sample (MA).

The grey sample (GA) is not as altered the previous sam-
ples (MA and VA). A greater quantity of iron oxides, not 
altered to hydroxides stands out, being a possible cause of 

the greyish tone of the sample. The vesicles of the lithic 
fragments are not fully occupied by secondary miner-
als. However, as the number of lithic fragments is smaller 
compared to the brown (MA) and violet (VA) samples, the 
effect on their properties is lower. Furthermore, has a higher 
degree of compaction, which gives it a higher density and 
lower porosity.

The green sample (VB) is, according to its petrography, 
very similar to the violet sample (VA), with the difference 
that its vesicles and fragments are more elongated and flat-
tened, signs of a higher degree of compaction, and this is 
confirmed by the properties obtained. It is the sample with 
the highest proportion of ash, and therefore, its greenish col-
our is mainly due to this fact.

For all the physical properties analysed the same sort 
according to the stratigraphic levels is found: brown (MA), 
violet (VA), grey (GA) and green (VB). The brown (MA) 
and violet (VA) samples, coming from levels closer to the 
surface, have very similar physical properties. The results 
for the grey sample (GA), coming from deeper stratigraphic 
level, are slightly different from those of MA and VA sam-
ples. The green sample (VB), corresponding to the deep-
est level, shows marked differences respect the other three 
samples.

The results obtained are in accordance with those 
reported in the literature for this type of lithology; however, 
in some cases, VB sample could be attributed to another 
type of stone. From the correlation analysis carried out, it is 
concluded that the degree of linear correlation between the 
different physical properties obtained is very strong, with 
correlation coefficients equal to or greater than 0.95 in all 
cases.

The properties obtained in this study, especially porosity 
and water absorption, can be used as indicators to qualita-
tively estimate deterioration resistance. The brown ignim-
brite (MA) and the violet ignimbrite (VA) are the samples 
with the highest porosity and water absorption, so they are 
expected to be the most prone to deterioration. On the other 

Table 13   Results of the t test 
for the evaluated correlation

Properties | r | t calculated t tabulated

Apparent density and open porosity 0.99 14.04 2.069
Apparent density and water absorption 0.96 6.86 2.069
Apparent density and water absorp. capillarity 0.93 5.06 2.069
Apparent density and ultrasound velocity 0.95 6.08 2.069
Open porosity and water absorption 0.96 6.86 2.069
Open porosity and water absorp. capillarity 0.89 3.90 2.069
Open porosity and ultrasound velocity 0.95 6.08 2.069
Water absorption and water absorp. capillarity 0.91 4.39 2.069
Water absorption and ultrasound velocity 0.97 7.98 2.069
Water absorp. capillarity and ultrasound velocity 0.86 3.37 2.069
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hand, the grey sample (GA) and especially the green sam-
ple (VB) have a lower porosity and absorption, which hin-
ders the penetration of water and other pollutants that may 
accelerate their degradation, giving these two varieties, in 
principle, a greater resistance to deterioration.

Future research can be carried out on the basis of this 
study. The physical properties, many of which are presented 
here, are closely related to durability, as discussed above, 
and, therefore, would be perfectly complemented by the 
analysis of the effects caused by exposure to extreme envi-
ronments (accelerated ageing tests), this being fundamental 
given the heritage and cultural value of the works in which 
these ignimbrites have been used. On the other hand, this 
study could be extended to include the mechanical proper-
ties, which are essential to determine the bearing capacity 
of this group of ignimbrites and to include new relationships 
to predict the behaviour of these dimension stones under the 
stress of a given load.
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