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A B S T R A C T

During the eruption of the Tajogaite volcano in La Palma (Canary Islands, Spain) in 2021, large amounts of
pyroclastic material were emitted, which had severe environmental, health and economic impacts on nearby
localities. One solution for the disposal of the volcanic ash that settled on the streets, roads, and roofs of La Palma
is to use it as temper in brick production, which would also reduce the amount of clay required to make the
bricks. Two different sizes (fine and coarse) and three percentages (10, 20, and 30 % by weight) of volcanic ash
were added to a clayey sediment from Viznar (Granada, Spain) to produce bricks that were fired at 800, 950, and
1100 ◦C in an electric oven with an oxidising atmosphere. The chemistry, mineralogy and texture of the samples
with volcanic ash were compared to control samples made without it and fired at the same temperature. In the
bricks with ash there was a reduction in the phases detected in the control samples (quartz, phyllosilicates, and
newly formed gehlenite, and diopside) and augite, a phase present in the volcanic ash, appeared. The volcanic
ash fragments in the samples fired at over 950 ◦C turned red in color, owing to the formation of iron oxides. The
increase in the concentration of volcanic ash caused a progressive increase in the vitreous phase and in clino-
pyroxene. Conversely, there were no significant differences in terms of their mineralogical composition between
the fired bricks made with fine or coarse ash, although the samples with coarse volcanic ash apparently showed
higher porosity.

1. Introduction

Large amounts of lava and pyroclastic materials are generated during
a volcanic eruption. These materials can have negative effects on public
health and the economy in the surrounding areas, as well as on the
global environment. Lava fluxes do not usually cause human casualties
due to the low velocity at which they advance, although they have se-
vere economic impacts as they destroy everything in their path, such as
buildings, roads, and crops (Kilburn, 2015).

Pyroclastic materials is a generic term used to describe the particles
emitted during a volcanic eruption. They can be subdivided according to
their size into bombs (>64 mm), lapilli (64–2 mm), and ash (<2 mm)
(Fisher and Schmincke, 1984). When these materials reach populated
areas, they can damage buildings and infrastructure for example, by
corroding metalwork, reducing traction and visibility on the roads and
obstructing filters, and the deposit of large amounts of volcanic ash on
the roofs of buildings can lead to their collapse (Wilson et al., 2015).
Volcanic ash can also affect air traffic, because it can stall plane engines
(Lechner et al., 2018). It can also damage local crops, causing significant

economic losses in the agricultural sector. In some cases, it can have
beneficial effects, acting as a fertilizer that enriches the soil with key
elements for the proper development of C, N, S, and P cycles (Ciriminna
et al., 2022). However, the fertilizing potential of volcanic ash depends
on multiple factors, such as the weather conditions in the area, the
amount of ash emitted, its composition, and the crop type (Mihai et al.,
2023). The composition of the volcanic ash is also crucial in that it can
trigger environmental problems, for example by contaminating water
supplies by decreasing their pH and increasing their fluorine content
(Stewart et al., 2006). Last but not least, pyroclastic flows can cause
numerous fatalities and exposure to volcanic ash can lead to eye, skin,
and respiratory tract problems, such as irritation, abrasion, conjuncti-
vitis, coughing, and sore throats (Beylin et al., 2022).

The Canary Islands are part of the Canarian Volcanic Province
(Spain), which is located off the northwestern coast of Africa, and con-
sists of a group of volcanic islands and seamounts that follow a linear
trend (León et al., 2019). This province originated from a hotspot
combined with tectonic plate movement, which detaches the volcanoes
from the magma source. Recent volcanic activity has been registered in
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the islands in the west of the archipelago, namely Lanzarote, Tenerife,
and La Palma (Troll and Carracedo, 2016).

The eruption of the Tajogaite volcano, the youngest volcano on the
island of La Palma, started on 19 September 2021. Volcanic activity was
preceded by a seismic swarm and lasted until 13 December 2021. During
this period, 200 million cubic meters of lava were emitted. In terms of
volcanic ash, the Volcanology Institute of the Canaries (INVOLCAN,
https://www.involcan.org/) reported that in the first 25 days of the
eruption around 8–9 million cubic meters of ash and tephra were
deposited. Currently, there are no clear laws or guidelines regarding the
removal or recycling of ash. In fact, the European Union classifies this
waste within “other municipal wastes” (20 03), and more specifically
“street-cleaning residues” (20 03 03) (Commission notice 2018/C,
2018). As a result, the pyroclasts emitted during an eruption and
deposited in inhabited areas or infrastructures (e.g., roads and airports)
are usually disposed of in landfills. The environmental implications of
such large amount of pyroclastic material mean that new disposal op-
tions must be explored.

The use of volcanic ash for construction purposes dates back to
Ancient Rome, where a pozzolanic material from Pozzuoli (Naples,
Italy) was mixed with lime to produce hydraulic mortars. The Romans
inherited lime production techniques from the Greeks and the Etruscans,
and enhanced them by adding pozzolana, volcanic sediments in which
silicates and aluminosilicates react with the CaO in the presence of
moisture to produce compounds with cementitious properties (Modena
et al., 2018). Roman mortars are famous for their durability and their
capacity to set underwater, which enabled buildings and cities to be
erected in marine environments and allowed the Empire to expand
across the Mediterranean Sea (Jackson et al., 2012). The use of volcanic
ash in ancient building materials was not restricted to the manufacture
of mortars, as volcanic temper from Somma-Vesuvius has also been
found in ceramics from the Cumae archaeological site near Naples
(Verde et al., 2022).

Nowadays volcanic ash has several possible uses (Lemougna et al.,
2018), including the manufacture of construction materials, lunar and
Martian soil simulators, and soap abrasives (Dehn and McNutt, 2015).
Within the field of construction materials, most of the research on vol-
canic ash has been devoted to geopolymers, lime and cement mortars.
Barone et al. (2021) studied the use of volcanic ash from Etna to produce
geopolymers, and found that, when cured at 100 and 400 ◦C, this
product can be used as an alkali-activated material. For their part,
Cavalieri et al. (2024) stated that the production of geopolymers using
volcanic ash reduced CO2 emission by up to 78 % compared to tradi-
tional concrete mortars. As regards the manufacture of mortars, Con-
trafatto (2017) highlighted that certain kinds of volcanic ash do not
confer hydraulic properties on the mortar and can only be used as ag-
gregates. In their review, Hamada et al. (2023) concluded that the
addition of volcanic ash to concrete caused a denser matrix to develop,
improving some of the mechanical properties and the durability of the
resulting materials. Ahmad et al. (2023) highlighted the worsening of
concrete flowability after volcanic ash was added to the mix, and the
negative implications of employing very high doses of this additive. On
the positive side, they also stressed that the addition of volcanic ash to
concrete mortars helped reduce manufacturing costs. Martín-Rodríguez
et al. (2024) tested the use of volcanic ash from La Palma in the pro-
duction of blended and alkali cement and reported a reduction in the
compressive strength of the final product.

Several reviews and studies have addressed the use of waste mate-
rials as additives in brick production (Al-Fakih et al., 2019; Dondi et al.,
1997; Murmu and Patel, 2018; Zhang, 2013). These found, for example,
that olive stones (López Gómez and Cultrone, 2023), paper pulp (Muñoz
et al., 2020), and sawdust (Cultrone et al., 2020) usually increase the
porosity and thermal insulation of the bricks. As regards the use of
inorganic wastes, household glass has proven useful in increasing the
compactness of fired samples (Hasan et al., 2020), while bricks made
with added fly ash in proportions of up to 20 % had similar properties to

those made without additives (Eliche-Quesada et al., 2018). Finally, the
use of diatomaceous earth increased the open porosity (Galán-Arboledas
et al., 2017).

However, there is little available bibliography on the use of volcanic
products. Gencel (2015) demonstrated that the addition of 10, 20, 30,
and 40 % by weight of pumice to the clayey mix diminished the
compressive strength of the resulting fired bricks, although they com-
plied with the specifications for use as construction materials. Cobîrzan
et al. (2021) obtained satisfactory results when using volcanic tuff from
Romania in proportions of up to 30 % to produce fired bricks,
concluding that the compressive resistance depended mainly on the
firing temperature. For their part, Belfiore et al. (2024) tested the use of
volcanic ash, together with chamotte, to produce ceramic tiles obtaining
the best results when 10 % by weight of fine volcanic ash and 10 % of
chamotte were added to the clayey material. Finally, Cultrone (2022)
found that the addition of 10 and 20 % by weight of volcanic ash from
Mount Etna (Italy) in the production of clay bricks enhanced their
durability against salt attack. Although clayey earth is not an expensive
material (17 $/Tm, U.S. Geological Survey, 2023), it is a non-renewable
natural resource. The incorporation of volcanic ash would reduce the
high volume of the clayey material that needs to be extracted (13.000
kt/yr only in the USA), thereby reducing costs and preserving the
environment.

These scarce bibliographical references on this topic represent the
first attempts to reuse volcanic ash in the brick industry. With this in
mind, this paper aims to provide a detailed study of the chemical,
mineralogical and textural changes produced by the addition of volcanic
ash from La Palma to bricks fired at different temperatures, focusing in
particular on the influence of the amount and size of the particles added.
To achieve these objectives, bricks were produced using three different
percentages (10, 20 and 30 %) and two grain sizes (fine or coarse) of
volcanic ash and were then compared with control samples made
without this temper.

2. Materials and Methods

2.1. Raw materials

The clayey sediment used to make the bricks was provided by a ce-
ramics company, Cerámica Castillo Siles, S.L., who quarried it from
Pleistocene levels that outcrop in Viznar (Granada, Spain). The source
area is part of the Granada Basin, which is located over the contact
between the Internal and External Zones of the Betic Cordillera and is
filled with detrital materials from the Neogene and Quaternary periods.

The volcanic ash from La Palma was provided by the Volcanology
Institute of the Canaries (INVOLCAN), which is collecting the ash to
study the magmatic processes related to the 2021 volcanic eruption. In
general, the volcanic materials ejected after the eruption of the Tajogaite
volcano are rich in Ti-augite, olivine, Ti-magnetite, amphibole and
plagioclase (Pankhurst et al., 2022). After the ash was gathered, it was
milled and sieved to obtain two granulometric fractions: one named
“coarse” (G, 0.6 < ϕ < 2 mm) and the other “fine” (F, ϕ < 0.6 mm). The
upper limit for the grain size (2 mm) was selected in line with the study
performed by Cultrone (2022), while the lower limit (0.6 mm) was
chosen to enable us to observe the interaction between these smaller
particles and the clay matrix under the microscope. 10, 20 and 30 % by
weight of volcanic ash were added to the clayey material. These per-
centages were chosen because they had previously been used in research
studies by Cobîrzan et al. (2021) and Cultrone (2022) that produced
interesting results.

2.2. Manufacture of brick samples

18 bricks were manufactured with a volcanic ash temper and 3 were
made with no additive, as control samples. The clayey sediment from
Viznar, with and without volcanic ash was molded by hand with
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kneading water and placed into wooden molds measuring 16 × 12 × 4
cm. The mixture was flattened with a ruler to remove surface irregu-
larities. After approximately 2 h, the bricks were demolded and cut into
smaller samples (4 × 4 × 4 cm) with a stretched cotton thread. In total,
12 cubic samples were obtained from each mold and each brick type.
The samples were air dried in the lab at approximately 18 ◦C for three
weeks before being fired in a Hobersal JM 22/16 electric oven.

The samples were fired at 800, 950, and 1100 ◦C. 950 ◦Cwas selected
because the company that provided the raw materials for the study
currently fires their bricks at this temperature, while the other two
temperatures were chosen to enable us to study the mineralogical and
textural changes that take place at lower and higher temperatures.
Table 1 offers a summary of the characteristics of the fired samples and
their labels.

During the firing process, the dried samples were first heated at
100 ◦C for an hour to remove any possible remaining moisture. The
temperature was then increased by 3 ◦C/min until the desired firing
temperature was reached, after which it was kept constant for 3 h.
Subsequently, the oven was switched off and the samples were removed
the next day to enable slow cooling and avoid the formation of fractures
due to the β-to-α quartz transition at 573 ◦C (Knapek et al., 2016). After
removal from the oven, the bricks were immersed in water to prevent
the sample breaking due to the possible presence of CaO grains, a phe-
nomenon known as “lime blowing” (Laird and Worcester, 1956).

2.3. Characterization of raw materials and brick samples

X-Ray Fluorescence (XRF) was used to determine the major elements
in the raw materials (clayey sediment and volcanic ash) and the fired
bricks. The analyses were performed using a PANalytical Zetium spec-
trometer with a Rh anode and a 4 kV X-Ray generator. The calibration
was performed with a set of over thirty certified geological standards
(Govindaraju, 1994).

To study the possible release of chemical elements from the bricks
into the water, leaching tests were performed. Samples without volcanic
ash and those with 30 % of temper were powdered and mixed with
deionized water in a ratio of 1:2 (sample:water). The samples were
placed in graduated centrifuge tubes and placed on a Nahita blue orbital
shaker model 685/2 at 160 rpm for 24 h before being centrifuged in a
Kubota 2000 apparatus to extract the water fraction. To stabilize the

solution, 0.1 ml of nitric acid was added per each 5 ml of water. The
same procedure was followed to prepare leachates of unheated volcanic
ash (Ash) and ash heated at 1100 ◦C (Ash1100). In addition, a blank
sample was prepared using only deionized water and the same per-
centage of nitric acid. The concentration of Be, Sc, V, Cr, Mn, Co, Ni, Cu,
Zn, As, Y, Mo, Cd, Sn, Sb, Ba, Tl, Pb, Bi, Th, U was analyzed using
inductively coupled plasma mass spectrometry (ICP-MS) with a NexION
300D (Perkin Elmer) spectrometer. Rh was used as an internal standard.
Precision was better than ±5 % for an analyte concentration of 10 ppm.
The Geochemical Earth Reference Model (GERM) partition coefficient
database (https://earthref.org/KDD-old/) was used to interpret the
results.

A PANalytical X’Pert Pro X-Ray Diffractometer was used to identify
the minerals that make up the clayey sediment, the volcanic ash, and the
fired bricks. The samples were ground in an agate mortar to a particle
size of less than 53 μm. They were then analyzed by X-Ray Diffraction
(XRD) using the randomly oriented powder method. The measurements
were performed under the following conditions: CuKα (λ = 1.5405 Å)
radiation, 45 kV voltage, 40 mA current, 4–70◦ 2θ exploration range,
and 0.1◦ 2θ/s goniometer speed. To study the influence of high firing
temperature on the mineralogy of the volcanic ash, a few grams of fine
ash (ϕ < 0.6 mm) were heated at 1100 ◦C for 3 h and studied by XRD
under the same working conditions as above. To determine the miner-
alogy of the clayey sediment in more detail, oriented aggregates were
prepared by removing the carbonates with an acetic acid solution
(CH3COOH) before adding sodium hexametaphosphate (Na6P6O18) and
centrifuging the samples in a Kubota 2000 apparatus. These aggregates
were then studied air dried (OA_AD), solvated with ethylene glycol for
24 h (OA_EG) and heated at 550 ◦C for 90 min (OA_550). Quantitative
analysis of the fired bricks was carried out by adding 20 % of zincite
(ZnO) as an internal standard and homogenizing the sample with an
agate mortar. For these measurements the goniometer speed was low-
ered to 0.01◦ 2θ/s. The diffractograms obtained were interpreted using
Profex 5.2.4 and HighScore v.4.8. software.

The thermal decomposition of the clayey sediment was assessed by
means of thermogravimetry (TG) and Differential Scanning Calorimetry
(DSC). A Mettler-Toledo TGA/DSC1 was used for the analysis, and the
sample was heated from 25 to 950 ◦C at a rate of 20 ◦C/min in a flowing
air atmosphere.

The granulometry of the clayey sediment was determined using the
Robinson’s pipette method (Soil Conservation Service (USDA), 1972).
The fine fraction of the volcanic ash was measured with a Malvern In-
struments Mastersizer 2000LF apparatus that uses laser diffraction, and
the coarse fraction was measured using an ASTM 18 sieve. The results of
the granulometric analyses were plotted on aWinkler diagram (Winkler,
1954) in order to determine the suitability for brick production of the
clayey raw material with and without added volcanic ash. The plasticity
of the clayey sediment without temper and with the addition of 10, 20,
and 30 % by weight of both grain sizes of volcanic ash was studied using
Casagrande’s liquid limit device following the UNE-EN ISO 17892-12
(2019) standard. The results were plotted on a Bain-Higley diagram
(Bain and Highley, 1979) to determine whether the addition of volcanic
ash impaired or enhanced brick production.

To study the texture and the mineralogy of the bricks with and
without volcanic ash, thin sections were prepared and studied under two
microscopes. A CarlZeiss Jenapol-U polarized optical microscope
coupled with a Nikon D7000 digital camera was used to obtain images of
the texture with plane-polarized (PPL) and cross-polarized light (XPL).
In addition, unheated and heated (at 1100 ◦C) volcanic ash fragments
and two polished thin sections of bricks with coarse volcanic ash (the
largest fragments) fired at 800 and 1100 ◦C were carbon coated and
observed at higher magnification with a Phenom XL Desktop Scanning
Electron Microscopy (SEM), equipped with an EDS detector.

Table 1
Firing temperature (T ◦C), weight percentage (wt%), grain size and nomencla-
ture of the samples prepared. Legend: F: fine grain size (ϕ < 0.6 mm); G: coarse
grain size (0.6 < ϕ < 2 mm).

T ◦C Temper Samples’ acronyms

wt% Grain size

800

0 B800

10
F B(10F)800
G B(10G)800

20
F B(20F)800
G B(20G)800

30 F B(30F)800
G B(30G)800

950

0 B950

10
F B(10F)950
G B(10G)950

20
F B(20F)950
G B(20G)950

30 F B(30F)950
G B(30G)950

1100

0 B1100

10
F B(10F)1100
G B(10G)1100

20
F B(20F)1100
G B(20G)1100

30
F B(30F)1100
G B(30G)1100

M. López Gómez and G. Cultrone Applied Clay Science 266 (2025) 107690 

3 

https://earthref.org/KDD-old/


3. Results and Discussion

3.1. Characterization of the raw materials

The XRF results are presented in Table 2. The clayey sediment from
Viznar (V) and the volcanic ash from La Palma (Ash) have similar per-
centages of SiO2, Al2O3 and CaO, although these oxides are produced by
the different minerals they contain. Ash, whose mineralogy will be
described later on, is richer in Fe, Mg, Na, and Ti. The volcanic ash did
not undergo Loss on Ignition (LOI), while the 15 % rate detected in the
clay from Viznar may be due to the presence of carbonates, organic
matter, and phyllosilicates that release CO2 and OH when heated.

As regards the mineralogy, the diffractogram of the clayey sediment
(Fig. 1a) indicates the presence of phyllosilicates (mainly illite/musco-
vite type), carbonates (calcite and dolomite), feldspars s.l., and quartz.
The presence of calcite and dolomite explains the significant percentages
of CaO (12.6 %) and MgO (4.3 %) detected by XRF. The analysis of the
clay fraction revealed the presence of smectite due to its swelling ca-
pacity, which caused a displacement of the d001 peak from 12.67 Å to
16.41 Å after the oriented aggregate had been solvated with ethylene
glycol (see the inset in Fig. 1a). Another phyllosilicate detected was
paragonite, which is not a common phase but is frequently found in
certain sediments from southeastern Spain (Martin Garcia et al., 1997).
The presence of both phases was signaled by a double-peak in the
kaolinite and chlorite positions in V_AD. At 550 ◦C some of these peaks
disappeared or were less intense after heating, due to the decomposition
of kaolinite and the dehydroxylation of chlorite. However, the chlorite
d001 peak at 14 Å remained visible and was more intense (Moore and
Reynolds Jr., 1997).

The result of the thermogravimetric analysis (TG-DSC) of the clayey
material from Viznar is shown in Fig. 1b. The initial endothermic peaks
at 92 and 140 ◦C are due to the loss of hygroscopic water. The peak at
252 ◦C corresponds to the combustion of the organic matter in the soil,
whereas the peaks at 345 and 489 ◦C are caused by the dehydroxylation
of phyllosilicates. The main weight loss (i.e., 13.3 %) is due to the
decomposition of carbonates and the release of CO2 that starts around
700 ◦C and ends at 810 ◦C. Above this temperature, the curve shows a
slight weight loss owing to a further dehydroxylation of muscovite-type
phyllosilicates (Lecomte et al., 2007). The weight loss during this test
(16.03 %) was similar to that obtained by XRF (Table 2, LOI, 15.16 %).

Fig. 2 shows the X-ray diffraction pattern of the unfired volcanic ash
(Ash) in which Ca-rich plagioclase, olivine, titanomagnetite, and clino-
pyroxene are identified. Given the paragenesis of the volcanic rocks
from La Palma, the clinopyroxene could correspond to augite (Pankhurst
et al., 2022). All these minerals are responsible for the high Fe2O3, MgO
and Na2O contents detected by XRF (Table 2). The diffractogram for the
volcanic ash heated at 1100 ◦C (Ash1100) reveals the decomposition of
olivine and titanomagnetite and the formation of hematite. In Ash1100 an
increase in the intensity of the peaks pertaining to plagioclase and cli-
nopyroxene can be observed, although the involvement of amorphous
silica in the formation of these phases is uncertain. A reduction of the
background noise can also be observed in sample Ash1100.

Fig. 3 presents polarized optical microscope images of the volcanic
ash. Fig. 3a shows the abundance of round-shaped pores generated by
gas release during the volcanic eruption. Some of these pores can also be
distinguished by the naked eye reaching approximately 2 mm in size.
Subhedral kaersutite and euhedral augite phenocrystals can also be seen
in Fig. 3a, though the pyroxene is far more abundant than the amphi-
bole. Augite was identified by XRD as clinopyroxene but kaersutite

could not be identified using this technique due to its very low content in
the sample. A basal section of kaersutite can be seen in Fig. 3b, as well as
a plagioclase crystal, which was too small to enable us to identify the
exact type of plagioclase; however, considering the type of rock and the
XRD results, it is probably a calcium plagioclase. Opaque crystals can
also be observed in the sample, which according to XRD results could
correspond to magnetite (Fig. 3c). Large olivine phenocrystals are also
found, albeit in small numbers (Fig. 3d).

Fig. 4 shows SEM images of the unfired volcanic ash (Ash, a and b)
and of the ash fired at 1100 ◦C (Ash1100, c and d). Fig. 4c shows how the
volcanic ash particles self-aggregate during the heating process,
increasing in size, while new phases seem to crystallize on their surface,
leaving it rougher (Fig. 4d).

The Atterberg limits for the raw material from Viznar with and
without the addition of volcanic ash are listed in Table 3. As expected,
the addition of volcanic ash reduced both the Liquid Limit (LL) and the
Plastic Limit (PL). In general, the higher the volcanic ash content, the
greater the reduction. This is because part of the clayey soil is replaced
by an aplastic material, reducing its ability to absorb water.

When the results for the Plastic Limit (PL) and Plasticity Index (PI)
are plotted in a Bain-Highley diagram (Fig. 5a), we can see that the
addition of volcanic ash to the clayey sediment from Viznar makes the
resulting paste unsuitable for manufacturing bricks with an extruder.
The samples plotted furthest away from the “acceptable extrusion” area
are those with 20 and 30 % of coarse volcanic ash and 30 % of fine
volcanic ash. By contrast, the samples with 10 % of fine volcanic ash are
very close to the required values.

Fig. 5b plots the granulometry of the clayey sediment from Viznar
without and with the addition of 10, 20 and 30 wt% of volcanic ash in
the Winkler diagram, which evaluates the suitability of the raw mate-
rials for brick production. The Viznar clayey sediment is suitable for
perforated brick production, although it borders on the roof tiles field.
After the addition of volcanic ash, the raw material moves diagonally
towards the bottom right of the diagram, such that those made with 10
wt% of volcanic ash fall within the field of perforated bricks, while those
made with 20 and 30 wt% fall within that of solid bricks (Fig. 5b). The
use of coarse or fine grain ash makes little difference as the values almost
overlap, although the samples made with fine grain ash (F, ϕ < 0.6 mm)
were positioned slightly to the left of those made with coarse ash (G, 0.6
< ϕ < 2 mm).

3.2. Macroscopic observation, chemical and mineralogical composition of
bricks

After firing, the ash particles in the bricks fired at 1100 ◦C turned red,
while those fired at 800 and 950 ◦C maintained their black tone. This
chromatic change was studied in detail under a digital videomicroscope
(DVM, Leica DVM 2000). A detailed observation of the brick surface
showed that the samples fired at 800 ◦C presented a reddish matrix in
which irregular pores (Fig. 6a) and black volcanic ash fragments
(Fig. 6b) could be distinguished. The matrix of the samples fired at
950 ◦C was also red and with irregular pores (Fig. 6c), although some
areas of the volcanic ash fragments had turned brownish (Fig. 6d). By
contrast, the samples fired at 1100 ◦C had more rounded pores and a
light-yellow matrix (Fig. 6e). At this temperature, most volcanic ash
particles underwent a color change from black to red, although some
dark areas could still be observed in several fragments (Fig. 6f).

With respect to the chemical composition of the fired bricks
(Table 4), there were no significant differences between the samples in

Table 2
Chemical composition (in %) of the volcanic ash (Ash) and the clayey sediment from Viznar (V). LOI stands for loss on ignition.

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

Ash 43.81 13.65 12.95 0.18 7.99 11.11 3.67 1.57 3.62 0.77 0.00 99.32
V 45.17 13.32 4.89 0.06 4.33 12.63 0.64 2.38 0.69 0.12 15.16 99.39
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terms of the percentages of the main oxides. The only discrepancy was in
the LOI, which was approximately 10 % lower than the value obtained
for the clayey sediment and fell as the firing temperature rose from 800
to 1100 ◦C. This is due to the further dehydroxylation of phyllosilicates
and the release of CO2 from the carbonates that were still present in the
fired bricks. This phenomenon was mitigated by the increase in the

percentage of volcanic ash, due to the smaller proportion of clayey
sediment in the mixture and, consequently, of carbonates and phyllo-
silicates. By contrast, the addition of volcanic ash increases the Fe, Mg,
Na, and Ti contents in the bricks, because of the higher percentages of
these elements in the ash.

Regarding the mineralogical composition of the fired samples, at

Fig. 1. (a): Diffractogram of the clayey sediment from Viznar. Mineral abbreviations suggested by Warr (2021). The following oriented aggregates can be seen in the
inset: air dried (V_AD), treated with ethylene glycol (V_EG) and heated at 550 ◦C (V_550). (b): Thermogravimetry (TG, blue) and Differential Scanning Calorimetry
(DSC, red) curves for the clayey sediment from Viznar.
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800 ◦C the phyllosilicates such as smectite, chlorite and kaolinite
disappear except for illite/muscovite and paragonite. At this tempera-
ture, calcite is still present, unlike dolomite. This is related to the
decomposition of these carbonates, a process described below (see
Section 3.4). At 950 ◦C, the calcite and paragonite peaks are no longer
detectable and the peaks for illite/muscovite are lower. The Ca released
during the decomposition of the carbonates recombines with Si to form a
new phase, gehlenite (Ca2Al2SiO7). At 1100 ◦C, the illite/muscovite
peak is no longer visible and a new phase, diopside (CaMgSi2O6), crys-
tallizes combining Ca and Mg from the calcite and dolomite with Si from
the quartz (Cultrone et al., 2001) (Fig. 7). The addition of volcanic ash
causes augite to be detected but does not seem to favor the development
of new mineral phases during firing. In the bricks fired at 800 ◦C, the
addition of ash leads to a reduction in the intensity of the illite/
muscovite, quartz, and calcite peaks, owing to the fact that smaller
amounts of clayey sediment were used in the manufacture of these

samples. Similarly, in the samples fired at 950 and 1100 ◦C, less geh-
lenite was formed in the samples with volcanic ash than in those without
it. By contrast, the diopside (cpx, Fig. 7) peaks in the bricks with volcanic
ash fired at 1100 ◦C appear to be higher than those for the control
sample. This is because the formation of this phase is overestimated by
the presence of augite from the volcanic ash, as most peaks for the two
minerals overlap. This means that the more generic term of clinopyr-
oxene must be used when referring to possible augite and diopside peaks

in the samples with added volcanic ash fired at this temperature.
Table 5 shows the results of the quantitative XRD analysis. For the

samples without temper, the percentage of quartz falls progressively as
firing temperature increases, especially between 950 ◦C and 1100 ◦C
when it slumps from 28.8 % to 20 %. The increase in temperature also
entails a decrease in muscovite/illite and a progressive increase in
plagioclase, K-Feldspar and amorphous material.

The increase in amorphous material is due to the progressive vitri-
fication of the bricks. The increase in the amount of K-Feldspar as firing
temperature increases is related to the K and Si released after the
decomposition of muscovite/illite, together with the decomposition of
quartz and other silicates. Something similar takes place in the forma-
tion of Ca-rich plagioclases with the Ca produced by the decomposition
of the carbonates (Cultrone et al., 2001):

If we look at how the percentage of volcanic ash influences the
mineralogy of the bricks, the increase in ash content progressively de-
creases the percentage of quartz, muscovite/illite and gehlenite, while
increasing that of the amorphous phase. The higher the percentage of
volcanic ash, the lower the clay content, and therefore of these minerals.
For its part, the volcanic glass is responsible for the increase in amor-
phous material. The amount of augite (cpx, Table 5), originally present
in the volcanic ash, increases progressively in line with the ash content

Fig. 2. Diffractogram for the unfired volcanic ash (Ash) and the volcanic ash heated at 1100 ◦C (Ash1100). Mineral abbreviations suggested by Warr (2021). Upper
right: magnified section of the diffractogram with the peak for titanomagnetite (Ti-Mag).

KAl2(Si3Al)O10(OH)2
⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞

Illite

+2CaCO3

⏞̅̅̅ ⏟⏟̅̅̅ ⏞
Calcite

+4SiO2

⏞̅⏟⏟̅⏞
Quartz

→2KAlSi3O8

⏞̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅⏞
K− Feldspar

+2Ca2Al2SiO8

⏞̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅⏞
Anorthite

+2CO2 +H2O
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for the samples fired at 800 and 950 ◦C. However, at 1100 ◦C the overlap
of the augite peaks with those for diopside, makes it difficult to estimate
the amount for each one of these clinopyroxenes.

3.3. Release of chemical elements

Fig. 8 shows the results of the leaching test. The concentrations of all
the different elements are below the specified contamination limits for
industrial soils in the Andalusian region (CMAJA, 1999): As (300 mg/
kg), Cd (30 mg/kg), Co (400 mg/kg), Cr (1000 mg/kg), Cu (1000 mg/
kg), Mo (500 mg/kg), Ni (750 mg/kg), Pb (2000 mg/kg), Sn (500 mg/
kg), Tl (30 mg/kg), and Zn (3000 mg/kg). When the volcanic ash is
added to the fired bricks, most of the element concentrations are below
the limits set for irrigation by the Food and Agriculture Organization
(FAO, https://www.fao.org/), except for V, Cr and Mo. However, sur-
face runoff would dilute these elements before reaching the urban
drainage system. In addition, although different leaching procedures are
used, all the element concentrations are below the US EPA toxicity
characteristic contamination thresholds for hazardous waste (Code Of
Federal Regulations, 2012).

The elemental concentration of the leachates from the fired bricks is
very low except for V, Cr, Mo and Ba. It seems that the concentration of
these elements is related to the firing temperature rather than the
temper content or grain size. By contrast, the leachates obtained from
the volcanic ash on its own (Ash and Ash1100) show high V, Mn, Cu, As,
Mo, and Ba concentrations.

The XRD showed that heating the volcanic ash leads to the decom-
position of olivine and magnetite and the formation of hematite. The
leaching test has demonstrated that heating the volcanic ash increases

the V and As content, slightly increases that of Mo and Ba and slightly
diminishes that of Mn and Cu. This is due to the compatibility of the
elements, in other words, their tendency to be concentrated in the solid
phase during melting or crystallization (White, 2020). V is compatible
for magnetite (Tourrette et al., 1991), an oxide which is usually asso-
ciated with As (Alvarez and Carol, 2019). The decomposition of
magnetite could therefore have led to the release of V and As.

Regarding the brick leachates, the percentage of clayey sediment
used to produce the bricks was always higher than that of volcanic ash,
which explains the importance of firing temperature in the elemental
distribution. V, Cr, Mo, and Ba are linked to the phyllosilicate, muscovite
(Bosazza, 1940; Dubacq and Plunder, 2018; Randive et al., 2015; Zheng
et al., 2017), whose decomposition during firing could release them. In
addition, the maximum Cr concentration is observed in the bricks fired
at 950 ◦C, whereas in those fired at 1100 ◦C this element appears in
lower concentrations. This behavior can be explained by the incorpo-
ration into the diopside of Cr, an element that is compatible with cli-
nopyroxenes (Shepherd et al., 2022).

3.4. Petrographic features and microchemical transformations

Fig. 9 shows the texture of the bricks under optical microscopy.
Fig. 9a highlights a gneiss and a partially decomposed carbonate frag-
ment in a brick fired at 800 ◦C. Carbonates have lost their typical bire-
fringence and appear grey-colored with crossed polars. The gneiss
fragments are usually elongated in one direction and measure about 500
μm in length, although some fragments of more than 1 mm can also be
seen. Serpentinite fragments were identified in all the samples, although
they did not appear in sufficient quantities to enable any minerals from

Fig. 3. Polarized optical microscopy images of volcanic ash fragments. a: porous vitreous matrix with phenocrystals of augite and kaersutite (PPL). b: basal section of
an amphibole and small plagioclase crystals (PPL). c: opaque xenomorphic crystal, probably magnetite (PPL). d: olivine crystal (XPL).
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the serpentine group to be detected by XRD (Fig. 9b). These fragments
are usually elongated in shape and their longest axis measures around
600 μm. Gneiss and serpentinite fragments are very common the sedi-
ments from the Granada Basin (Hughes, 1995). The fragments of vol-
canic ash and their characteristic round-shaped pores are easily
distinguishable in the samples with added temper (Fig. 9c). No signs of
reaction between the volcanic ash and the surroundingmatrix are visible
at this temperature. At 950 ◦C some of the volcanic ash fragments have
reddish parts (Fig. 9d). This finding is consistent with the macroscopical
observations and is linked to the incipient formation of hematite within
these grains. While the olivine crystals in the samples fired at 800 and
950 ◦C appear intact (Fig. 9e), an incipient alteration in the crystal edges
can be observed in those fired at 1100 ◦C (Fig. 9f), which is coherent
with the results obtained by XRD.

As regards the texture of the samples, the bricks fired at 800 ◦C have
smaller, more irregular pores than those fired at 1100 ◦C because of the
vitrification of the matrix. It is also important to highlight that the
addition of coarse volcanic ash leads to an increase in porosity (Fig. 9g).
This is because the volcanic ash has isolated pores and its use as an

additive causes an increase in the porosity of the clayey mix. This phe-
nomenon is less noticeable in bricks with fine volcanic ash because the
fragments are smaller (Fig. 9h). In addition, at the optical microscopy
scale, the apparent lack of reaction between the temper and the brick
matrix results in a poor bond between these two materials. This could
increase porosity, especially for the bricks made with coarse volcanic
ash and fired at low temperatures, in that at 1100 ◦C, the ash is partially
melted and there is a better link with the clay matrix. Finally, under the
microscope at 1100 ◦C, a color change can be observed in the brick
matrix with and without ash, which turns dark due to vitrification.

Fig. 10 contains various SEM images of the samples with coarse
volcanic ash fired at 800 and 1100 ◦C. The matrix of the brick fired at
800 ◦C (Fig. 10a) contains carbonates, quartz, phyllosilicates and gneiss
fragments, which could also be identified with the optical microscope.
At this temperature, the quartz and phyllosilicates remain unaltered and
the carbonate fragments are still recognizable, although they have
started to decompose. Fig. 10a shows a dolomite grain edge that is rich
in Ca compared to the center of the crystal. Galai et al. (2007) reported
that the decomposition of dolomite leads to the formation of a dolomite
core, surrounded by a Ca-rich layer, which in turn is surrounded by a Mg
layer. This is consistent with the presence of a dark core which is sur-
rounded first by a light layer and then by a dark layer in the dolomite
crystal (Fig. 10a). Regarding the matrix of the bricks fired at 1100 ◦C,
some new oval pores have formed between the phyllosilicate sheets, due
to the release of gases (Fig. 10b). White dots that correspond to hematite
can also be identified between these sheets. The matrix of the bricks
fired at this temperature is highly vitrified, which improves the inter-
connectivity between the grains and makes the pores and the grain
surfaces smoother. In Fig. 10b, iron oxides crystals can also be observed
in the glassy phase of the brick matrix. However, these very small
crystals are not enough to maintain the red color of the bricks, which
instead turn yellow to the naked eye (see Fig. 6). This is because the

Fig. 4. Electron microscopy images of unfired ash fragments (a and b) and of ash fragments fired at 1100 ◦C (c and d).

Table 3
Liquid Limit (LL), Plastic Limit (PL) and Plasticity Index (PI) of the clayey
sediment from Viznar without volcanic ash (V) and with the addition of 10, 20
and 30 % of fine (F) and coarse (G) volcanic ash.

Sample LL PL PI

V 28.50 17.79 10.71
F10 25.52 15.82 9.70
F20 24.35 13.27 11.08
F30 20.35 14.21 6.14
G10 24.98 17.36 7.62
G20 21.68 17.25 4.43
G30 20.68 15.43 5.25
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incorporation of Fe into the lattice of the Ca-aluminosilicates formed
during firing at high temperatures in calcareous clay bricks hampers the
formation of iron oxides (Maniatis et al., 1981; Kreimeyer, 1987). The
quartz fragment edges identified in this sample react with carbonates to
form wollastonite (Fig. 10c) as follows (Cultrone et al., 2001):

CaO+ SiO2

⏞̅⏟⏟̅⏞
Quartz

→CaSiO3

⏞̅̅̅̅⏟⏟̅̅̅̅⏞
Wollastonite

The presence of this phase in XRD was doubtful, and its scarcity in
the brick sample makes its peaks difficult to identify.

As far as the mineralogical and textural features of the volcanic ash
are concerned, the titanomagnetite in the ash fired at 800 ◦C shows
initial stages of exsolution, with lamellae formation (Fig. 10d), although
the composition of these lamellae could not be determined. At 1100 ◦C,
the exsolution of titanomagnetite is more evident (Fig. 10e) and leaves
two phases, one rich in Mg and Al (dark grey) and the other rich in Ti
(white). According to Arguin et al. (2018) Mg2+ and Al3+ can

respectively substitute the Fe2+ and Fe3+ in the titanomagnetite
(Fe2+(Fe3+,Ti)2O4) structure. When this mineral exsolves it forms
ilmenite (Fe2+Ti4+O3) and pleonaste ((Mg,Fe)Al2O4) (Tan et al., 2016),
seen respectively as white and dark grey in Fig. 10. At 800 ◦C the olivine
crystals in the volcanic ash are unaltered (Fig. 10f), while at 1100 ◦C the
olivine is surrounded by iron oxides (white dots) and presents in-
tergrowths of two phases, one light grey and the other white (Fig. 10g),
which may correspond to magnetite and pyroxene. The formation of
magnetite and pyroxene symplectites in olivine was described by Ash-
worth and Chambers (2000) and Moseley (1984) and is due to the
presence of ferric iron. The Fe3+ in the olivine forms magnetite and the
rest of the elements are incorporated into the pyroxene structure. In
addition, at 1100 ◦C the Fe in the olivine tends to diffuse to the edges of
the crystal (Mackwell, 1992), leading to the formation of iron oxides
(Fig. 10g).

Finally, as regards the contact between the brick matrix and the
volcanic ash, at 1100 ◦C the brick matrix is adhered to the ash due to

Fig. 5. Bain-Highley (a) and Winkler diagrams (b). Blue circle: clayey sediment from Viznar; square: clayey sediment after the addition of 10 % of volcanic ash;
triangle: clayey sediment with 20 % of volcanic ash; diamond: clayey sediment with 30 % of volcanic ash. The symbols in red refer to samples made with fine volcanic
ash, while those in green are for the coarse ash samples. The different fields in the diagrams cover the samples suitable for making: 1 = solid bricks; 2 = perforated
bricks; 3 = roof tiles; 4 = thin-walled hollow bricks. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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vitrification (Fig. 10h). At this temperature, the ash particles partially
melt, so enhancing their bond with the clay matrix. This makes it harder
to distinguish the separation between the volcanic ash and the brick
matrix than at 800 ◦C (Fig. 10f). Additionally, some iron oxide crystals
which are not present at 800 ◦C are identified in the volcanic glass in the
bricks fired at 1100 ◦C (Fig. 10h).

4. Conclusions

The large volumes of volcanic ash generated by a volcanic eruption
mean that new reuse options must be found so as to avoid the accu-
mulation of this waste material in landfills. The use of volcanic ash as an
additive in the manufacture of fired bricks reduces the volume of clayey

Fig. 6. General view (a, c, e) and detailed DVM images (b, d, f) of the bricks with coarse volcanic ash fired at 800 ◦C (a and b), 950 (c and d), and 1100 ◦C (e and f).
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Table 4
Chemical composition (in %) of the fired brick samples. LOI stands for loss on ignition.

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

B800 51.59 15.20 5.44 0.07 4.90 13.20 0.75 2.73 0.75 0.14 4.77 99.54
B950 52.36 15.42 5.55 0.07 5.19 13.92 0.75 2.77 0.76 0.14 2.70 99.63
B1100 53.92 15.74 5.72 0.08 5.04 14.23 0.77 2.66 0.74 0.14 0.59 99.63
B(10F)800 50.79 14.97 6.37 0.09 5.44 13.10 1.07 2.58 1.08 0.21 3.93 99.63
B(10F)950 52.00 15.36 6.52 0.09 5.58 13.59 1.08 2.64 1.09 0.21 1.44 99.60
B(10F)1100 52.71 15.41 6.56 0.09 5.45 13.56 1.12 2.66 1.13 0.22 0.67 99.58
B(10G)800 49.67 14.48 6.19 0.09 5.24 12.68 1.06 2.50 1.08 0.21 6.35 99.55
B(10G)950 51.71 15.27 6.50 0.09 5.55 13.70 1.09 2.61 1.10 0.21 1.82 99.65
B(10G)1100 53.07 15.32 6.45 0.09 5.45 13.54 1.09 2.66 1.09 0.21 0.70 99.67
B(20F)800 50.14 14.80 7.17 0.10 5.68 13.06 1.38 2.46 1.39 0.27 3.02 99.47
B(20F)950 50.31 15.01 7.25 0.10 5.84 13.11 1.39 2.47 1.41 0.28 2.53 99.70
B(20F)1100 51.49 15.16 7.38 0.10 5.98 13.44 1.40 2.44 1.44 0.28 0.59 99.70
B(20G)800 48.60 14.25 6.84 0.09 5.63 13.40 1.26 2.30 1.31 0.25 5.63 99.56
B(20G)950 50.90 15.14 7.34 0.10 5.80 12.80 1.41 2.51 1.42 0.28 1.85 99.55
B(20G)1100 51.50 15.25 7.46 0.10 5.91 13.33 1.44 2.43 1.44 0.29 0.55 99.70
B(30F)800 48.77 14.54 7.98 0.11 6.08 12.41 1.66 2.31 1.68 0.34 3.73 99.61
B(30F)950 50.01 14.95 8.15 0.11 6.13 12.84 1.72 2.37 1.72 0.34 1.23 99.57
B(30F)1100 50.46 14.77 8.23 0.11 6.28 13.08 1.67 2.25 1.73 0.35 0.75 99.68
B(30G)800 49.24 14.63 8.02 0.11 6.06 12.45 1.71 2.34 1.69 0.34 2.99 99.58
B(30G)950 49.74 14.86 8.25 0.11 6.22 12.93 1.75 2.34 1.75 0.36 1.28 99.59
B(30G)1100 50.32 14.76 8.19 0.11 6.25 13.24 1.73 2.31 1.76 0.36 0.52 99.55

Fig. 7. Diffractograms of the samples without temper and with 30 % of coarse and fine grain volcanic ash fired at 800, 950, and 1100 ◦C. Mineral abbreviations
suggested by Warr (2021).
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sediment necessary to produce the brick, which reduces manufacturing
costs, and offers new options for the disposal of this waste.

The addition of volcanic ash did not lead to the formation of new
mineral phases in the brick matrix. In fact, no reactions between the
volcanic ash and the surrounding brick matrix were observed. In the
samples with volcanic ash, a reduction was observed in some of the
phases originally present in the clayey sediment (phyllosilicates, quartz,
and calcite) or formed during firing (gehlenite and diopside). In addi-
tion, augite, an inosilicate present in the volcanic ash but not in the
clayey sediment, was also identified in the diffractograms for the bricks
made with added temper. In fact, the higher the percentage of temper
added, the greater the reduction in the phyllosilicates, quartz, calcite,
diopside, and gehlenite, and the higher the percentage of augite. The
grain size of the volcanic ash had no effect on the percentages of each

mineral in the bricks made with ash. The volcanic ash in the samples
fired at over 950 ◦C turned red in color due to the formation of iron
oxides in the ash. At 1100 ◦C, the olivine exsolves to pyroxene and
magnetite and the titanomagnetite exsolves to ilmenite and pleonaste.
The elemental concentration of the fired bricks leachates is more related
to the firing temperature than to the percentage or grain size of the
volcanic ash and is below the established contamination limits for in-
dustrial soils in Andalusia. As regards the texture, the volcanic ash has
abundant rounded pores and when it is added to the brick, it seems to
increase its porosity, especially for the coarse temper. In addition, a
better bond between the brick matrix and the ash was observed in the
samples fired at 1100 ◦C. This is because the vitreous phase formed at
this temperature adheres to the ash, which begins to melt.

This research has provided new data about the reactions that take

Table 5
Mineral phases (calculated with Profex) and amorphous material (Am, calculated with HighScore) percentages. Abbreviations suggested by Warr (2021): qz: quartz;
ilt/ms: illite/muscovite; cal: calcite; pl: plagioclase; san: sanidine; gh: gehlenite; cpx: clinopyroxene. * newly formed diopside is added to this value.

Sample Qz Ms/Ilt Cal Na-Pl Ca-Pl K-Fsp Gh Cpx Am

B800 29.04 24.46 4.24 2.49 – 2.28 – – 35.12
B(10G)800 26.45 21.37 5.03 0.58 4.04 3.00 – 1.12 44.25
B(10F)800 24.94 19.10 4.29 0.82 4.65 1.88 – 2.08 39.12
B(20G)800 22.44 19.91 4.78 1.50 4.14 2.76 – 3.02 55.25
B(20F)800 24.42 19.89 4.25 2.36 4.55 1.92 – 3.98 54.63
B(30G)800 18.66 16.77 4.68 1.37 3.79 2.49 – 10.23 51.75
B(30F)800 20.18 15.56 4.27 1.37 2.49 2.52 – 10.79 60.37
B950 28.80 13.95 – 2.67 9.04 3.95 9.00 – 50.75
B(10G)950 25.10 11.41 – 5.54 7.68 4.02 10.86 7.63 58.75
B(10F)950 25.97 11.02 – 6.48 8.42 2.64 8.20 5.77 61.37
B(20G)950 23.24 11.46 – 3.70 9.42 1.39 7.02 8.37 65.50
B(20F)950 22.27 9.17 – 2.24 10.55 0.94 6.87 9.53 58.25
B(30G)950 19.17 8.99 – 4.31 8.09 1.20 5.87 12.03 62.25
B(30F)950 16.49 9.76 – 3.29 9.38 0.54 6.74 14.31 64.62
B1100 20.00 – – – 27.77 4.04 8.35 14.17* 60.75
B(10G)1100 19.04 – – – 30.67 2.35 6.55 21.93* 67.75
B(10F)1100 19.75 – – – 32.18 2.85 5.25 20.09* 69.75
B(20G)1100 15.29 – – – 31.01 1.36 4.16 19.82* 71.87
B(20F)1100 15.17 – – – 30.17 2.77 3.90 22.58* 70.75
B(30G)1100 11.62 – – – 31.36 1.69 3.27 22.44* 75.62
B(30F)1100 12.31 – – – 28.72 2.16 2.71 19.65* 71.50

Fig. 8. Composition of the leachates from the samples. Red dots: unheated volcanic ash; red crosses: volcanic ash heated at 1100 ◦C; blue: bricks fired at 800 ◦C;
black: bricks fired at 950 ◦C; yellow: bricks fired at 1100 ◦C. The solid line represents the bricks with no additive, the dashed line represents the bricks with fine
volcanic ash and the dotted line represents those with coarse volcanic ash. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 9. Polarized optical images of the fired brick samples. a: calcite crystal and gneiss fragment fired at 800 ◦C (B800, XPL). b: serpentinite fragment (B950, XPL). c:
coarse volcanic ash fragment in a brick fired at 1100 ◦C (B(30F)1100, XPL); d: volcanic ash fragment fired at 950 ◦C in which Fe oxides have formed (B950(30G),
PPL); e: non-altered olivine crystal in a brick fired at 950 ◦C; f: altered olivine crystal in a brick fired at 1100 ◦C. g: brick with coarse volcanic ash fired at 950 ◦C (B
(30G)950, PPL); h: brick with fine volcanic ash fired at 950 ◦C (B(30F)950, PPL).
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Fig. 10. SEM images and EDS analyses of samples with coarse volcanic ash fired at 800 and 1100 ◦C. a: dolomite (Dol), quartz (Qz), phyllosilicate (Phy) and gneiss
(Gn) fragments in a brick fired at 800 ◦C. b: phyllosilicate fragment fired at 1100 ◦C. c: quartz (Qz) altered to wollastonite (Wo) at 1100 ◦C. d: contact between the
brick matrix (right) and the volcanic ash (left) with a partially exsolved titanomagnetite at 800 ◦C. e: titanomagnetite totally exsolved to pleonaste and ilmenite. f:
olivine (Ol) fragment in volcanic ash at 800 ◦C. g: pyroxene and magnetite symplectites in an olivine fired at 1100 ◦C and surrounded by iron oxides. h: contact
between the brick matrix (left) and the volcanic ash (right) at 1100 ◦C.

M. López Gómez and G. Cultrone Applied Clay Science 266 (2025) 107690 

14 



place in fired bricks when volcanic ash is used as an additive. It also
offers a detailed study of the changes in the mineral composition and
percentages during firing and sheds light on the influence of the grain
size of the volcanic ash and the firing temperature on the texture of the
fired bricks. Further research needs to be conducted to evaluate how the
addition of volcanic ash affects the physical and mechanical properties
of the fired bricks and assess the susceptibility to decay of bricks made
with this temper compared to those made without it.
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Seawater Concretes. In: Válek, J., Hughes, J.J., Groot, C.J.W.P. (Eds.), Historic
Mortars. Springer, Netherlands, Dordrecht, pp. 49–76. https://doi.org/10.1007/
978-94-007-4635-0_5.

Kilburn, C.R.J., 2015. Chapter 55 - Lava Flow Hazards and Modeling. In: Sigurdsson, H.
(Ed.), The Encyclopedia of Volcanoes, Second edition. Academic Press, Amsterdam,
pp. 957–969. https://doi.org/10.1016/B978-0-12-385938-9.00055-9.
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