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• Quarry residues valorized locally, 
enabling circular economy in the 
Canaries.

• LCA estimates ~13.6 % GWP reduction 
per tonne of binder at 20 % 
replacement.

• Microstructure shows glassy matrices 
and reactive zeolitic phases.

• 20 % cement replacement meets ≥25 
MPa compressive strength requirement.

• Results support low-carbon mortars 
compliant with UNE-EN performance 
specs.
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A B S T R A C T

The cement industry contributes a significant share of global CO2 emissions, positioning clinker substitution as a 
priority pathway for decarbonization. This study evaluates local volcanic pozzolans from the Canary 
Islands—both natural pyroclastic deposits and quarry residues—as supplementary cementitious materials. A 
comprehensive morphological and compositional characterization of the mortars was conducted using optical 
and scanning electron microscopies, energy-dispersive X-ray spectrometry, and X-ray diffraction and fluores
cence analysis, as well as their mechanical testing. The pozzolans display trachytic–phonolitic–rhyolitic com
positions with abundant zeolitic phases and amorphous content, meeting ASTM C618 Class N criteria. Mortars 
with up to 20 % cement replacement achieve compressive strengths above 25 MPa in line with UNE-EN 998-2, 
while flexural strength remains satisfactory. A cradle-to-gate assessment indicates that a 20 % clinker 
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substitution can lower the Global Warming Potential by approximately 13.6 % per tonne of binder. The results 
demonstrate that valorizing local volcanic resources enables meaningful CO2 reductions without compromising 
structural applicability, thus supporting cleaner production in island and volcanic contexts.

1. Introduction

Reducing the carbon footprint of cement and concrete is essential to 
achieve near-term climate targets. Among the portfolio of mitigation 
measures, partial clinker substitution with supplementary cementitious 
materials (SCM) offers a readily deployable route that can deliver im
mediate CO2 abatement while maintaining performance for structural 
and masonry applications. Natural pozzolans of volcanic origin are an 
attractive option in volcanic and insular territories due to proximity, 
availability, and their intrinsic reactivity (González-Morales et al., 
2025).

Volcanic pozzolans have been widely studied as supplementary 
cementitious materials for the formulation of mortars and concretes 
because of their pozzolanic activity (Ababneh and Matalkah, 2018; 
Abiodun et al., 2022; Costafreda et al., 2021; Fazilati and Mohammadi 
Golafshani, 2020; Papadakis and Tsimas, 2002; Qaidi et al., 2022; 
Rakhimov et al., 2017; Sobol et al., 2015; Tayeh et al., 2022; Wasim 
et al., 2022; Xia et al., 2021). Both pumice pozzolan and pozzolan 
extracted from quarry aggregate are considered strong candidates in this 
group of SCM for producing cement, mortars, and concretes. The use of 
pozzolans as partial replacements for cement leads to a reduction in CO2 
emissions, as the cement industry is the third largest producer of CO2 in 
the world, behind only energy production and transport (Amran et al., 
2022; Abiodun et al., 2022; Fan and Miller, 2018; International Energy 
Agency, 2024; Miller et al., 2016; Nature, 2021; Neupane, 2022; Tayeh 
et al., 2022). Reducing emissions from cement production is difficult due 
to the current reliance on carbon-containing raw materials and 

high-temperature heating requirements (Summerbell et al., 2016). En
ergy efficiency (Moumin et al., 2020), materials (Barcelo et al., 2014; 
Sammer et al., 2024) and low-emission fuels (Zhang and Mabee, 2016) 
are key short-term measures. Deeper reductions require massive 
deployment of innovative technologies, such as cements made from 
alternative raw materials and Carbon Capture Solutions (CCUs) (Report 
International Energy Agency (IEA), 2023).

The effect of adding pozzolan to mortars and concretes depends on 
various factors, including the type of pozzolan and the percentage of 
cement or aggregate replaced. These additions often result in increased 
durability (Çavdar and Yetgin, 2007; Dedeloudis et al., 2018; Hunyak 
et al., 2019; Kushnir et al., 2021; Markiv et al., 2016; Mertens et al., 
2009; Papadakis and Tsimas, 2002; Rojas and Cabrera, 2002; Shi, 1998; 
Sobol et al., 2015; Tayeh et al., 2022; Xia et al., 2021; Zhang and Mal
hotra, 1995), decreased heat of hydration (Najimi et al., 2008; Shi, 
1998), enhanced resistance to sulfate attack (Janotka and Krajči, 2003; 
Najimi et al., 2008), prolonged setting time, prevention of water pene
tration (Ahmadi and Shekarchi, 2010; Janotka and Krajči, 2003; Najimi 
et al., 2008), and reduced energy cost per unit of cement (Rojas and 
Cabrera, 2002). The origin of this activity lies in the nature and quantity 
of silica-based materials it contains and is further enhanced with an 
increase in the disorder of its crystalline structure (Türkmenoǧlu and 
Tankut, 2002). The siliceous and aluminous materials present in tuffs 
affect their pozzolanic activities significantly. Quartz, feldspar, mica, 
hornblende, pyroxene, zeolites, cristobalite, clay minerals, amorphous 
pumice, and glass shards can be combined in tuffs. In general, a good 
pozzolanic tuff has low quantities of clay minerals, low quantities of 

Fig. 1. Geographical location of the Canary Archipelago.
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alkali feldspar, high quantities of zeolite minerals, and volcanic glass. In 
addition, it should exhibit high porosity and specific surface area.

The Canary Islands, located northwest of the African continent, 
approximately 100 km from the Saharan coast (Fig. 1), form an oceanic 
archipelago that originated from predominantly alkaline intraplate 
volcanism (Ahmadi and Shekarchi, 2010). The age of the Canary ar
chipelago dates back to the lower-middle Miocene, 20 million years ago, 
when the first manifestations of subaerial volcanism began (Ancochea 
et al., 1990; Coello et al., 1992). Fractional crystallization processes 
caused the magmas to change from basic terms (basalt, basanite, teph
rite) to salic (trachytes and phonolites), resulting in eruptions that 
released these latter materials mainly in the central islands (Tenerife and 
Gran Canaria). As a result, the igneous rocks of the islands probably 
encompass the widest spectrum of chemical composition and miner
alogy known in any intraplate oceanic system (Schmincke and Sumita, 
2010). Thus, the variety of formations, products, and volcanic lithol
ogies present make this archipelago to be considered one of the best and 
most complete natural volcanological laboratories in the world.

This study characterizes pozzolans from volcanic quarries located in 
the Canary Islands and evaluates their suitability as cement substitutes 
in mortars with basaltic aggregates. Their physical, chemical, 
geochemical, mineralogical, and pozzolanic properties were analyzed, 
and their reactivity was evaluated in comparison with other materials 
such as filler or silica fume. Parameters characteristic of cement pastes 
and mortars specimens were also determined. We also quantify the 
cradle-to-gate CO2 implications of clinker substitution to align the ma
terial performance with sustainability outcomes (Hernández González 
and Barbero Barrera, 2023). Unlike previous studies that address vol
canic pozzolans mainly from a purely mechanical or generic environ
mental perspective (Santana et al., 2022; Presa et al., 2023), the present 
work establishes an integrated framework linking detailed geological 
characterization, standardized masonry mechanical performance, and 
performance-normalized CO2 reduction using locally sourced volcanic 
resources from an insular territory. This integrated approach provides a 
transferable methodology that can be extrapolated to other volcanic 
regions worldwide as a practical strategy to support low-carbon cement 
production (Barbhuiya et al., 2024).

2. Materials and methods

2.1. Materials

Two existing pozzolans, namely tuff (PZT) and quarry (PZQ) poz
zolans and the polishing powder (PP) generated in the manufacturing of 
mortars and concrete were investigated as potential substitutes for 
cement. Pozzolanic tuff (PZT) was obtained from the crushing and 
grinding of the rock classified as the lithotype of unwelded ignimbrite 
(NWIG) (Hernández Gutiérrez, 2014) from a representative commercial 
block of tuff from the island of Tenerife (Canary Islands, Spain) (Santana 
et al., 2022). The quarry pozzolan (PZQ) comes from the quarry 
dismantling. It is a fine powder with a true density or specific weight of 
2550 kg/m3, produced as a waste material during the extraction process, 
in search of optimal aggregate extraction layers. The polishing powder 
(PP) is a concrete residue generated by polishing the top surface of 
concrete specimens and has a true density of 2680 kg/m3. As a reference 
element chosen to evaluate the behavior of the previous materials in 
mortar mixtures, silica fume (SF) was selected. The SF used was Techmo 
Fume SD-92 (Técnicas de Hormigón y Morteros S.L., Las Palmas de Gran 
Canaria, Spain). Fig. 2 shows the granulometric analysis of the 
materials.

Mortar specimens were fabricated in accordance with the standard 
UNE EN 1015-11 (AENOR, 2020) using CEM IV/B-P/32.5N and CEM 
II/A-P/42.5R/MR from Cemento Teide (Votorantim Cimentos, Santa 
Cruz de Tenerife, Spain). CEM I/42.5R/SR was used as the reference 
cement for the pozzolanic activity tests and compressive strength tests at 
28 days, in accordance with the UNE 80303–2:2017 (AENOR, 2017) and 

UNE-EN 196-1 (AENOR, 2018a) standards. Physical, chemical and me
chanical properties, and relevant standard limit values of these cements 
are given in Table 1.

The aggregates used in both mortars are obtained from crushing 
basaltic rocks, generally classified as MAB lithotype (massive aphanitic 
basalt) (Hernández Gutiérrez, 2014). Given the volcanic nature of our 
aggregates, mortar samples were prepared using bagged basaltic sand 
0/4 mm sieved to 0/2 mm (BS) and a standardized sand with AENOR 
certification (SS). This allows us to understand the extent to which the 
nature of our Canary Islands aggregate type affects mortar formulations. 
The main properties of the aggregates are shown in Table 2.

2.1.1. Cement pastes
Six samples of cement paste (C) were prepared using four types of 

cement (CEM IV/B-P/32.5N; BL I 52.5R; CEM II/A-P/52.5R; and CEM 
II/A-P/42.5R), following the UNE-EN 196-3 (AENOR, 2017b) standard, 
with dosages and codes detailed in Table 3. For each cement type, the 
water/cement ratio (w/c) was adjusted to achieve three target 28-day 
compressive strength levels (approximately 54, 65 and 74 N/mm2). 
This setup yields pairs of mixtures with similar compressive strength but 
different cement types (see Table 3), thus distinguishing the influence of 
cement composition from the mere effect of strength level or water 
content and paste porosity. The samples were tested according to 
UNE-EN 197-1 (AENOR, 2011a) and UNE-EN 196-1 (AENOR, 2018a), 
which establish the testing methods and usage specifications.

Fig. 2. Granulometric analysis of filler (F), silica fume (SF), polishing powder 
(PP), tuff pozzolan (PZT) and quarry pozzolan (PZQ), wet sieving.

Table 1 
Chemical, physical and mechanical properties of cements IV/B-P/32.5N and II/ 
A-P/42.5R/MR. CEM I/42.5R/SR was used as the reference cement.

CEM IV/B-P/ 
32.5Na

CEM II/A-P/ 
42.5R/MRa

CEM I/ 
42.5R/SRa

Loss on ignition (LOI) 5.7 3.4 3.0
Insoluble residue (IR) 20.1 10.1 1.9
Chloride (Cl− , %) 0.02 0.01 >0.1
Sulfates (SO3, %) 2.91 3.38 3.2
Initial setting time (min) 190 150 190
Pozzolan content (%) 41 19 –
Clinker content (%) 54 76 95
Gypsum content (%) 5 5 5
End of hardening (FEH, min) 250 215 –
Expansion (Le Chatelier EXP, 

mm)
1.0 0.0 0.5

Compressive strength at 7 
days (N/mm2)

25.1 37.0 30.5

Compressive strength at 28 
days (N/mm2)

37.2 51.6 53.3

a Data provided by the Manufacturer.
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2.1.2. Mortars
Samples of mortar were prepared to investigate, through preliminary 

tests before the production of concrete, the influence of aggregate type, 
cement type, and a variety of additives that can substitute up to 20 % of 
cement. The two most commonly used types of cement in the Canary 
Islands were used: Portland cement (CEM II/A-P/42.5R) and pozzolanic 
cement (CEM IV/B-P/32.5N). As for the different types of additives, they 
were used to replace 20 % of the cement, aiming to detect potential 
improvements compared to a standard mortar without additives. The 
additives used were filler (F), volcanic tuff pozzolan (PZT), and silica 
fume (SF). The filler (F) is a quarry byproduct from aggregate crushing, 
with a density of 2700 kg/m3. It consists of rock dust generated by 
friction between the different particles as they are crushed to the target 
sizes in the quarry, typically gravel and sand with particle size distri
butions between 20 and 0.063 mm. This process leaves a residue with 
particle sizes smaller than 0.063 mm, which the quarry or concrete and 
asphalt producer must remove, incurring an associated cost. Silica fume 
(SF) SD-92 (Techmo, Agüimes, Spain) was used as an additive. It consists 
of very fine spherical particles containing a high proportion (82–96 %) 
of amorphous silica (SiO2), with a density of 2200 kg/m3.

For the tests, 16 mortar specimens of size 4 cm × 4 cm x 16 cm were 
prepared according to standard UNE-EN 1015-11 (AENOR, 2020), 
which specifies the procedure for the preparation and curing masonry 
mortars. The mortars were prepared using a mass ratio of one part 
cement to three parts sand, with a water/cement ratio of 0.50, following 
the general formulation criteria commonly adopted for standardized 
mortar mixtures. Table 4 shows the composition and coding of the 
samples. All specimens were cured in a moist chamber until reaching 28 
days, following standard UNE-EN 196-1 (AENOR, 2018a). After this 
period, they underwent tests for flexural and compressive strength.

2.2. Experimental methods

The mineralogical and petrographic properties of the samples were 
identified under a polarized light microscope using thin sections pre
pared with a petrographic microscope model Labophot2 Pol (Nikon, 
Shinagawa, Japan). The X-ray diffraction (XRD) analysis of the bulk 
powder samples was conducted using a D8 ADVANCE XRD X-ray 
diffractometer (Bruker™, Karlsruhe, Germany). For the purpose of the 
study, a CuK radiation (1.5406 Å) with a step size of 0.02◦, a power of 
45 kV, and a current of 40 mA, in the range of 2θ = 20–100 was 
employed. The micromorphological characteristics of the tuffs were 
examined using a JEOL-JSM-6400 scanning microscope using an 
accelerating voltage of 20 kV and a working distance of 39 mm 
(Akishima, Tokyo, Japan). An energy-dispersive X-ray spectrometer 
(EDX) FESEM Zeiss Sigma 300VP was used for elemental analysis (Zeiss, 
Oberkochen, Germany), and Zeiss SmartEDX software version 1.5 was 
employed for data processing.

The major elemental analysis of the samples, including Co3O4, CuO, 
NiO, SiO2, TiO2, Al2O3, Fe2O3 total, MnO, MgO, CaO, Na2O, K2O, P2O5, 
Cr2O3, V2O5 and SO3, was conducted using Fusion X-ray Fluorescence 
(XRF) Analysis (XRF Whole Rock Package). CO2 and SO4

2− were deter
mined using infrared analysis, and Cl− was analyzed using Short Lived 
Instrumental Neutron Activation Analysis (INAA). Loss on Ignition (LOI) 
was determined gravimetrically. All these analyses were performed by 
Activation Laboratories Ltd. (Actlabs), headquartered in Ancaster, 
Ontario, Canada (LabID 266).

All additives used in the mixtures were assessed to determine the 
pozzolanic activity index (IAP) with lime according to ASTM C 311 
(ASTM, 2013) and specified in UNE 80303-2 (AENOR, 2017a), section 
7.2.b), and following the test method UNE-EN 196-5 (AENOR, 2011b) at 
7 days. The reference cement used was Type I/42.5R/SR, which was 
blended with each additive in a cement/additive ratio of 75/25 (75 % 
cement and 25 % additive by mass), as prescribed in UNE 80303-2 for 
the evaluation of pozzolanic additions. This mixture (20 g) was hydrated 
with 100 mL of water. The result is determined by comparing the 
amount of calcium hydroxide present after a fixed period of 7 days at a 
temperature of 40 ◦C.

The tests conducted include flexural and compressive strength at 28 
days for mortars according to UNE-EN 1015-11 (AENOR, 2020) and they 
were performed using a 1-tonne universal press model SAL-1Tn (Salmer, 
Valencia, Spain), and a 12-tonne cement press model HDR120KN 
(Hidrensa, Madrid, Spain), respectively.

Table 2 
Characterization of the aggregates according to European Union (EU) standards.

Sand 0/4 
mm

Coarse 10/ 
20 mm

Sand equivalent (AENOR, 2000) 67 –
Grain size distribution and fines content (%) (

AENOR, 2012a)
7–10 –

Flakiness index (AENOR, 2012b) – 7.1
Relative density of coarse and fine aggregate 

(g/cm3) (AENOR, 2025)
δa 2.85 2.8
δrd 2.6 2.53
δrds 2.69 2.64

Absorption of coarse and fine aggregate (%) (AENOR, 
2025)

3.97 3.65

Chloride content (AENOR, 2010) 1.7 ×
10− 3

3.5 × 10− 4

Content of water- and acid-soluble sulfates (AENOR, 
2010)

no no

Total sulfur content (AENOR, 2010) no no
Light organic pollutants (AENOR, 2010) 6.6 ×

10− 2
–

Humus content (sand) (AENOR, 2010) More 
clear

–

Table 3 
Identification, classification, and characteristics of cement paste samples.

Code Cement type Water/cement ratio 
(w/c)

Compressive strength at 28 days 
(N/mm2)

C1 CEM IV/B-P/ 
32.5R

0.34 74.1

C2 BL I 52.5R 0.32 53.7
C3 BL I 52.5R 0.40 65.0
C4 CEM II/A-P/ 

52.5R
0.32 74.1

C5 CEM II/A-P/ 
42.5R

0.41 53.7

C6 CEM IV/B-P/ 
32.5N

0.26 65.0

Table 4 
Coding, classification and characteristics of the tested mortar samples. Code: M1 
= CEM II/A-P/42.5R cement; M2 = CEM IV/A-P/32.5N cement; SS = Standard 
Sand; BS = Bagged Sand; P = Without substitution; PZT = Pozzolanic tuff; F =
filler; SF = silica fume.

Code Cement Sand Additions

M1SSP CEM II/A-P/42.5R Standard sand Without substitution
M2SSP CEM IV/A-P/32.5N Without substitution
M1SSPZT CEM II/A-P/42.5R Pozzolanic tuff
M2SSPZT CEM IV/A-P/32.5N Pozzolanic tuff
M1SSF CEM II/A-P/42.5R Filler
M2SSF CEM IV/A-P/32.5N Filler
M1SSSF CEM II/A-P/42.5R Silica fume
M2SSSF CEM IV/A-P/32.5N Silica fume

M1BSP CEM II/A-P/42.5R Bagged sand Without substitution
M2BSP CEM IV/A-P/32.5N Without substitution
M1BSPZT CEM II/A-P/42.5R Pozzolanic tuff
M2BSPZT CEM IV/A-P/32.5N Pozzolanic tuff
M1BSF CEM II/A-P/42.5R Filler
M2BSF CEM IV/A-P/32.5N Filler
M1BSSF CEM II/A-P/42.5R Silica fume
M2BSSF CEM IV/A-P/32.5N Silica fume
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2.3. Life-cycle assessment (cradle-to-gate) – method

A simplified cradle-to-gate life-cycle assessment (LCA) was con
ducted on a functional unit of 1 tonne of binder (cement + SCM). The 
environmental assessment was performed through a CO2 calculation 
model based on a spreadsheet-based developed by the authors, based 
exclusively on emission factors reported in the literature and official 
energy and electricity statistics, without the use of commercial LCA 
software or proprietary databases. System boundaries included clinker 
production, cement milling/blending, SCM extraction (when appli
cable), SCM grinding, and truck transport. The baseline scenario 
assumed 80 % clinker in cement; the scenario assessed a 20 % clinker 
substitution with volcanic SCMs. Transport distances were set to 40 km 
for SCM and 50 km for clinker.

Emission factors for clinker production, diesel consumption for 
transport, grinding energy demand, and the regional electricity gener
ation mixes were obtained from peer-reviewed literature and official 
government sources. All numerical values used in the calculations are 
explicitly reported and analyzed in Section 3.5. Performance- 
normalized environmental indicators (kg CO2/(MPa⋅m3)) were also 
calculated based on the 28-day compressive strength data and the 
typical binder content in the mortar.

For quarry waste used as SCMs, a cut-off allocation was applied to 
exclude extraction costs and account only for the impacts of processing 
and transport. This methodological approach is consistent with the 
principles of the circular economy principles and the valorization of 
industrial by-products.

3. Results and discussion

3.1. Geochemical classification of materials in the Canary Islands

First, a geochemical classification of the samples that can be found in 
the Canary Archipelago was made in terms of their Total Alkali Silica 
(TAS) by using the analytical information reported by Rodríguez-Losada 
et al. (2009) and Hernández et al. (2011) on 265 samples from the entire 
Canary archipelago. In this way, the TAS geochemical classification 
given in Fig. 3 was created, which relates the content of alkaline min
erals (Na2O and K2O) and the content of silicates (SiO2) (Le Maitre et al., 
2002). It can be observed that the volcanic rocks present in the Canary 
Islands cover almost the entire diagram, except for the Andesite group. 

Among all these rocks, considering their geochemical composition, 
those potentially useable as pozzolans for cement manufacturing are the 
phonolite, trachyte, and rhyolite associated with loose granular pyro
clastic deposits or soft rocks. These deposits are mainly found in the 
central islands of Tenerife and Gran Canaria (Fig. 4a and b).

On the island of Tenerife, these pyroclastic deposits belong to the 
geological unit of the Cañadas Edifice and are identified as undifferen
tiated salic pyroclasts (Barrera Morate and García Moral, 2011). They 
date from between 0.54 and 0.15 Ma (Upper Pleistocene). They mainly 
outcrop on the southern and southeastern slopes of the island and once 
covered almost the entire area. Their soft material nature has facilitated 
the development of a significant network of ravines and streams, 
dividing these deposits into numerous outcrops. These deposits are not 
homogeneous as they include pyroclasts of different nature and texture. 
They exhibit varying degrees of compaction, with the common de
nominator being the predominance of pumice. Although the exact 
emission centers are not known, it is inferred that there must have been 
many, located in the central part of the island, where the Caldera de Las 
Cañadas and El Teide are currently found.

The salic pyroclastic deposits of Gran Canaria belong to the island's 
First Volcanic Cycle, which occurred between 14 and 9 Ma and includes 
a wide variety of materials with different compactness and textures. This 
cycle began with the rapid emission of a large amount of basaltic lavas, 
followed by differentiation in the magma chamber that produced sig
nificant volumes of salic materials (trachytes and rhyolites). These 
emissions caused the collapse of the chamber and the formation of the 
Tejeda Caldera (Hernán, 1976; Schmincke, 1967). As a result, large 
volumes of salic pyroclastic flows formed and occupied the south
western part of the island (Fig. 4b). Among all the materials emitted 
during this volcanic cycle, the Miocene pozzolans of the Fataga For
mation, dating to the Upper Miocene around 10.4 Ma, are particularly 
notable. These are slightly welded ash and pumice ignimbrites that have 
been exploited for decades for cement manufacturing.

In addition to geochemical composition, an important factor for the 
utilization of rocks as pozzolanic material is their physico-mechanical 
properties, primarily density and uniaxial compressive strength. For 
environmental (CO2 emissions) and economic considerations, less dense 
and softer rocks are preferred for obtaining pozzolans through rock 
crushing and grinding. Otherwise, energy, machinery, and production 
time costs would increase substantially. Hernández-Gutiérrez 
(Hernández Gutiérrez, 2014) proposed a simplified classification of 
Canary volcanic rocks for their application in civil engineering and ar
chitecture, categorizing them into 10 lithotypes based on their 
geochemical and physico-mechanical properties (Table 5).

Among these lithotypes, those with trachytic, phonolitic, and rhyo
litic composition are: TRC, PHN, WIG, and NWIG. The lithotypes TRC, 
PHN, and WIG correspond to very hard and cohesive rocks, with high 
average values of apparent density and uniaxial compressive strength 
(UCS): TRC has an apparent density of 23.9 kN/m3 and UCS of 95.5 MPa; 
PHN has an apparent density of 24.3 kN/m3 and UCS of 118.9 MPa; WIG 
has an apparent density of 20.9 kN/m3 and UCS of 48.2 MPa. However, 
the NWIG lithotype is characterized by much lower values of apparent 
density (15.7 kN/m3 on average) and UCS (16.5 MPa on average). The 
NWIG lithotype is very abundant in the central islands of Gran Canaria 
and Tenerife (cf. Fig. 4).

In addition to NWIG, the granular, loose, or low-compactness pyro
clastic deposits are also of great interest. Among them, materials with 
pozzolanic properties include pumice (of trachytic, phonolitic, or 
rhyolitic composition), which is a granular material (see Fig. 5) with 
high porosity, light weight (densities between 4 and 9 kN/m3), easily 
friable, effective as a thermal insulator, and easy to extract in open-pit 
quarries.

The pumice deposits, like the NWIG, are found on the islands of 
Tenerife and Gran Canaria, where highly explosive, salic-type eruptions 
occurred. These eruptions produced large eruptive columns reaching 
kilometer heights, which were pushed by the north-component trade 

Fig. 3. Total Alkali Silica (TAS) geochemical classification of over 265 rocks in 
the Canary Islands sampled by Rodríguez-Losada et al. (Rodríguez-Losada et al., 
2009) and Hernández et al. (Hernández et al., 2011).

J.J. Santana et al.                                                                                                                                                                                                                              Journal of Cleaner Production 541 (2026) 147531 

5 



winds, causing them to collapse towards the southern slopes of both 
islands. For this reason, the main deposits of pozzolanic materials are 
located in the south of these islands (Alonso Blanco, 1989). Both NWIG 
and pumice are generated in the same eruptive process, so it is common 
for them to appear in overlapping layers within the same outcrop.

3.2. Petrographic analysis by thin-sections (PATS)

3.2.1. MAB lithotypes
On the island of Tenerife, aggregates (sand and gravel) used in both 

mortars and concretes primarily come from the crushing of basaltic 
rocks, generally classified as MAB (massive aphanitic basalt) lithotypes 
(Hernández Gutiérrez, 2014). Table 6 summarizes some of geo
mechanical characteristics of this rock, whereas Fig. 6 shows a 

thin-section image of this lithotype. A homogeneous cryptocrystalline 
mass is observed, lacking vacuoles, with a texture formed by tiny crys
tals whose crystalline nature is not observable under a microscope. It 
also includes a microcrystalline texture (small crystals only visible under 
a microscope) composed of microlites of olivine (iddingsitized or not), 
augite, plagioclase, and opaque metallic minerals. From a lithological 
perspective, it is a basaltic rock with an aphanitic texture (without 
visible crystals), typically light gray in color, with a planar fabric that is 

Fig. 4. Geographical distribution of pyroclastic deposits with trachytic, phonolitic, and rhyolitic compositions on the islands of Tenerife (a) and Gran Canaria (b).

Table 5 
Classification of lithotypes of the Canary Islands according to their geochemical 
and physico-mechanical properties.

Basalt (B) Aphanitic (AB) Massive (M) MAB
Vacuolar (V) VAB

Olivinic-Pyroxenic (OPB) Massive (M) MOPB
Vacuolar (V) VOPB

Plagioclasic (PB) Massive (M) MPB
Vacuolar (V) VPB

Trachyte (TRC) ​ ​ TRC
Phonolite (PHN) ​ ​ PHN
Ignimbrite (IG) Welded (W) ​ WIG

Non-welded (NW) ​ NWIG

Fig. 5. Detail of an outcrop of fall deposits of salic pyroclasts (pumice).
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occasionally marked by the presence of small, laterally discontinuous 
joints. Although classified as massive, it can exhibit dispersed vesicles 
with an average size of 2–3 mm. Outcrops are generally found in "aa" 
basaltic flows with a central zone of hard rock featuring cooling-induced 
contraction joints, bordered above and below by scoria levels (granular 
material with little or no cohesion).

3.2.2. NWIG lithotypes
Table 6 gives the geomechanical characteristics of the rock and Fig. 7

shows a thin-section obtained under the petrographic microscope using 
unanalyzed polarized light. It can be seen that the PZT consists of a 
chaotic mixture of pumice fragments (1–4 cm), ash, rock fragments, and 
crystals. They present an abundant light yellow cineritical matrix. The 
typical outcrops of these rocks correspond to relatively thick layers of 
massive rock, with few or no joints, low density, and low uniaxial 
compressive strength (see Fig. 5). A trachytic or phonolitic composition 
is found, and under the petrographic microscope, crystals of anortho
clase or sanidine, irregularly shaped glass fragments, aegirine frag
ments, hornblende, and opaque minerals can be observed, all in a 
microcrystalline or glassy matrix.

3.3. Structural, morphological and compositional analysis

Fig. 8 shows the X-ray diffraction (XRD) patterns obtained from the 
PZT, PZQ and PP samples. From an analysis of the results obtained, it is 
observed that the PZT sample presents merlinoite (K5Ca2(Al9Si23O64)⋅ 

24H2O), sanidine ((Na,K)(Si3Al)O8), potassium magnesium silicate 
(K1.14Mg0.57Si1.43O4Mg-BCTT), silicon oxide (SiO2), biotite ((K,Na)(Mg, 
Fe,Ti)3(Si,Al)4O10(OH,O)2), gypsum (CaSO4⋅2H2O) and amorphous 
phase. By groups, the composition is zeolites 27.30 %, plagioclase 49.45 
%, quartz 16.38 %, biotite 5.40 %, and gypsum 1.46 %. PZQ sample 
presents phillipsite-K ((K2)0.48CaO0.52Al2Si4O12⋅xH2O), albite ((Na,Ca) 
Al(Si,Al)3O8), diopside (Ca(Mg,Al)(Si,Al)2O6), clinotobermorite 
(Ca5Si6(O,OH,F)17⋅5H2O), merlinoite, sanidine, biotite, quartz (SiO2), 
and amorphous phase. By groups, the composition is zeolite 21.42 %, 
plagioclase 44.15 %, biotite 6.61 %, quartz 2.90 %, and piroxene 24.92 
%. PP sample presents phillipsite-K, anorthite (CaAl2Si2O8), albite, 
merlinoite, sanidine, quartz, diopside, clinotobermorite and amorphous 
phase. By groups, the composition is zeolite 11.93 %, plagioclase 67.5 
%, quartz 2.29 %, and piroxene 18.28 %.

In Fig. 9, SEM images obtained for the four samples are displayed 
whereas Fig. 10 shows EDX analysis diagrams obtained from the SEM 
micrographs in Fig. 9. Although the SEM-EDX graphs reveal the complex 
microstructure of the natural pozzolans, it must be noticed that the SEM- 
EDX data are in agreement with the information provided by XRD. For 
the PP, PZT, and PZQ samples, the predominant presence of larger 
plagioclase grains is observed, along with dispersed zeolite fibers 
throughout the matrix (Türkmenoǧlu and Tankut, 2002).

Major elemental oxide compositions of tuff samples obtained using 
XRF analysis are shown in Table 7 and reflect their mineralogical 
characteristics, highlighting that Co3O4 ≤ 0.005 %, CuO ≤ 0.005 %, NiO 
≤ 0.003 %, Cr2O3 ≤ 0.01 %. Abnormally high CaO contents (19.37 %) 
and LOI (11.27 %) values are found for sample PP and a high LOI (14.96 

Table 6 
Petrological and geomechanical characteristics, and X-Ray Fluorescence (XRF) analysis, of the massive aphanitic basalt 
(MAB) lithotype and the non-welded gnimbrite (NWIG) rock.

Determination of the specific weight of the rock (kg/m3) MAB NWIG

Apparent 2840 2200
Dry 2730 1640
Saturated 2770 1900
Real solid particles 2910 2210
Porosity (%)

Total 5.54 44.4
Open 3.59 22.6

Absortion (%) 1.23 5.98
Compressive strength (MPa) 104.4 16.5

X-Ray Fluorescence (XRF) analysis (%)

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O MnO P2O5 TiO2 LOI SO4
2− Cl−

MAB 44.11 15.02 14.9 9.47 6.31 4.01 1.26 0.204 0.80 4.53 0.71 <0.05 0.19
NWIG 50.19 17.35 3.08 1.45 1.31 6.42 4.94 0.15 0.10 0.64 14.38 0.21 0.53

Fig. 6. Thin-section image taken with unpolarized light of the massive apha
nitic basalt (MAB) lithotype used in the study. It corresponds to the basaltic 
aggregate, coded (A), used in the mixtures.

Fig. 7. Thin-section image taken with unpolarized light of the non-welded 
ignimbrite (NWIG) lithotype used in the study.
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Fig. 8. XRD patterns obtained from the addition materials: (a) puzzolan tuff (PZT), (b) puzzolan quarry (PZQ), and (c) polishing powder (PP) samples. Legend: z, 
zeolites (merlinoite and phillipsite-K); p, plagioclases (sanidine, albite and anorthite); q, silicon oxide; b, biotite; g, gypsum; and py, piroxenes (diopside and cli
notobermorite). (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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%) value for sample PZT. SiO2 values vary between 37.58 % and 91.80 % and Al2O3 between 0.59 % and 16.72 %. The results of the chemical 

Fig. 9. Typical SEM images showing the morphology of the additions considered in this work: a) pozzolanic tuff (PZT), b) pozzolanic quarry (PZQ), c) polishing 
powder (PP), and d) silica fume (SF).

Fig. 10. EDX analysis of the microstructure of the additions shown in Fig. 9: a) pozzolanic tuff (PZT), b) pozzolanic quarry (PZQ), c) polishing powder (PP), and d) 
silica fume (SF).
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analysis were compared with the chemical requirements in ASTM C 618 
(ASTM, 2022). The combined amounts of SiO2 + Al2O3 + total Fe2O3, 
that play an important role in the occurrence of pozzolanic reactions, are 
greater than 70 %, except for the sample PP. All of the tuff samples 
investigated in this study also fulfill the chemical limitations for MgO, 
SO3, and LOI, as shown in Table 8. All analyzed samples meet the ASTM 
specifications for minimum content of 70 %, except for the PP sample, 
which exceeds the maximum SO3 content. It should be noted that the 
PZT and PP samples do not meet the LOI specifications for any of the 
three classes specified in the standard.

3.4. Pozzolanic activity and mechanical performance

Fig. 11 shows the results of determining the amount of calcium hy
droxide contained in each of the tested samples after a fixed period of 7 
days at a temperature of 40 ◦C. The test is considered positive when the 
concentration of calcium hydroxide in solution is lower than the satu
ration concentration. The results for the cement/additive mixture, 
expressed in mmol/L, pass the pozzolanicity test when the point on the 
graph is situated below the reference curve. From the tests on the ac
tivity of different additives, it is observed that, in ascending order of 
activity, the polishing powder, quarry pozzolan, and volcanic pozzolanic 
tuff exhibit pozzolanic activity. The resistance activity index (RAI) has 
been determined, which is one of the three specifications of UNE 
80303–2:2017 (AENOR, 2017) that outlines how to use a pozzolanic 
material as an addition for common cements resistant to seawater. 
Following the test method of UNE-EN 196-1 (AENOR, 2018a) with a 
75/25 cement/additive mass ratio, the compressive strength at 28 days 
should be equal to or greater than 75 % of the reference cement's 
strength, Type I/42.5R/SR. Fig. 12 demonstrates that all additives have 
surpassed the 75 % threshold of strength (green dashed line), with both 
pozzolan materials and silica fume notably exceeding the required 75 % 
strength.

In Fig. 13, the results obtained from measuring the flexural and 
compressive strengths in the mortars at 28 days are shown. All mortars 
manufactured with these additives meet the maximum compressive 
strength required for masonry mortars Md (>25 N/mm2), allowing their 
use from mortars for partitions and partitions walls (M-5), exposed 
brickwork (M-7.5), reinforced and non-reinforced masonry structures 

(M-7.5), high-strength masonry, and floors for ceramic and cementitious 
tiles, among others.

It should be noted that the resistance activity indices shown in 
Fig. 12 and the absolute flexural and compressive strengths presented in 
Fig. 13 represent different descriptors of mechanical performance, 
which are influenced not only by pozzolanic reactivity but also by 
dilution effects, particle size distribution, packing density, hydration 
kinetics, and cement strength class.

Mortars prepared with CEM II/A-P/42.5R cement (M1 series) exhibit 
higher strength values than those made with CEM IV/A-P/32.5N cement 
(M2 series). As expected, the partial replacement of cement by additives 
led to a reduction in compressive strength compared to the reference 
mortars (cf. Fig. 10). Among the evaluated additions, volcanic pozzo
lanic tuff showed the best mechanical performance, with decreases in 
strength ranging from 8 % to 22 %, followed by filler (11.73 % − 27.34 
%) and silica fume (8.14 % − 39.56 %).

No significant differences were observed between using standardized 
aggregates and bagged aggregates from a local Canary quarry, with a 

Table 7 
X-Ray Fluorescence (XRF) analysis and reactivity of the additions (in %).

Code SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O MnO P2O5 TiO2 V2O5 LOI CO2 SO4
2− Cl− Reactivity

PZT 49.98 16.25 4.02 2.41 1.33 4.62 4.79 0.174 0.09 0.62 <0.003 14.96 1.36 0.10 0.11 70.25
PZQ 47.71 16.72 9.03 6.49 3.26 4.23 2.64 0.197 0.73 2.38 0.017 5.63 0.80 0.11 0.07 73.46
F 44,11 15.02 14.9 9.47 6.31 4.01 1.26 0.204 0.80 4.53 <0.003 0.71 – <0.05 0.19 74.03
PP 37.58 12.63 7.83 19.37 2.78 3.33 1.38 0.150 0.78 2.03 0.017 11.27 4.62 0.91 0.05 58.04
SF 91.80 0.59 0.18 0.66 0.33 0.17 0.35 0.016 0.05 0.01 <0.003 4.41 0.17 0.19 0.03 92.57

Note: Co3O4 ≤ 0.005 %, CuO ≤ 0.005 %, NiO ≤ 0.003 %, Cr2O3 ≤ 0.01 %; Reactivity: SiO2 +Al2O3 + Fe2O3 (min of 70 % required).

Table 8 
CO2-eq balance as a function of the parameters considered in the study.

Concept Gran Canaria 
(kgCO2-eq/tonne 
of cement)

Tenerife (kgCO2- 
eq/tonne of 
cement)

Cement emissions [EAS] 125 125
Emission reduction by eliminating 20 

% of clinker [EAS]
− 17 − 17

Emission increase due to transport (50 
km) (Shen et al., 2015; Government 
of Spain, 2010)

+1.58 +1.58

GHG increase due to crushing and 
mixing (9.3 kWh/tonne) (Porritt, 
2009) and (Regional Government of 
the Canary Islands, 2025)

+1.01 +1.06

Total 110.59 110.64

Fig. 11. Variation of the pozzolanic behaviour of the samples analyzed at 7 
days compared to the reference cement I/42.5R/SR. Codes: (F) filler, (PP) 
polishing powder, (PZT) pozzolan tuff, and (PZQ) quarry pozzolan.

Fig. 12. Comparison of the resistance activity index (RAI) in mixtures of 75 % 
cement + 25 % additive with respect to the reference cement I/42.5R/SR. 
Codes: (F) filler, (PP) polishing powder, (SF) silica fume, (PZT) pozzolan tuff, 
and (PZQ) quarry pozzolan.

J.J. Santana et al.                                                                                                                                                                                                                              Journal of Cleaner Production 541 (2026) 147531 

10 



decrease of 12 % in the case of M1SSP compared to M1SS and 7 % in the 
case of mortar M2BSP compared to M2SSP.

The reduction in compressive strength observed in the pozzolan- 
bearing mortars can be explained by the combined effect of several 
factors. First, the partial replacement of clinker introduces a dilution 
effect that reduces the amount of hydrated C–S–H formed at early ages. 
Second, the pozzolanic reactivity of the volcanic materials develops 
gradually, and therefore does not fully compensate the early-age dilu
tion at 28 days. Third, differences in particle size distribution and spe
cific surface area between the pozzolans and the Portland cement affect 
packing density and hydration kinetics. Finally, the mechanical response 
is conditioned by the cement strength class (CEM II/A-P/42.5R vs. CEM 
IV/A-P/32.5N), which establishes the baseline performance of the 
blended system. Despite these combined effects, all mortars exceeded 
the regulatory strength requirement for masonry mortars, confirming 
their technical suitability.

According to standard UNE-EN 998-2 (AENOR, 2018b), mortars are 
primarily classified based on their compressive strength. Although the 
incorporation of additive does not necessarily enhance mechanical 
strength, all mixtures exhibited compressive strength values exceeding 
the maximum requirement for any masonry used (Md > 25). Therefore, 
the proposed additives can be safely employed for the manufacture of 
mortars with both CEM II and CEM IV cements for all applications 
specified in UNE-EN 998-2 (AENOR, 2018b).

3.5. Life-cycle results and performance-normalized metrics

In 2022, the International Energy Agency Secretariat developed 
emission trends for cement based on the percentage of clinker. The 
threshold ranges from 125 to 40 kg of CO2 equivalent (CO2-eq) per tonne 
of cement (International Energy Agency, 2024). For a maximum 
reduction of 20 % of clinker by replacing it with pozzolanic materials 
from volcanic tuffs, a reduction of 125 kg of CO2-eq per current tonne to 
108 kg of CO2-eq per tonne of modified cement could be obtained.

To assess the environmental impact and energy consumption of 
adding 20 % volcanic pozzolans to clinker, it is necessary to cover the 
entire transformation process, from the mining industry to the subse
quent subprocesses (extraction, crushing, loading, and transport) that 

involve the volcanic pozzolans (de Brito and Kurda, 2021; Escamilla-
Fraile et al., 2025). Other authors have conducted similar studies using 
alternative products added to cement, such as ash from coal-fired power 
plants or glass grinding waste. In both cases, the environmental impact 
of the material added to the cement is primarily related to transport, 
crushing, and mixing (Hossain et al., 2017).

The average fuel consumption for transporting raw materials and 
solid fuels by truck has been estimated at approximately 0.06 L of diesel 
per tonne of material per kilometer travelled (Shen et al., 2015). Spe
cifically, for the distances between the quarry and the final mixer, an 
average distance of 50 km was considered for each of the two islands 
studied. The technical specifications for diesel and its emissions are 
2640 gCO2-eq/L (Government of Spain, 2010). CO2-eq emissions are 
calculated per tonne of volcanic pozzolans transported 50 km. The 
CO2-eq emissions from transporting 20 % of the volcanic pozzolans will 
be 1.58 kgCO2-eq per tonne of cement.

The crushing of volcanic pozzolans requires approximately 9.3 kWh 
of energy consumption per tonne for processing and use as a comple
mentary cementitious material in cement manufacturing (Porritt, 2009). 
Greenhouse gas (GHG) emissions per kWh generated depend on the 
energy mix of each island. GHG emissions (year 2023) per kWh are 543 
gCO2-eq/kWh in Gran Canaria and 572 gCO2-eq/kWh in Tenerife 
(Regional Government of the Canary Islands, 2025). Table 8 shows a 
summary of the CO2-eq balance obtained in this study.

In summary, the reduction would be 11.5 %. On a 1-tonne binder 
basis, the simplified cradle-to-gate assessment indicates approximately 
11.5 % reduction in Global Warming Potential (GWP) when substituting 
20 % of clinker with local volcanic pozzolans, considering typical quarry 
extraction/grinding and regional electricity generation mix. When 
converted to per m3 mortar (using typical binder content) and normal
ized by compressive strength at 28 days, the SCM mixes remain 
competitive relative to baseline cement, evidencing an advantageous 
CO2-to-performance ratio.

3.6. Implications for cleaner production

The incorporation of volcanic pozzolans as SCM presents a techni
cally sound pathway to reducing the environmental footprint of cement 
production. The 20 % clinker substitution evaluated in this study yields 
a net reduction in GWP of approximately 11.5 % at the binder level, 
within a simplified cradle-to-gate framework, even when explicitly ac
counting for regional transport (50 km) and grinding energy demand 
(9.3 kWh/tonne). This reduction is primarily due to avoided process 
emissions associated with calcination and clinker formation, which 
globally account for approximately 65 % of CO2 emissions in cement 
manufacturing (Barbhuiya et al., 2024). The strength-normalized CO2 
performance of the modified binders further confirms that the envi
ronmental gains do not compromise regulatory mechanical 
requirements.

From a cleaner production perspective, the valorization of quarry 
residues and natural volcanic materials aligns with the circular economy 
principles of resource efficiency, industrial symbiosis, and reduced 
dependence on primary raw materials (Domínguez-Herrera et al., 2023; 
Hernández-González and Barbero-Barrera, 2025). Under cut-off alloca
tion, these geomaterials exhibit minimal upstream burdens and 
comparatively low embodied energy, resulting in a better environmental 
performance profile compared to virgin clinker. Furthermore, the 
identified environmental hotspots—transport and comminu
tion—remain significantly below the energy intensity of clinker pro
duction, reinforcing the viability of the proposed approach within 
standard industrial operations.

The implications of these findings extend beyond the regional scale 
of the Canary Islands. Numerous volcanic regions worldwide (e.g., Italy, 
Iceland, Japan, Indonesia, the Pacific Ring of Fire, parts of Central and 
South America, and East Africa) possess abundant, underexploited 
pozzolanic deposits with comparable mineralogical reactivity. 

Fig. 13. Compressive and flexural strengths of the mortars at 28 days. The red 
line indicates the upper limit of 25 MPa for the compressive strength required 
for the mortars. Sample codes correspond to the classification of mortars given 
in Table 4. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)

J.J. Santana et al.                                                                                                                                                                                                                              Journal of Cleaner Production 541 (2026) 147531 

11 



Therefore, the methodological framework applied here —focused on 
partial clinker substitution, regionalized energy mixes, and 
performance-normalized CO2 metrics— can be readily extrapolated to 
international contexts. In countries where clinker ratios remain above 
the European Union average (approximately 75–80 %), the relative 
decarbonization potential could be even greater. These insights support 
global policy recommendations aimed at accelerating the deployment of 
SCM as part of low-carbon cement strategies.

In addition to direct CO2 reduction, volcanic pozzolans contribute to 
greater durability by refining pores and reducing permeability, poten
tially extending service life and reducing the life-cycle impacts associ
ated with repair and replacement. This dual benefit —lower embodied 
emissions and improved durability— positions pozzolanic SCMs as a key 
enabler in the decarbonization pathways outlined by the IEA and the 
Global Cement and Concrete Association.

Overall, the integration of volcanic SCM represents a scalable and 
low-risk intervention, compatible with existing cement plant infra
structure. The results obtained in this study contribute to the interna
tional evidence base supporting clinker factor reduction and 
demonstrate that significant environmental gains can be achieved while 
maintaining performance and complying with standardized cement 
classifications. In this respect, the present study provides not only 
regional validation but also a transferable technological framework for 
implementing decarbonization strategies based on volcanic SCM in 
volcanic regions worldwide.

4. Conclusions

Unwelded ignimbrites of trachytic, phonolitic, or rhyolitic compo
sition are salic pyroclastic rocks that exhibit excellent pozzolanic 
properties for the production of Portland cement. These materials are 
abundant in the Canary Islands, primarily found in the central islands of 
Tenerife and Gran Canaria, representing a strategically relevant indig
enous supplementary cementitious material (SCM) resource.

All mortars manufactured using the standard dosages meet the 
maximum compressive strength requirement for masonry mortars Md 
(>25 N/mm2). Mortars made with CEM II/A-P/42.5R exhibit higher 
strength values than those made with CEM IV/A-P/32.5N. Despite all 
additives causing a decrease in compressive strength, all values remain 
above the maximum required for masonry mortars, Md (>25 N/mm2).

All additions surpassed the resistance activity index for seawater 
(RAI), fulfilling one of the three specifications outlined in UNE 
80303–2:2017 (AENOR, 2017). Furthermore, almost all of the studied 
samples from the tuff from the volcanic zone have major chemical 
components, SiO2 + Al2O3 + total Fe2O3 exceeding 70 %, conforming 
with the chemical requirements of ASTM and the Spanish regulations. 
The criteria for flexural and compressive strength were also satisfied, 
indicating that the region studied has a significant reserve potential for 
sustainable cement production.

Petrographic analysis of tuffs using optical microscopy, scanning 
electron microscopy (SEM–EDX), X-ray diffraction (XRD), and spectro
scopic techniques proved to be effective, rapid and accessible tools for 
evaluating the suitability of pozzolanic cements. These techniques 
revealed the key petrographic, mineralogical, and textural characteris
tics that determine the technical performance of the resulting binders.

For a maximum 20 % reduction in clinker by replacing it with 
pozzolanic materials from volcanic tuffs, the simplified cradle-to-gate 
life cycle assessment (LCA) indicates that 11.5 % CO2-eq could be 
saved per tonne of modified cement. The valorization of quarry residues 
directly contributes to the implementation of a circular economy and 
reduces the demand for virgin raw material extraction. These findings 
demonstrate a technically viable, low-carbon pathway for mortar pro
duction and provide direct support for cleaner production strategies in 
volcanic regions.

The novelty of this work lies in establishing a direct and experi
mentally validated relationship between the geological origin of 

volcanic pozzolans, their standardized mechanical performance as SCM, 
and their decarbonization potential quantified at the binder level. The 
proposed performance-normalized environmental approach allows for 
consistent integration of material performance and CO2 mitigation. 
Beyond its regional relevance, this approach is fully transferable to other 
volcanic regions worldwide and provides a practical technological route 
for implementing clinker reduction strategies in insular and transport- 
sensitive territories, as part of global low-carbon cement production 
strategies.
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González-Díaz, B., Ramos-Real, F.J., 2025. Scenario-based analysis of energy 
transition for an outermost EU territory: the case of Tenerife island. Energy Convers. 
Manag. X. 26, 100917. https://doi.org/10.1016/j.ecmx.2025.100917.

Fan, C., Miller, S.A., 2018. Reducing greenhouse gas emissions for prescribed concrete 
compressive strength. Constr. Build. Mater. 167, 918–928. https://doi.org/10.1016/ 
j.conbuildmat.2018.02.092.

Fazilati, M., Mohammadi Golafshani, E., 2020. Durability properties of concrete 
containing amorphous silicate tuff as a type of natural cementitious material. Constr. 
Build. Mater. 230, 117087. https://doi.org/10.1016/j.conbuildmat.2019.117087.
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