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Abstract

This research is a contribution to the mineralogical and physical-mechanical characterisation of the ignimbrites from
Arucas (Gran Canaria Island), used as building stones under the commercial names of "Piedra de Arucas Lomo Tomas de
Le6n" and "Piedra de Arucas Rosa Silva". This stone has been used for more than five hundred years and is part of the local
architectural heritage, but has also been exported to other regions of the world. To perform this characterisation, a chemical
analysis was carried out using X-ray fluorescence (XRF), mineralogical and petrographic properties were obtained using
polarised optical microscopy (POM), X-ray diffraction (XRD) and scanning electron microscopy (SEM). Several physical
properties were determined, namely: apparent density (AP), open porosity (OP), water absorption at atmospheric pressure
(WA), water absorption by capillarity (WAC), ultrasound velocity (PWV) and colour. Mechanical properties were obtained
through compressive strength (UCS), bending strength (BS), point load (PLT), indirect tensile (BTS) and energy at break
(IR) tests. To evaluate the durability, the samples were subjected to salt crystallisation cycles (CS), SO, action (AS) and salt
spray (SS) and the abrasion resistance (AR) was determined. The results obtained show that, although both samples share
the same lithology and belong to the same geological formation (Salic Formation, trachytic-phonolitic), they show very dif-
ferent properties. Porosity stands out as the property with the higher difference among the two studied varieties. Therefore,
the application of these ignimbrites should be done accordingly, avoiding environmental conditions that promotes the wet-
tability and/or the salt crystallisation.
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Introduction

Since ancient times, dimensional stones have been used as a
material for building infrastructure, buildings of worship and
monuments, many of which have become part of the cultural
heritage in regions around the world (Seymour et al. 2004).
Even the stones themselves, depending on their relevance
throughout history can be considered as world heritage stone
resources. Some examples are the granite of "Alpedrete"
from Madrid (Freire-Lista et al. 2015a) and "Rosa Beta"
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from Italy (Careddu and Grillo 2015), the limestone "Lower
Globigerina" from Malta (Cassar et al. 2017), or the "Mar-
ble" from Tennessee (Byerly and Knowles 2017). According
to Cardenes et al. (2022), the two ignimbrite objects of this
study could be candidates for World Heritage status due to
their undoubted value and importance in the development
of the region and their use in singular works, dating back to
the fifteenth century.

Knowledge of the petrographic, mineralogical and phys-
ico-mechanical properties of natural stones are essential,
both to evaluate the most appropriate extraction systems of
this resource in areas of exploitation (Carvalho et al. 2013;
Sousa et al. 2016; Santos et al. 2018; Yarahmadi et al. 2019;
Bogdanowitsch et al. 2022) and to assess the suitability of its
use as dimension stone in modern buildings and in the res-
toration and conservation of architectural heritage (Sieges-
mund et al. 2018, Sousa et al. 2019, Freire-Lista et al. 2021,
Ahmed et al. 2021).
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The research carried out with the aim of characterising
these materials is numerous and is reflected in the available
literature. The following is a representative sample of them.
Silva et al. (2010) performed a petrographic, mineralogical
and physical-mechanical characterisation of basalts from
the Azores (Portugal) and Alves et al. (2017) carried out a
similar study with basalts from Madeira (Portugal). Granite
has been extensively studied, Sousa et al. (2005) and Sousa
(2014) did a comprehensive study of the physical-mechani-
cal and durability properties of nine granites from NE Portu-
gal used in the dimension stone industry. Freire-Lista et al.
(2015b, 2016) studied the micro-fracturing induced by dif-
ferent accelerated ageing mechanisms of four granites from
the Sierra de Guadarrama (Spain) and Mota-Lopez et al.
(2022) did an analytical characterisation of the granites used
in the Roman amphitheatre of Emerita Augusta (present-
day Mérida, Spain). Spathis et al. (2021) characterise the
limestone from the archaeological site of Pella (Greece),
Sousa et al. (2021) obtained the petrophysical properties of
eleven sandstones from Portugal to study their behaviour
under different environmental conditions and Merico et al.
(2022) compare the limestone used in ancient times in the
construction of the rural house in the Apulia region (Italy)
with the limestone used today in its restoration.

Primavori and Angheben (2020) focus their research on
porphyry "Trentino" from Italy, while Valido et al. (2021)
characterise three porphyry varieties from China, and com-
pare some of their properties with porphyry from other
regions. Vavro et al. (2016) obtained the physical, mechani-
cal and durability properties of Godula sandstones (Poland)
and Ajanaf et al. (2020) studied sandstones from an ancient
Roman settlement in NW Morocco. Navarro et al. (2017)
characterises the main types of marble extracted in the
Macael region (Almeria, southeastern Spain) and Lezzerini
et al. (2021) determined the chemical, mineralogical and
petrographical characteristics, as well as the main physical
and mechanical properties of marble from Tuscany (Italy),
coming from two inactive quarries.

These articles represent some of the recent research per-
formed for a particular type of stone (basalts, granites, por-
phyries, sandstones, etc.). They are a clear example of the
interest that the scientific community has always shown in
knowing the petrographic, mineralogical, physical-mechani-
cal and durability properties of building stone, either because
they have been used in the past, are being used in the present
or because they are likely to be used in the future. Although
not cited in this work, other types of stone, have also been
the object of study such as travertine, gneiss or schist.

Historically, ignimbrites have been of the one of the most
widely used types of volcanic stone as a building material.
This is due to their characteristics; colour, lightness and
good insulating properties, and mainly their ease of work-
ability (Heiken 2006), making ignimbrites a type of stone
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extensively studied. Wedekind et al. (2011) studied the
effects of weathering on a group of tuffs and ignimbrites
used in three historic buildings in Mexico City. With a
similar aim, Lopez-Doncel et al. (2013) analysed the pet-
rographic, petrophysical, mineralogical and geochemical
properties of a tuff quarried in central Mexico. Wedekind
et al. (2013) investigated the deterioration caused by mois-
ture expansion in tuffs from Mexico (including the above),
Germany and Hungary. Tuffs from Mexico continue to be
studied by Lopez—Doncel et al. (2016, 2018) in relation to
the deterioration produced by salt crystallisation and thermal
expansion. Toprak and Arslanbaba (2016) studied the pos-
sibility of using tuff from Kiitahya (Turkey) as a building
stone and Yavuz et al. (2015) investigated the differences
between tuff used as building stone in historical and modern
buildings in western Turkey. Barbero-Barrera et al. (2019)
determined the thermal and physical-mechanical properties
of two tuffs from Gran Canaria (Spain) for use in the resto-
ration of historic buildings. Koralay & Celik (2019) char-
acterise the Usak ignimbrite (SW Turkey) and Bustamante
et al. (2021) derive the properties of a group of ignimbrites
used in the historical centre of Arequipa (Peru). In recently
published research, Siegesmund et al. (2022) investigated
and analysed a large group of tuffs from different states of
Mexico used in building heritage sites. Potzl et al. (2022)
studied the petrography and petrophysics of a group of ign-
imbrites from Armenia, Germany and Mexico and carries
out a correlation analysis including the properties of other
ignimbrites from other regions and available in the litera-
ture. Finally, the study by Valido et al. (2023) regarding the
physical properties, and the analyses of the degree of corre-
lation between them, of four different ignimbrites according
to their colour, extracted on the island of Tenerife (Spain),
since together with the two ignimbrites included in present
work are the most commonly used building stones in Canary
Islands region.

The main objective of this study is the determination of
the mineralogical, petrographic, petrophysical, mechanical
and durability properties of the "Piedra de Arucas". The
importance of characterising this stone lies in the fact that
the "Piedra de Arucas" is widely used in modern architecture
as a building stone, and it is present in some emblematic and
important buildings and monuments, many of which have
become part of the architectural heritage. This stone has
been quarried for five centuries, and at present is extracted
from two different quarries, and this research aims to make
a comparison between these two varieties. The tests carried
out provide the necessary data to evaluate the "Piedra de
Arucas" as a building stone and to highlight the most notable
differences depending on the quarry of origin. Moreover,
given the importance of this stone from a heritage point of
view, durability tests are a remarkable contribution to evalu-
ating its resistance to deterioration, and therefore, provide
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relevant information for the conservation and restoration of
buildings and monuments where this stone is present.

Geological background

The Canary Islands is an archipelago of volcanic origin
located in the Atlantic Ocean, in zone 28R according to the
UTM (Universal Transverse Mercator) geographical coordi-
nate system (Fig. 1), being one of the five archipelagos that
make up the Macaronesian region. Gran Canaria is one of
the seven islands from the Canary archipelago with its own
administration, being, the second most populated. It rises
1958 m above mean sea level (Morrén de La Agujereada)
and has a surface area of 1560 km?, making it the third larg-
est island after Tenerife and Fuerteventura.

The formation and geological evolution of the Canary
Islands is still under debate and has given rise to differ-
ent hypotheses; the propagating fracture, the uplift of tec-
tonic blocks, the local Canary Islands rift, the blob model,
etc. (Anguita & Herndn 2000). The most widely accepted
hypothesis for its genesis is that its magmatism is associ-
ated with a hot spot related to the upwelling of an upper
mantle plume (Holik et al. 1991; Carracedo et al. 1998;
Negredo et al. 2022). As far as the island of Gran Canaria
is concerned, and apart from the submarine construction
phase (> 14.5 Ma) for which there is hardly any informa-
tion, different magmatic phases of sub-aerial formation can
be distinguished, which have been the subject of study in
numerous investigations since the 1970s (Schmincke 1967,
Feraud et al. 1981, Perez-Torrado et al. 1995, Carracedo
et al. 2002, Van Den Bogaard 2013).

Shield construction is estimated to occur between 14.5—
14.0 Ma (Van den Bogaard and Schmincke 1998). Some
authors suggest that the shield was formed from several
shield volcanoes (Schmincke 1993; Schmincke and Sum-
ita 1998), others, consider the existence of a single shield
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Fig. 1 Location of the Canary Islands

volcano (Troll et al. 2002; Balcells et al. 1992). The vol-
canic eruptions of this stage are effusive in nature and gave
rise to a large number of basic flows (> 1000 km?) with few
pyroclastic intercalations. This phase in which the shield
volcanic edifice is built up is referred to by Balcells et al.
(1992) as the Basaltic Formation (Fig. 2a). The speed at
which the basalts and trachybasalts were emitted during this
phase, together with the first ignimbritic eruptions, led to the
emptying of the magma chamber and consequent collapse
of the substratum of the shield volcano, causing the forma-
tion of the Tejeda caldera. (Fuster et al. 1968; Freundt and
Schmincke 1995; Schmincke 1990).

With the formation of the Tejeda caldera begins a new
stage of magmatism called the alkaline decay phase. This
phase is characterised, in the first place, by the emission of
differentiated felsic magmas of explosive character, mainly
lavas and ignimbrites of trachytic-rhyolitic compositions
(Fig. 2b) (14.0-13.3 Ma, volume estimates of about 300-500
km?) and trachytic-phonolitic (Fig. 2¢) (13.3-8.3 Ma, vol-
ume estimates > 500 km?) (Carracedo et al. 2002), and
secondly, by intrusions of alkaline syenites, phonolitic-
nephelinite domes and the cone sheets system (12.3-7.3 Ma)
(Fig. 2d) (Schirnick et al. 1999). These volcanic and sub-
volcanic materials are referred in the literature as being dif-
ferentiated in a number of ways. For example, Fuster et al.
(1968) divides them into two groups, the Trachy-Syenitic
Complex and the Phonolitic Series, while Schmincke (1990)
associates them with three formations; Tejeda, Mogan and
Fataga. Continuing with the same criteria as in the previous
phase, we will refer to the materials issued during this period
as "Salic Formations", as proposed by Balcells et al. (1992).

After the shield formation phase and the alkaline decay
phase, the island enters a period of volcanic dormancy
(7.3-5.3 Ma). The sediments originating from this erosive
period form alluvial deposits that constitute the "Lower
Member of the Detritic Formation of Las Palmas" (FDLP)
(Carracedo et al. 2002).

Volcanic activity is reactivated with Strombolian erup-
tions in the south and centre of the island. Subsequently,
the magmatic activity moves towards the central zone
giving rise to the formation of a stratovolcano "Roque
Nublo" (Perez-Torrado et al. 1995). At first, the eruptions
of this stratovolcano are effusive, emitting lavas of basa-
nitic composition and alkaline basalts, but as the magma
evolves into trachytic-phonolitic the eruptions become
more explosive. This first phase of volcanic reactivation
(5.3-3.0 Ma, volume estimates 200 km?) (Carracedo et al.
2002) is referred to by Balcells et al. (1992) as the "Roque
Nublo Cycle" (Fig. 2e). During this period, and at the same
time as the volcanic activity of this first phase took place,
marine sediments were deposited in the coastal area, form-
ing the "Middle Member of the Detritic Formation of Las
Palmas" and also developing an intense erosive activity on
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the volcanic materials that were being deposited, giving
rise to the "Upper Member of the Detritic Formation of
Las Palmas" (Cabrera 1985; Gabaldoén et al. 1989).

Volcanic activity continues in a second phase
(3.0-1.7 Ma, volume estimates > 30 km?) although it
is located exclusively in the northern half of the island
(Machin 2009). This period is characterised by the emis-
sion of basanitic-nephelinitic to trachybasaltic lavas in
Strombolian eruptions associated with a NW-SE oriented
rift-like structure (Carracedo et al. 2002). This second
phase within the volcanic reactivation, together with the
most recent activity (1.7 Ma—present), typical of a very
advanced post-erosive stage, is referred to by Balcells
et al. (1992) as the "Post-Roque Nublo cycle and recent
episodes" (Fig. 2f).
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Materials and methods
Materials

The object of this study are two ignimbrites of trachytic-
phonolitic composition, belonging to the extra caldera
"Salic Formations", which occurred during the Miocene
(13.3-8.3 Ma) (Fig. 2c). The material emitted during this
stage covered a large area of Gran Canaria Island and gave
rise to different geological units. The ignimbrites stud-
ied are extracted from the geological unit called "Arucas
ignimbritic breccia" which outcrops in the north of the
island (Fig. 3). This grey-bluish brecciated deposit is of
the "block and ash" type, has a high degree of coherence
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and consolidation, and normally occurs at a depth of 30 m,
although it can sometimes reach up to 60 m.

One of the main and best-known outcrops of this brec-
cia deposit is located in the municipality of Arucas. In the
middle of the last century, more than thirty quarries were
exploited in this area (Guillén 2006), mostly for the pur-
pose of extracting from this ignimbritic deposit the stone
known locally as "Piedra de Arucas", which, depending
on its colour, could be distinguished between the "Piedra
Azul de Arucas" (bluish) and the "Piedra Gris de Arucas"
(greyish). From these quarries came the stones for the
construction of the Templo Parroquial San Juan Bautista
(Cathedral of Arucas), some of the buildings in the historic
centre of the city of Las Palmas, such as the "La Unién
y El Fénix" building, the Bank of Spain or the " Santa
Catalina Hotel" and for the construction of the Cathedral
Basilica of Santa Ana (a Site of Cultural Interest). This
stone has also been used in the construction of buildings
on other islands, such as the Cathedral of La Laguna or
the General Captaincy of the Canary Islands in Tenerife
(Balcells et al. 1992) (Fig. 4a—e). It was even exported
to the "New World", as it came to be used as ballast on
ships during the eighteenth century. There is evidence of
its presence in southern Bolivia, in Venezuela (Canary
Islands square of Caracas), in Havana (Cuba) and even
in San Antonio, Texas (United States) (Marrero-Cabrera
2000).

The quarries located within the town centre have disap-
peared as a result of urban growth, with the exception of
the "El Cerrillo" quarry, which has been converted into
a museum ("La Cantera" Museum). This museum, the
"Centro de Interpretacion del Labrante" and the sculptural
ensemble "Homenaje a Los Labrantes" are evidence of the
importance that the "Piedra de Arucas" and its workers have
had in the urban and socio-economic development of this
municipality. And although the rest of the historical quar-
ries are abandoned or have limited extraction, the "Piedra
de Arucas" is still used as a building stone in modern archi-
tecture (Fig. 4f—n) thanks to two quarries still active today.

The extraction and marketing of this stone is carried out
by the company "Canteria de Arucas S.L." under the trade
names of "Piedra de Arucas Rosa Silva" (RS) and "Piedra
de Arucas Lomo Tomds de Leon" (LT). These ignimbrites
are traded under the name of "Piedra de Arucas", but they
are differentiated according to the quarry of origin, "Rosa
Silva", or the place of extraction, "Lomo Tomds de Leén"
(quarry "Buen suceso") (Fig. 3 and 5).

Methods

The laboratory tests used to characterise the ignimbrites in
this work have been divided into four groups. Mineralogical
and petrographic properties have been determined by chemi-
cal analysis using X-ray fluorescence, petrographic analysis,
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(@)

Fig.4 Examples of buildings and monuments with “Piedra de Arucas”. a Templo Parroquial San Juan Bautista—Arucas, b National Span-
ish Bank—Las Palmas, (c) Captaincy General of the Canary Islands—Santa Cruz de Tenerife, (d) La Laguna Cathedral—San Cristobal de
La Laguna, (e) Santa Ana Cathedral—as Palmas, (f) Villa del Conde Hotel—Maspalomas, (g) Bench — Valsequillo, (h) Sculpture in private
house—Madrid, (i) Private house—Ingenio, (j) Water fountain in tourist office—Arucas, (k) Water sheet in lawyer's office—Vegueta (Las Pal-
mas), (m) Pedestrian street—Arucas and (n) Private house—Dublin (Irland) (f-n courtesy of Canteria Aruccas S.L.)

Fig.5 Location of the (a) quarry “Rosa Silva” (28°08'18.95" N—15°29'54.85’> W) and (b) quarry “Buen Suceso” and extraction company
“Canteria de Arucas S.L” (28°07'10.26"” N—15°32'40.39*” W)

mineralogical analysis by X-ray diffraction and scanning  density, open porosity, water absorption at atmospheric pres-
electron microscopy. Petrophysical characterisation was  sure, water absorption coefficient by capillarity, ultrasound
carried out by measuring the following properties: apparent  propagation velocity and colour. The mechanical properties
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were determined by the following tests: uniaxial compression
strength, flexural strength under concentrated load, point load
resistance, indirect tensile strength and rupture energy. Finally,
durability is assessed by means of: abrasion, salt crystallisa-
tion, ageing by salt mist and ageing by SO,. All tests were
carried out according to the guidelines and indications of the
corresponding standards, following the described methodol-
ogy and using the recommended dimensions and number of
specimens. As it is set out in the standards, in all cases the tests
were done once the specimens were dried to constant mass
(weighing each 24 h until less than +0.1% variation in mass).

Mineralogical and petrographic properties

The chemical composition was obtained through chemical
analysis by the X-Ray Fluorescence (XRF), as described in
the UNE-EN 15309 standard (AENOR 2008b), and was car-
ried out by the Activation Laboratories Ltd. (Canada), that
has ISO/IEC 17025 and CAN-P-1579 accreditation for min-
eral analysis. For the petrographic analysis (POM—polarised
optical microscopy), a thin section was examined, for each
of the samples in order to identify the stone's minerals, tex-
ture and structure, in accordance with the UNE-EN 12407
standard (AENOR 2007a). For X-ray diffraction (XRD), the
samples were previously pulverised to a particle size below
63 pm and a PANalytical X’Pert PRO MPD with X'Celerator
detector and secondary monochromator was used. The scan-
ning electron microscopy (SEM) analysis was carried out by
Electronic Microscopy Unit of University of Tras-os-Montes e
Alto Duero. A FEI Quanta 400 scanning electron microscope
was used to obtain the SEM images.

Petrophysical properties

The apparent density (AP) and open porosity (OP) was evalu-
ated based on UNE-EN 1936 standard (AENOR 2007b).
Apparent density and open porosity were determined by
vacuum absorption of water hydrostatic weighing. The water
absorption at atmospheric pressure (WA) was determined
according to the methodology described in UNE-EN 13755
standard (AENOR 2008b, a). The specimens are placed in a
tank and water is added gradually until fully immersed. They
are then weighed at 24 h intervals until they reach constant
mass. The water absorption coefficient by capillary (WAC)
was determined following the specifications described in the
UNE-EN 1925 standard (AENOR 1990), parallel and perpen-
dicular to the anisotropy planes. The specimens are placed
on supports in a tank and water is added until the base of the
speciments is partially submerged to a depth of 3 mm. Initially,
the samples are weighed at different time intervals, then every
24 h until a constant mass is reached. If the graph obtained can
be satisfactorily approximated by two straight lines and the
regression coefficient obtained for the first section is greater

Fig.6 Test direction (X, Y and Z) (a) RS and (b) LT

than 0.90, the water absorption coefficient by capillary is the
slope of this regression line. However, if this approximation
is not possible, the absorption coefficient is determined by the
fitting equation (Eq. 1), corresponding to the model proposed
by Feng & Janssen (2018).

0.3403

M= Md _wo b (05103 —13849 . ¢ 7!
Bim M _w b (0510313849 ¢ ) +e (1)

A

where m; is the wet mass (g) in the time (t;); m, is the dry
mass (g); A is the submerged base area (m?) and b and ¢ are
fitting parameters.

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. The ultrasound velocity is measured in the three
axis direction to calculate the anisotropy indexes (Eq. 2, 3)
of (Guyader & Denis 1986).

Total anisotropy index (%):

ZVP,
v, +V, @

AM% = 100 x ll -
P

Relative anisotropy index (%) :

2(va - pr)
Am% =100 x| —— "/ 3)
Vpx + va

where Vle is the wave velocity in direction X-axis; pr is
the wave velocity in direction Y-axis and V, is the wave
velocity in direction Z-axis (Fig. 6).
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Fig. 7 Color space (a) CIELab model and (b) CIELCh model (modi-
fied from X-Rite)

Colour was assessed according to UNE-EN 15886 stand-
ard (AENOR 2011) and was determined using a X-Rite
colorimeter (model 964), 0° viewing angle geometry and
specular component included with D65 illuminant. Colour
is expressed using CIELab (Fig. 7a) and CIELCh (Fig. 7b)
systems. In the CIELab system, the colour is quantified
according to three chromatic coordinates. The L* parameter
represents lightness or luminosity (L* =0 dark; L*=100
white), and the a* parameter is the red—green axis (a* >0
red; a* <0 green) and the b*-parameter is the yellow—blue
axis (b* >0 yellow; b* <0 blue). The attributes of the
CIELCh systems are the chroma (C*,, = (a*?+b*%)1?) and
the hue (h,, =tan™'b*/a*).

The colour difference between the two samples studied
is obtained numerically as a function of the overall colour
variation calculated according to Eq. (4). A value of AE* <2
means that an observer will hardly be able to perceive the
colour difference, while values of AE* between 2-3.5 mean
that the colour difference between the two samples is more
noticeable. A value of AE* > 5 means that the colours are
perceived as two different colours (Mokrzycki & Tatol
2011).

Total colour difference:

AE* = \/ (AL*)” + (Aa¥)” + (Ab*)? )

In order to carry out these tests, corresponding to obtain-
ing the petrophysical properties, six cubic specimens with an
edge of 50 mm per sample were taken for each one.

Mechanical properties

The uniaxial compressive strength (UCS) is determined
according to the UNE-EN 1926 standard (AENOR 2007c¢).
The specimens are placed between two steel plates and
a load is applied at constant speed until failure occurs.
Depending on the arrangement of the specimens, it is

@ Springer

possible to perform this test in the Z-axis direction, when
the load is applied perpendicular to the anisotropy planes, or
in the X or Y-axis direction, when the load is applied paral-
lel to the anisotropy planes. A total of twenty 50 mm edge
cubes were tested (ten in the Z-axis direction and ten in the
X-axis direction). The flexural strength under concentrated
load (FS) is obtained according to UNE-EN 12372 standard
(AENOR 2007a). The specimens are placed between two
rollers and by means of a central roller a load is applied
at a constant speed until breakage occurs. Depending on
how the specimens are prepared, this test can be carried
out in three different arrangements. In this case, the flexural
strength was obtained by applying the load perpendicular
to the anisotropy planes (in the direction of the Z-axis), as
this is the arrangement that offers the highest strength and
is generally used in the several utilizations. Ten specimens
(180 x60x 30 mm) were tested. The point load strength
(PLT) was determined according to ASTM D5731 standard
(ASTM 2016b) in a diametral test configuration. The speci-
mens are subjected to a concentrated load using a pair of
spherically truncated conical punches until breakage occurs.
Ten were core with a length/diameter ratio major to the unit
were tested and the results were corrected to a specimen
diameter of 50 mm. The splitting tensile strength test (STS)
was carried out in accordance with the ASTM D3967 stand-
ard (ASTM 2016a) and determined by means of the “Brazil-
ian test” used to indirectly determine the tensile strength.
The specimens are placed between two jaws so that the axes
of rotation of both (specimen and jaws) coincide and an axial
load is applied until breakage occurs. Cylindrical specimens,
50 mm in diameter and 25 mm thick (disc type) were used.
The cores used to determine the point load strength and the
indirect tensile strength come from drilling a borehole in a
block in a direction perpendicular to its plane of anisotropy.
The rupture energy (RE) was determined according to the
UNE-EN 14158 standard (AENOR 2004b). A steel ball of
mass 1 kg is dropped onto the centre of the specimen which
is placed on a bed of sand, and the height of the ball drop
is gradually increased until the specimen breaks. Six speci-
mens of dimensions (200 X 200 X 30 mm) were tested.

Durability assessment

Abrasion resistance (WWA) is obtained according to UNE
EN 14157 standard (AENOR 2005a), using the wide wheel
abrasion method. Each specimen is placed in contact with
an abrasive disc while corundum is poured in as abrasive
material. After 75 laps, the footprint is measured and its
dimension is corrected by a calibration factor. The surface of
the test specimens has been painted to facilitate the measure-
ment of the footprint. Six specimens (100 x 100X 20 mm)
were tested. The resistance to salt crystallisation (SC) is
determined according to UNE-EN 12370 standard (AENOR
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2020). The test specimens are immersed in a 14% sodium
sulfate decahydrate solution (Na,SO, - 10 H,O) for 2 h and
then dried for 20 h in an oven at 100 °C. After cooling the
test specimens to ambient temperature (2 h), they are again
immersed in the solution. This process is repeated 15 times.
Six cubic specimens (edges measuring 40 mm) were taken.
To determine the resistance to ageing by salt mist (SM), the
indications of the UNE-EN 14147 standard (AENOR 2004a)
are followed. The specimens are placed inside a chamber
at 35 °C and exposed to 60 cycles consisting of 4 h of salt
spray (sodium chloride solution with a salt concentration of
100+ 10 g/1) and 8 h of drying. Six cubic specimens were
used (edges measuring 50 mm). The resistance to ageing by
the SO, action in the presence of humidity (SO) is obtained
according to UNE-EN 13919 standard (AENOR 2003). The
number of specimens to be tested is divided into two equal
groups. Each group is immersed for 21 days in a solution
with a different concentration of sulphurous acid. Solu-
tion A has been prepared 150+ 10 mL deionize water and
500+ 10 mL H,SO; acid. Other Solution B has been pre-
pared 500+ 10 mL deionize water and 150+ 10 mL H,SO;
acid. Six specimens (120X 60 X 10 mm) were tested. Resist-
ance to salt crystallisation (SC), resistance to ageing by salt
mist (SM) and resistance to ageing by SO, action are evalu-
ated as a function of the mass variation of the specimens at
the beginning and at the end of the test.

Results and discussions

As long as the results are quantitative, a table with average
values, maximum, minimum and standard deviation will be
displayed. Tests performed in more than one direction shall

Table 1 Major element oxides

. - Chemical RS LT

f:he.mlca.l composition of composition

ignimbrite samples (Wt %)
SiO, 62.00 62.99
Al O, 16.92 17.07
Fe,04 407 4.19
MnO 023 021
MgO 094 046
CaO 0.76 045
Na,O 6.66 6.36
K,O 555 538
TiO, 0.87 0.90
P,05 012 0.05
LOI 2.06 1.94
Sum 100.20 99.99

include the results for each direction, when this is not indi-
cated, the direction tested is the one corresponding to the
Z-axis (perpendicular to the anisotropy planes). The results
are discussed and compared with those obtained in other
studies, especially in those dealing with the same type of
stone.

Mineralogical and petrographic analyses
X-Ray Fluorescence (XRF)

The geochemical compositions of the ignimbrite samples are
presented in Table 1. The "Rosa Silva" ignimbrite and the
"Lomo Tomds de Leén" ignimbrite have a very similar chem-
ical composition. The variation, in weight percentage of the
compounds, is less than 0.5%, except for silicon dioxide
(Si0,), which is 1%. Silicon dioxide (SiO,) and aluminium
oxide (Al,O;) are the major chemical compounds. Sodium
(Na,0), potassium (K,0) and iron (Fe,05) oxides, each with
a proportion between 5 and 7%, are the next highest com-
ponents by weight. The rest appears in a proportion of less
than 1%, so their content in the samples is insignificant. The
Loss on Ignition (LOI) values are related to carbon dioxide
(CO,) (carbonate rocks, organic materials) and water (H,O)
(mica, amphiboles, clay minerals) contents.

Projecting the total weight percentages of alkalis
(Na,0+K,0) and silica (SiO,) on a TAS diagram (Bas
et al. 1986) shows that both ignimbrites have a trachytic
composition (Fig. 8a). In order to analyse the weathering of
the samples, the chemical alteration index (CIA) defined by
Nesbitt & Young (1982) is calculated according to Eq. 5.

Chemical Index of Alteration (CIA):

AL,O, + CaO* + Na,0 + K,0

CIA = x 100 )

Each oxide (Al,05, CaO*, Na,0, K,0) is expressed in
molar ratios. The CaO¥* ratio corresponds to the amount of
CaO incorporated in the siliceous fraction of the sample and
is obtained by applying the method proposed by McLennan
(1982). The chemical alteration index (CIA) is based on the
measurement of feldspar weathering, a process in which
the proportion of Al,Oj; increases over alkalis (CaO, Na,0,
K,0). A value of CIA <50 indicates that the rock is undis-
turbed; 50 < CIA <60, slightly weathered; 60 < CIA < 80,
moderately weathered; CIA > 80 heavily weathered. The
CIA values obtained are 48 in the ignimbrite "Rosa Silva"
and 50 in the ignimbrite "Lomo Tomds de Leén", so that,
according to this index, both samples are practically unal-
tered. Weathering intensity is usually defined by the ternary
A-CN-K diagram (Shao et al. 2012) (Fig. 8b).
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Polarised optical microscopy (POM)

Both the "Rosa Silva" ignimbrite and the "Lomo Tomds de
Leon" ignimbrite correspond to an extrusive igneous rock,
with an eutaxitic texture. It consists mainly of lithic and
pumice fragments (both in high proportion) and phenocrysts
contained in a cinereous matrix with vitreous characteristics.
The lithic fragments are of phonolitic/trachytic composition,
with a porphyritic texture and irregular shapes. The pumice
fragments are elongated (flattened) with a banded appear-
ance (flammes) and are partially devitrified, forming fine
needles of alkali feldspar and augite that are arranged radi-
ally or perpendicular to the fragment walls (Fig. 9a). The
most abundant and also the largest phenocrysts are anortho-
clase (Fig. 9b), oligoclase and sanidine (Fig. 9¢). In smaller
proportions, elongated tabular microphenocrysts of phlo-
gopite (Fig. 9d) and augite (Fig. 9e) are present. Opaque
minerals, possibly hematite, are also found sporadically
(Fig. 9f). The vesicles are often occupied by zeolites, which
are arranged radially around the cavity walls (Fig. 9g). The
"Lomo Tomds de Leén" ignimbrite shows abundant iron
hydroxides (Fig. 9h, i) as a consequence of a higher degree
of alteration, and unlike the "Rosa Silva" ignimbrite, pseu-
domorphism of sodalite after nepheline is observed in this
one, with generally hexagonal sections and always extinct
(Fig. 9j), these being the most notable differences.

X-Ray diffraction (XRD)

The ignimbrites "Rosa Silva" and "Lomo Tomds de Leén"
have a very similar mineralogical composition (Fig. 10).
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With different proportions for each of the two ignimbrites
studied, the major minerals are anorthoclase, oligoclase and
sanidine (the total modal proportion of these three minerals
is over 90%). In the ignimbrite "Rosa Silva", anorthoclase
predominates over oligoclase and sanidine, while in the
"Lomo Tomds de Leén" ignimbrite it is oligoclase which is
present in greater proportion, while sanidine and anortho-
clase have similar proportions. The next most represented
mineral is augite, followed by phlogopite, although the lat-
ter in a very low proportion. Sodalite and nepheline were
only detected in the "Lomo Tomds de Leon" ignimbrite, as
well as phillipsite, which only appears in the "Rosa Silva"
ignimbrite.

Scanning electron microscopy (SEM)

Analysis of the scanning electron microscope images shows
some significant differences in the distribution of the crystals
and in the characteristics of the matrix containing them. The
crystals of the ignimbrite "Rosa Silva" (Fig. 11a) are larger
and more abundant than those of the ignimbrite "Lomo
Tomads de Leén" (Fig. 11b). In the SEM image correspond-
ing to the "Rosa Silva" ignimbrite, a cluster of crystals can
be easily identified, while in the "Lomo Tomds de Leén"
ignimbrite, what can be seen in greater proportion is the
matrix surrounding a fragment of pumice. The matrix of
the "Rosa Silva" ignimbrite is clearly denser, no pores are
visible on the viewing scale. In the ignimbrite "Lomo Tomds
de Leon", on the other hand, a less cohesive matrix can be
observed and, on the contrary, pores can be identified in this
ignimbrite.
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Fig. 10 Diffractograms. a RS and b LT. Minerals: Anorthoclase (Ano), Augite (Aug), Hematite (Hem), Nepheline (Ne), Oligoclase (Olg), Phil-

lipsite (Php), Phlogopite (Phl), Sanidine (Sa), Sodalite (Sdl) (Warr 2021)
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Fig. 11 SEM imageaRS and b LT

Table 2 Results of apparent

Ignimbrite ~ AD (g/cm? OP (% WA (%
density (AD), open porosity gnmbn (& ) % %)
(OP) and water absorption at Max Min Mean SD Max  Min Mean SD Max Min Mean SD
atmospheric pressure (WA) test
RS 239 238 238 0.01 4.19 2.75 320 0.53 291 245 267 0.17
LT 2.12 205 2.09 0.03 1871 1696 17.63 079 784 6.65 7.30 0.40

RS: Rosa Silva; LT: Lomo Tomds de Leén

Petrophysical properties
Apparent density (AD) and open porosity (OP)

The ignimbrite "Rosa Silva" has a bulk density of 2.38 g/cm®
and an open porosity of 3.20%, while the bulk density and
open porosity of the "Lomo Tomds de Leon" ignimbrite are
2.09 g/cm?® and 17.63%, respectively (Table 2). According to
the classification proposed by Anon (1979), the "Rosa Silva"
ignimbrite shows a medium density and the "Lomo Tomds
de Leon" ignimbrite a low density. The difference in poros-
ity between these two ignimbrites is more significant than
the difference in density. In qualitative terms, and accord-
ing to the classification of Anon (1979), the "Rosa Silva"
ignimbrite has a very low porosity, while the porosity of the
"Lomo Tomds de Leén" ignimbrite is high. The studied ign-
imbrites show density values similar to those reported in the
literature, where the density ranges between 1.1 and 2.9 g/
cm?® (Engidasew 2014, Engidasew and Abay 2016, Yiiksek
and Demirci 2010, Kekec and Gokay 2009, Martinez-Mar-
tinez et al. 2018, Oner et al. 2006, Akin et al. 2017, Korkang
2007, Ozbek 2014). Similarly, the open porosity obtained
is also within the expected for this lithotype, however, it
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should be noted that it is not common to find ignimbrites
with porosity as low as that of the "Rosa Silva" ignimbrite.
Some of the ignimbrites studied by Engidasew and Abay
(2016) have porosities between 1.37 and 4.27%, as well as
one of the varieties investigated by Valido et al. (2023) in
which a porosity of 2.18% was obtained, however, the mean
porosity for this lithotype is usually between 20 and 35%
(Potzl et al. 2022).

Water absorption at atmospheric pressure (WA)

The results of the water absorption test at atmospheric pres-
sure are shown in Table 2. The water absorption at atmos-
pheric pressure of the "Rosa Silva" ignimbrite is 2.67%,
while the "Lomo Tomds de Leon" ignimbrite shows a water
absorption of 7.30%. These results were to be expected, as
the "Lomo Tomds de Leon" ignimbrite has a much higher
porosity than the "Rosa Silva" ignimbrite (five times higher),
which gives it a greater water absorption capacity. It is true
that the difference is not as notable as in the porosity, but even
so it means that the water absorption of the "Lomo Tomds
de Leon" ignimbrite is practically double that of the "Rosa
Silva" ignimbrite. According to literature data compiled by
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Table 3 Results from water absorption coefficient by capillarity test

Ignimbrite WAC (g/m?s*%)
Max Min Mean SD
RS X 1.86 1.18 1.44 0.28
z 1.91 1.44 1.70 0.18
LT X 2222 15.37 19.80 241
z 20.42 13.41 16.94 275
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Fig. 12 Mass of water absorbed as a function of the square root of
time

Potzl et al. (2022), the water absorption at atmospheric pres-
sure for this type of stone is usually between 10 and 20%
(OZ§en et al. 2017, Celik & Ergiil 2015; Unal 2011; Akin
et al. 2017). However, this lithology presents a great variabil-
ity, being possible to find in the literature ignimbrites with
water absorption close to 30% (Germinario and Torok 2019,

Bozdag & ince 2018, Sert & Ozkahraman 2016, Bustamante
et al. 2021) and even higher than 40% (L6pez-Doncel et al.
2018) and others with absorptions lower than 5% (Engidasew
and Abay 2016; Celik et al. 2020). The ignimbrites in this
study have low water absorption, lower than the mean range
estimated for this type of stone.

Water absorption coefficient by capillarity (WAC)

The capillary water absorption coefficient of the "Rosa
Silva" ignimbrite is 1.44 g/m*s%> and 1.70 g/m?s%3 depend-
ing on the test direction, X and Z, respectively. The ign-
imbrite "Lomo Tomds de Leén" has a higher absorption
coefficient, 19.80 g/mz-so's, when the water rises parallel
to the anisotropy planes (X-axis) and 16.94 g/m?.s%> when
it rises perpendicularly (Z-axis) (Table 3). The values of
capillary absorption in the two directions show small differ-
ences, close to 15% in both ignimbrites. The "Lomo Tomds
de Leon" ignimbrite shows a slight tendency to a greater
absorption parallel to the planes of weakness, whereas the
opposite is true for the "Rosa Silva" ignimbrite. According
to the classification proposed by Snethlage (2005), these
two ignimbrites have a very low capillary water absorption
capacity, <8 g/m?-s%.

The "Lomo Tomds de Leon" ignimbrite, the typical capil-
lary absorption curve was obtained, in which two straight
sections are clearly identified, in this case, the capillary
absorption coefficient corresponds to the slope of the
regression line of the first section (Fig. 12). On the other
hand, the curve obtained in the "Rosa Silva" ignimbrite
cannot be approximated by two sections, so the capillary
absorption coefficient corresponds to the value of W, of the
fitting equation (Eq. 1). The dots correspond to the mean

1 min 3 min 5 min 10 min 15 min 30 min

60 min 240 min 480 min 960 min 1440 min 2880 min

Fig. 13 Capillary water uptake over time a-b RS; ¢-d LT; a, ¢ X-axis and b, d Z-axis
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absorption values of the six specimens tested in each direc-
tion (X and Z). The dashed line represents the best fitting.

The water capillary absorption coefficient reported
by other authors for this lithotype has a very wide range
(0.70-850 g/m2~s0'5) (Martinez-Martinez et al. 2018, Cueto
et al. 2018), with a mean value around 250 g/1112-s°'5 (Bus-
tamante et al. 2021, Tucolano et al. 2019; Unal and Altu-
nok 2019). The capillary absorption coefficients of the ign-
imbrites "Lomo Tomds de Leén" and "Rosa Silva", lower
than 20 g/m?>-s% in any case, are well below the mean
value, which means that they are among the ignimbrites
with the lowest absorption.

The level of water absorbed by capillary action (Fig. 13)
reproduce the absorption coefficients obtained (Table 3).
The level of water in the "Rosa Silva" ignimbrite is close
to the base, remaining practically constant after 480 min,
corroborating its low absorption capacity by capillary action
(<2.0 g/m?:s%3). During the same period, the level of water
absorbed in the "Lomo Tomds de Leon" ignimbrite, which
has a much higher absorption coefficient (~ 20 g/m?-s*), is
in the upper half of the height of the test specimen, reach-
ing full wetting after 48 h (2880 min). The difference in the
level of water absorbed by capillary action between the two
directions tested (X-axis and Z-axis) is not visually notice-
able, coinciding with the small difference in the capillary
absorption coefficients obtained between the two directions.

Ultrasound propagation velocity
Taking as ultrasound velocity the mean value of the veloci-

ties measured in each of the directions, it is observed that
the wave was able to travel at a higher velocity in the "Rosa

Table 4 Results from ultrasound propagation velocity test

Silva" ignimbrite, with a velocity close to 5000 m/s, than
in the "Lomo Tomds de Leén" ignimbrite, 4000 m/s. This
difference in velocity is practically maintained in all three
directions (Table 4). These results are coherent with the
density and porosity values obtained, in which the "Rosa
Silva" ignimbrite is denser and less porous than the "Lomo
Tomads de Leén" ignimbrite, favouring the wave to travel at
a higher velocity.

The ultrasound velocity in ignimbrites is highly variable,
with values ranging from approximately 1200 m/s (Celik and
Aygiin 2018) to 4900 m/s (Rodriguez-Losada et al. 2007).
Apart from these values, which correspond to the extremes,
the mean velocity of this lithology is close to 2500 m/s (Tey-
men and Mengii¢ 2020; Vanorio et al. 2002; Unal 2011,
Martinez-Martinez et al. 2018, Ozsen et al. 2017) and both
the "Lomo Tomds de Leén" ignimbrite and the "Rosa Silva"
ignimbrite present ultrasound velocities that greatly exceed
this value. In fact, the ultrasound velocity obtained in the
"Rosa Silva" ignimbrite is even higher than the maximum
propagation velocity found in the literature for this type of
stone.

The anisotropy indices obtained are very low. The total
anisotropy index (Eq. 2) of the "Rosa Silva" ignimbrite is
0.7% and of the "Lomo Tomds de Leon" ignimbrite, equal to
its relative anisotropy, 2.2%. The relative anisotropy index
(Eq. 3) of the "Rosa Silva" ignimbrite is even lower, 0.06%.
From the anisotropy indices obtained, it can be concluded
that the samples are relatively homogeneous in the three
directions (X, Y, Z) and although the planes of anisotropy
are visible to the naked eye due to the preferential direction
of the lithic fragments, it does not seem that these generate
planes of weakness which could affect this property.

Colorimetry

Ignimbrite PWYV (m/s) Analysing the colour parameters obtained, it can be seen
Max Min Mean SD that the luminosity is practically the same in both samples,
L*=52.45 in the "Rosa Silva" ignimbrite and L*=52.52
RS X 303278 493693 4999.19 3037 in the "Lomo Tomds de Leon" ignimbrite. The "Rosa Silva"
Y 309343 4898.74 4996.22 81.44 ignimbrite, with a* =-1.18, tends to green, while the "Lomo
z 4981.06 481520 4964.21 83.26 Tomds de Leéon" ignimbrite is closer to red, a*=0.21.
LT X 4144.80 3707.30 3984.21 112,43 Regarding the parameter b*, the ignimbrite "Lomo Tomads
Y 4278.40 3811.50 4072.83 138.63 de Leon" presents a b* =2.91, higher than the one obtained
z 4079.10 3826.00 3938.43 84.14 in the ignimbrite "Rosa Silva", b* =1.90, which means that
Table 5 Colour parameters

Ignimbrite  L* a* b* C* h,,
Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean
RS 5403 51.18 5245 -1.09 -133 -—-1.18 221 143  1.90 249 1.88 225 130.6 116.7 1223
LT 5533 4691 5252 0.51 0.05 0.21 349 248 2091 3.53 248 292 89.04 81.62 86.06

RS Rosa Silva, LT Lomo Tomés de Leén, L* lightness, a* red-green value, b* blue- yellow value, C*,, chroma value, &, hue value
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Fig. 14 Texture and mean measured colour (a) RS and (b) LT

Table 6 Results from uniaxial compressive strength (UCS) test

Ignimbrite UCS (MPa)
Max Min Mean SD
RS X 92.66 50.33 67.34 12.73
Z 84.53 50.84 69.82 10.02
LT X 64.06 30.06 51.19 12.25
Z 75.23 46.00 60.87 9.53

the ignimbrite "Lomo Tomas de Leén" tends more to yel-
low (Table 5).

The chromatic coordinates a* and b* of both samples
are close to the centre of their respective axes (a* =0 and
b*=0), as is the luminosity (L* =50), this being the area of
the CIELab colour space corresponding to the grey colours.
The numerically calculated colour variation is AE*=1.7
(Eq. 4). According to the value of AE* obtained, the colour
difference between these two samples could only be per-
ceived by an experienced observer and certainly the colours
are very similar with a very subtle difference in hue that is
difficult to appreciate with the naked eye (Fig. 14). However,
the textural characteristics of each ignimbrite accentuate this
difference and make them easily distinguishable.

Mechanical properties
Uniaxial compressive strength (UCS)

The mean values obtained for the compressive strength of
the "Rosa Silva" ignimbrite is 67.34 MPa and 69.82 MPa
depending on whether the load is applied parallel or per-
pendicular to the anisotropy planes, respectively. For the
ignimbrite "Lomo Tomds de Leén" the results obtained for

compressive strength is 51.19 MPa when the load is applied
in the X-axis direction and 60.87 MPa when applied in the
Z-axis direction (mean values, Table 6). The difference in
compressive strength between the two test directions is
most noticeable in the "Lomo Tomds de Leén" ignimbrite.
In this sample, there is a slight tendency for higher strength
when the load is applied perpendicular to the anisotropy
planes. On the other hand, in the "Rosa Silva" ignimbrite,
practically the same strength values were obtained for
both test directions, even more so if the deviation of the
results is taken into account. The difference in compressive
strength between these two ignimbrites is not very signifi-
cant, although the "Rosa Silva" ignimbrite seems to show a
slightly higher compressive strength than the "Lomo Tomds
de Leon" ignimbrite. However, according to the classifi-
cation proposed by Anon (1979), both ignimbrites have a
strong compressive strength. For these kinds of ignimbrites,
which are welded tuffs, the compressive strength is highly
dependent on the degree of welding, and therefore the range
between minimum and maximum compressive strength
data is very wide. Ignimbrites with compressive strengths
between 5 and 7 MPa can be found in the literature (Tey-
men and Mengii¢ 2020; Celik and Cobanoglu 2019; Koralay
and Celik 2019; Kekec and Gokay 2009; Dinger & Bostanci
2019), between 20 and 30 MPa (Koralay et al. 2011; Akbulut
2022; Tiirkdonmez and Bozcu 2012; Ozbek 2014), close to
50 MPa (OZ§en et al. 2017, Martinez-Martinez et al. 2018,
Celik and Aygiin 2019) or at 100 MPa (Jamshidi et al. 2013a,
b; Rodriguez-Losada et al. 2007). Some even with strengths
above 140 MPa are reported (Engidasew 2014; Engidasew
and Abay 2016; Ghobadi et al. 2016). According to the
published data, the two ignimbrites of this study behave in
accordance with their lithology, with a compressive strength
between 50 and 70 MPa.
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Table 7 Results from flexural strength (BS), point load test (PLT), splitting tensile strength (STS) and rupture energy (RE) test

Ignimbrite  FS (MPa) PLT (MPa) STS (MPa) RE (J)

Max Min Mean SD Max Min Mean SD Max Min Mean SD Max Min Mean SD
RS 18.51 1596 17.15 1.00 998 579 7.82 1.56 1395 1190 1325 1.18 595 496 5.55 0.41
LT 8.77 7.14 8.01 052 439 319 3.70 0.38 5.81 5.05 538 039 446 347 3.87 0.41

RS Rosa Silva, LT Lomo Tomas de Le6n

Flexural strength under concentrated load (FS)

A mean value of 17.2 MPa was obtained for the flexural
strength of "Rosa Silva", more than double that for the
"Lomo Tomds de Leén" ignimbrite (8.0 MPa) (Table 7). This
more than remarkable difference, confirms that the bend-
ing strength of the "Rosa Silva" ignimbrite is significantly
higher than that of the "Lomo Tomds de Leén" ignimbrite.
The flexural strength of this type of stone generally ranges
between 1 and 7 MPa (Yiiksek 2019, Yavuz et al. 2015,
Bustamante et al. 2021, Akbulut 2022, Teymen 2018), ign-
imbrites with higher bending strengths are rare. For exam-
ple, Careddu and Grillo (2019) report, in their study of a
group of ignimbrites from different provinces of Sardinia
(Italy), flexural strengths of 12.3 and 18.9 MPa and Celik
et al. (2014) obtained for a tuff from Turkey (Ayazini tuff)
an average flexural strength of 15.8 MPa, however, these
are punctual cases. The "Lomo Tomds de Leén" ignimbrite
shows a bending strength slightly higher than the average
strength found in the literature, while the bending strength
of the "Rosa Silva" ignimbrite is among the highest strength
values.

Point load strength (PLT)

The difference in point load resistance between the "Rosa
Silva" ignimbrite and the "Lomo Tomds de Leon" ignimbrite
is remarkable. The "Rosa Silva" ignimbrite shows an average
point load resistance of 7.82 MPa, which is more than dou-
ble the point load resistance obtained for the "Lomo Tomads
de Leon" ignimbrite (3.70 MPa) (Table 7). According to the
classification proposed by Selby (1980) ignimbrites are an
example of lithology with moderate point load resistance,
with stress values between 2.0 and 4.0 MPa.

The "Lomo Tomds de Leon" ignimbrite perfectly matches
this description; however, the ignimbrite "Rosa Silva"
presents a point load resistance, with maximum values
(> 8 MPa), associated with other more resistant types of
stone such as marble or gabbro. In fact, the "Rosa Silva" is
one of a very small group of ignimbrites capable of over-
coming a point load resistance of 4 MPa (Rodriguez-Losada
et al. 2007; Engidasew 2014; Ghobadi et al. 2016), when
the point load resistance of this type of stone is typically
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between 1.0—4.0 MPa (Kili¢ and Teymen 2008, Bozdag
and Ince 2018, OZ§en etal. 2017, Yavuz et al. 2015b, Topal
and S6zmen 2001, Ince and Fener 2016).

Splitting tensile strength (STS)

The "Rosa Silva" ignimbrite has an average tensile strength
of 13.25 MPa, which is significantly higher than that of the
"Lomo Tomds de Leén" ignimbrite (5.38 MPa) (Table 7).
Based on the results obtained by other authors, it can be seen
that the tensile strength for this type of stone is generally
between 1.0 and 4.5 MPa (Kili¢ and Teymen 2008, Potzl
et al. 2018a, b, Ince and Fener 2016, Stiick et al. 2008), this
is also a similar range to that obtained by Potzl et al. (2022)
in their literature review. The "Lomo Tomés de Le6n" ign-
imbrite has a tensile strength slightly above this range, how-
ever, it is a strength value within what would be expected,
taking into account that ignimbrites with similar strengths
can be found in the literature (Germinario and T6rok 2019;
Kahraman et al. 2016). The "Rosa Silva" ignimbrite, on the
other hand, is an atypical case, because, although it is pos-
sible to find ignimbrites with tensile strengths above 8 MPa
(Jamshidi et al. 2013a, b; Lépez-Doncel et al. 2016; Lopez-
Doncel et al. 2013) these are extreme cases that do not rep-
resent a normal distribution of the tensile strength of this
lithotype.

Rupture energy (RE)

The rupture energy of the "Rosa Silva" ignimbrite (5.6 J) is
higher than that of the "Lomo Tomds de Leén" ignimbrite
(3.91]) (Table 7). In terms of steel ball drop height, the "Rosa
Silva" ignimbrite broke when the ball was dropped from an
average height of 60 cm, while the drop height for the "Lomo
Tomds de Leén" ignimbrite did not exceed 40 cm. According
to the classification proposed by Sarugik (2016), the ign-
imbrite "Lomo Tomds de Leén" has a low rupture potential
(rupture energy 3.5-4.0J), while for "Rosa Silva" ignimbrite
is extremely low (rupture energy >4.0 J). This property is
of particular interest when the stone is to be used as paving,
which is one of its most frequent applications (Kundak et al.
2020). However, it is not a test that is routinely included
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Fig. 15 Fracture of specimens
after testing (a) RS and (b) LT

Table 8 Results from abrasion

. . Ignimbrite WWA (mm) SC (%) SM (%)
resistance (WWA), resistance
to salt crystallisation (SC) and Max Min Mean SD Max Min Mean SD Max Min Mean SD
resistance to ageing by salt mist
(SM) test RS 15.64 1471 1533 034 055 0.13 026 0.15 0.17 -0.03 0.10 0.07
LT 20.84 19.16 19.87 057 -221 -621 -503 152 0.04 0.04 0.04  0.00

RS Rosa Silva, LT Lomo Tomas de Ledn

Fig. 16 Footprint of specimens after testing (a) RS and (b) LT

in research, so the available literature is small compared to
other properties. Granite, with an average rupture energy of
6.0J (Costa et al. 2021; Simdo et al. 2010; Isabel and Borges
2019), limestone with 4.2 (Laskaridis et al. 2021; Costa et al.
2021, Karakas et al. 2021) and marble with 4.8 J (Laska-
ridis et al. 2021; Allocca et al. 2010; Costa et al. 2021) are
the most studied stone types with regard to this property.
Figure 15 shows the specimen rupture after the test, which
preferable occurs parallel to weakness planes.

Durability assessment
Abrasion resistance (WWA)

The mean width of the track produced by the abrasive disc
on the surface of the "Rosa Silva" ignimbrite is 15.3 mm,

lower than the wear on the "Lomo Tomds de Ledn" ign-
imbrite, with a mean track width of 19.9 mm (Table 8;
Fig. 16). According to the data found in the literature, the
abrasion resistance of this type of stone is usually in the
range 20-50 mm (Yavuz et al. 2015b, Careddu and Grillo
2019, Celik and Cobanoglu 2019; Ozvan and Direk 2021;
Engidasew 2014). The "Lomo Tomds de Leén" ignimbrite,
although at the lower limit, is within this range, while the
ignimbrite "Rosa Silva" presents a higher resistance to abra-
sion, similar to that of other types of stone a priori more
resistant than ignimbrites, such as granites whose resist-
ance to abrasion ranges between 13 and 18 mm. (Karaca
etal. 2010, 2012, Celik and Cobanoglu 2019, Sousa 2014).
Abrasion resistance is a property to consider when assessing
the suitability of a natural stone used as a pavement (Mar-
radi et al. 2008), especially in areas subjected to heavy traf-
fic, whether vehicular or pedestrian (Celik and Cobanoglu
2022). It should also be taken into account when assessing
the wear of the machinery used in the quarries for the extrac-
tion of the blocks and the cutting tools used in their further
processing (Kolgitti and Celik 2022).

Resistance to salt crystallisation (SC)

The resistance to crystallisation of the salts is evaluated
through the variation between the initial mass of the speci-
men and the final mass at the end of the test (after 15 cycles).
In most cases, this variation represents a weight loss (DWL),
produced by grain saltation and decohesion (Cardell et al.
2003), as in the case of the ignimbrite "Lomo Tomds de
Leon", with a weight loss of 5% (Table 8). However, depend-
ing on the mineralogical composition and pore morphology,
the number of cycles established by the standard may not be
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sufficient to detect, in terms of mass loss, the degradation of
the sample. In fact, many authors have doubled the number
of cycles in their research (Buj and Gisbert 2010; Alvarez de
Buergo et al. 2015; Germinario and Torok 2019; Benavente
et al. 2018; Tel & Sarusik 2020, Martinez-Martinez et al.
2018) or prolonged the test by the number of cycles needed
to induce a 30% weight loss in the sample (L6pez-Doncel
et al. 2016; Potzl et al. 2018a, b; Siegesmund et al. 2018). If,
at the end of the test, the degree of deterioration achieved is
not sufficient to cause a loss of material, what is recorded is
an increase in mass, generally negligible, due to the deposi-
tion of salts in the cavities and that have not been dissolved
in the subsequent washes (Angeli et al. 2006). This is the
case for the ignimbrite "Rosa Silva" whose mass increased
by 0.2% (Table 9). The behaviour of this type of stone with
respect to salt crystallisation is so disparate that ignimbrites
with a mass loss of less than 5% can be found alongside oth-
ers with a loss of more than 80% (Celik and Aygiin 2018,
Ozsen et al. 2017b, Martinez-Martinez et al. 2018). May be
even degrade completely in the third cycle (Yavuz 2012) or
between the eighth and ninth cycles (Celik and Sert 2020).
Compared to the literature data, the ignimbrites in this
study are among the most resistant to salt crystallisation.
It should be noted that crystallisation of salts in one of the
main mechanisms of deterioration of both cultural heritage
and modern buildings (Celik and Sert 2021; Jamshidi et al.
2013a, b) being sodium sulphate one of the most aggressive
agents because the strong crystallisation pressure (Cultrone
and Sebastian 2008).

Resistance to ageing by salt mist (SM)

The weight variation obtained in both the "Rosa Silva"
ignimbrite (0.04%) and the "Lomo Tomds de Leén" ignim-
brite (0.10%) is not very significant (Table 8). According
to Flatt et al. (2017), the damage caused by salt crystallisa-
tion is divided into two phases; the induction phase, where
salts accumulate in the porous system of the material and
the propagation phase, where dissolution/crystallisation

Fig. 17 Condition of specimens
after 60 salt mist cycles (a) RS
and (b) LT
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cycles begin. The results obtained, mass gain in both sam-
ples, seem to indicate that the number of cycles estab-
lished in the standard (60 cycles) is not sufficient, in this
case, to pass from the propagation phase, so the volume
of salt occupying the pores is not high enough to initiate
damage and cause the loss of material. According to the
published results, the weight loss in this test is usually
negligible or even non-existent for any type of stone. The
following the results are found in literature, andesites with
mass losses of less than 0.50% (Celik et al. 2019a, 2021),
tuffs with a mass loss of 0.30% (Celik et al. 2019b), lime-
stones and sandstones with a maximum mass loss of 1%
(Carvalho et al. 2018; Simao et al. 2015; Ktopotowska and
Fukaszewski 2014, Cantisani et al. 2013). Some authors
increase the number of cycles considerably in order to
cause sufficient deterioration to be able to analyse their
effects. Simao et al. (2011) subjected a group of limestones
and granites to 90 cycles, and even then the mass loss
did not exceed 1%. Buergo et al. (2015) in their study of
limestone from Colmenar (Madrid), goes up to 120 cycles
and obtains an average mass loss of 0.5%. Borges et al.
(2011) continue the test up to 150 cycles and the mass
loss obtained, in different granites, is less than 0.25%.
Visual analysis of the samples also shows no evidence
of damage. The edges of the cubes are perfectly defined
and have not even lost the marks made before starting of
the test. Surfaces show no discolouration or efflorescence
(Fig. 17). The lack of mass loss and the absence of surface
damage give these ignimbrites a good resistance to salt

Table 9 Results from Resistance to ageing by SO, action (SO) test

Ignimbrite SO (%)
Max Min Mean SD
RS A 0.13 -0.02 0.06 0.07
B 0.08 0.01 0.05 0.04
LT A 0.11 0.05 0.07 0.03
B 0.08 0.04 0.05 0.03

.
| [
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spray ageing. This is important, as the main destination of
these building stones is construction sites located within
the island environment and this test is intended to simulate
the atmosphere to which the stone is exposed in coastal
environments, areas up to 20 km away from the coastline
due to the dispersion of marine aerosols (Fonseca 2012).

Resistance to ageing by SO, action in the presence
of humidity

The ignimbrites "Rosa Silva" and "Lomo Tomds de Leon"
show similar resistance to SO, ageing. Both samples gain
weight in similar proportions, although the average mass
variation is insignificant, between 0.05 and 0.07% depend-
ing on the concentration of the solution. The difference
between solution A and solution B is also insignificant,
with a difference of 0.01% for the "Rosa Silva" ignimbrite
and 0.02% for "Lomo Tomds de Leén" (Table 9). Accord-
ing to Schiavon (2007), weathering caused by exposure to
an acidic atmosphere (SO,) is due to the kaolinisation of
minerals rich in sodium (Na), calcium (Ca) and potassium
(K), such as feldspars, and the sulphation of minerals with
calcium (Ca) in their composition. Oxidation of ferromag-
nesian minerals by SO, deposition is another mechanism
that may be involved in stone degradation.

In summary, the degree of weathering will largely
depend on petrophysical properties, porosity and miner-
alogical composition, primarily (Fort 2007). Due to the
great heterogeneity of these properties, it is possible to find
limestones that gain 0.50% (Solution A) / 0.10% (Solution
B) weight (Ortega-Diaz et al. 2014) and others that lose
1.72% (Solution A) / 0.31% (Solution B) (Karakag et al.
2021). Sandstones that lose 1.15% (Solution A) / 0.95%
(Solution B) (Selim et al. 2019) and others that suffer prac-
tically no variation — 0.04% (Solution A) / — 0.11% (Solu-
tion B) are mentioned by Molina et al. (2020). Although in
the reviewed literature there are numerous studies where
this ageing test is used to determine the deterioration of
the stone, it should be noted that in many of these studies
the procedure described in the UNE-EN 13919 standard
(AENOR 2003) is modified, a fact that is also highlighted
by Cetintas and Akboga (2020), and which makes it difficult
or impossible to make a comparison in the same terms.
Gibeaux et al. (2018) use different SO, / NO, ratios as acid,
Romero et al. (2022) prepare a single solution with a con-
centration of 60% and (Hazrathosseini and Mahdevari 2018)
measure ageing resistance from softening depth, among
others. The resistance to ageing by the action of SO, of the
"Rosa Silva" and the "Lomo Tomds de Leon" ignimbrites is
similar to that of the marble studied by Ortega-Diaz et al.
(2014), 0.08% (Solution A) / 0.04% (Solution B) or to the
limestone studied by Cetintas et al. (2022) 0.07% (Solution

A)/0.04% (Solution B), while it presents a completely dif-
ferent behaviour to the tuff studied by Celik et al. (2019a, b)
which also suffers, like tuff, a mass loss, 0.74% (Solution A)
/0.14% (Solution B). Visual analysis assess the presence of
fouling, discolouration, efflorescence or black crusts on the
surface of the stone, the latter being one of the most typical
formations of exposure to this type of acidic environment,
especially in carbonate rocks (Lefévre and Ausset 2002).
According to the magnitude of the mass variation obtained
and the lack of indicators of surface deterioration of the
specimens, a good resistance to SO, ageing is assumed.
The aim of this property is to simulate anthropogenic con-
tamination in order to evaluate the behaviour of the stone in
corrosive environments. Although the location of the exist-
ing works and their potential use is far from large cities with
intense traffic or high industrialisation, it should be noted
that current logistics make it possible exporting this stone
to be used anywhere in the world.

General considerations

According to the above properties, summarised in Table 10,
both varieties show values within the range of these stones.
However, the “Rosa Silva” variety has lower porosity and
higher resistance to the durability tests. Furthermore, both
are texturally homogeneous as demonstrated by the values of
the properties obtained in the orthogonal directions.

The weathering conditions of the monumental heritage
found on the Canary Islands and elsewhere proves the qual-
ity of this ignimbrite as a building stone. Both varieties can
be used as a building stone, with the mandatory adequation
to the specific utilization and place. As stated above, the high
porosity of the LT variety enables their use when water and/
or salt can affect the stone evolution.

The results obtained are also useful for the rehabilitation
works and maintenance of local architectural characteristics.
The available places for extracting building stones are scarce
because the low number of available outcrops and also as a
consequence of the legal constrains that avoids the extraction
of most of the island areas.

The quarrying activity is important is low-income
regions, as the Canary Islands. Therefore, the study of the
properties of these building stones are key factor for the
sustainable development and local / regional economy.

In the Canary archipelago only nine building stones are
extracted, distributed in three islands. The study and charac-
terisation are basic steps for the maintenance of this activity.
This research intends to be a step towards the recognition
of the social and economic importance connected to quarry
activity and a contribution to the designation of “Piedra
Chasnera” as Global Heritage Stone Resource (GHSR).
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Table 10 Summary of the
physical and mechanical

properties

Test RS LT
Physical properties
Apparent density [g/cm®] 2.38+0.01 2 05002
Open porosity [%] 320053 92102071
Water absorption at atmospheric pressure [%] 2.67017 7.32%0.72
Water absorption coefficient by capillarity [g/m2-s*]—X 776157 19.80+24!1
Water absorption coefficient by capillarity [g/m2-s*°]—Z 6.37%168 16.94%275
Ultrasound propagation velocity [m/s]—X 4999 2%304 3984 2%1124
Ultrasound propagation velocity [m/s]—Y 4996.2%814 4072.8*1386
Ultrasound propagation velocity [m/s]—Z 4964.2+833 3983.4+841
Total anisotropy index [%] 0.67 224
Relative anisotropy index [%] 0.06 2.20
Mechanical properties
Uniaxial compressive strength [MPa]—X 67.34+12.73 51.19%1225
Uniaxial compressive strength [MPa]—Z 69.82:+10.02 60.87+953
Flexural strength under concentrated load [MPa] 17.15%100 8.01032
Point load strength [MPa] 7.82%1:56 370038
Splitting tensile strength [MPa] 13.25=!118 5.38+039
Rupture energy [J] 5.55+0.41 3.87%041
Durability
Abrasion resistance [mm] 15.33%0:34 19.87%057
Resistance to salt crystallisation [%] 0.26=015 - 5.03%132
Resistance to ageing by salt mist [%] 0.10%007 0.04x0:00
Resistance to ageing by SO2 action [%]—Solution A 0.06%007 0.07x093
Resistance to ageing by SO2 action [%]—Solution B 0.05%0.04 0.050-03
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