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The presentation of the results is done for two different groups of volcanic aggregates: 

those from islands and those from continental regions. For each region the general 

geological setting for each aggregate is described and the results obtained by the different 

test methods presented. The test methods are separated by the ones used in: (1) 

aggregates; (2) mortar and (3) concrete. Table 5.1 summarizes all the samples studied. 

 
Table 5.1. Country, region and code names were given to the different aggregates studied. 

 

  
Country Island/Region Code Name 

Brazil São Paulo BRAZ 
Canada Appalachian Region - Quebec  CAN 

Iceland 

West Iceland ICL1 
West Iceland ICL2 
West Iceland ICL3 
South Iceland ICL4 

Japan Hokkaido JAP 
Mozambique Karoo MOZ 

New Zealand 
South Island NZ1 
North Island NZ2 
North Island NZ3 

Norway Oslo NOR 

Portugal 
 

Santa Maria  

Azores 
Archipelago 

SMA-SM1 

Santa Maria SMA-SM2 

São Miguel SMG-SM1 
São Miguel SMG-SM2 

São Miguel SMG-SM3 
Terceira TER-SM1 
Terceira TER-SM2 
Graciosa GRA-SM1 

São Jorge SJO-SM1 
Pico PIC-SM1 
Faial FAI-SM1 

Flores FLO-SM1 
Flores FLO-SM2 
Corvo CRV 

Spain 
Tenerife 

Canary Islands 
CANY1 

El Hierro CANY2 
Turkey Izmir  TK 

USA 
 

Hawaii 

Hawaiian 
Islands 

HW1 
Hawaii HW2 
Hawaii HW3 
Hawaii HW4 
Oahu HW5 
Oahu HW6 

Hawaii HW7 
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5.1. Sites/samples from Islands 

5.1.1. Geological setting  
 
Azores Archipelago (Portugal) 

Azores Archipelago is an autonomous Portuguese archipelago formed by nine oceanic 

volcanic islands and some islets. It is located in the North Atlantic Ocean at about 1600 km 

from the mainland of Portugal and about 2600 km from the North American Continent. The 

archipelago extends for about 600 km from Corvo to Santa Maria Islands with a general WNW-

ESE trend. The islands are geographically distributed into three groups: 1) the Western group 

composed of the islands of Flores and Corvo; (2) the Central group comprising the islands of 

Faial, Pico, São Jorge, Graciosa, and Terceira; and (3) the Eastern group formed by the islands 

of São Miguel and Santa Maria. 

The geological setting is quite complex, but in general terms, the islands emerge from a 

shallow submarine plateau named Azores Plateau, which is limited by the 2,000 m bathymetric 

line (Needham and Francheteau, 1974) (Figure 5.1). This plateau has a triangular shape, the 

western side located to the west of the Mid-Atlantic Ridge (MAR) where the islands of Corvo 

and Flores are located; the northwest border is defined by the Terceira Rift and the south 

border by the East Azores Fracture Zone (Lourenço, 2007). MAR is a pure distensive tectonic 

structure with a general orientation N-S trend, that crosses the archipelago between the islands 

of Faial and Flores, being intercepted by numerous transform faults along its path. The Azores 

Plateau is also the site of the Azores Triple Junction (ATJ), where the North American, 

Eurasian and African plates meet. The MAR corresponds to the western border of the ATJ and 

the frontier between the Eurasian and African plates corresponds to the Azores-Gibraltar 

Fracture Zone, that in the area of the Azores Plateau corresponds to a non-linear and more 

diffuse plate boundary, the “Azores Block” (Lourenço, 2007), extending from the MAR to the 

GLORIA Fault (Figure 5.1). Moreover, for this area, some authors (Schilling, 1975; Cannat et 

al., 1999; Lourenço, 2007) argue that there is a magmatic anomaly that corresponds to the 

Azores hotspot, which is contested by others (e.g. Foulger, 2010). 

Santa Maria is the oldest island of the archipelago with about 6 my (millions of years) old 

(Ramalho et al., 2017) and Pico is the youngest island with a maximum estimated age of about 

300 ky (thousands of years) (Nunes, 1999). 

In terms of petrology, most of the islands have a full range of compositions, from basic to 

more evolved rocks like trachyte. Santa Maria, São Jorge, and Pico Islands only have volcanic 

rocks of basic to intermediate composition: alkali basalts, hawaiites, and mugearites (Larrea 

et al., 2018). 
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Figure 5.1. General geotectonic setting of Azores Archipelago (Nunes, 2014) 

 

 
Canary Islands (Spain) 

The Canary Islands is an autonomous region of Spain composed of seven volcanic islands: 

Fuerteventura, Lanzarote, Gran Canaria, Tenerife, La Gomera, La Palma and El Hierro and 

four smaller islets of La Graciosa, Alegranza, Isla de Lobos and Montaña Clara. It is located in 

northwest Africa about 100 km from the African coast and about 945 km from the Iberian 

Peninsula (Portugal, Sagres). The archipelago extends for about 500 km between Alegranza 

islet and El Hierro Island with a west-southwest to east-northeast trend. 

The genesis of the Canary Islands has been the topic of a wide variety of models (Carracedo 

and Troll, 2016), with its origin being attributed to: (1) a propagating fracture, (2) a local 

extension ridge, (3) uplifted tectonic blocks, 4) a hot spot and (5) a unifying model (Viñuela, 

2007; Hoernle and Carracedo, 2009). The Canary Islands together with the Selvagem Islands 

form the Canary Volcanic Province (CPV) (Hoernle and Carracedo, 2009) (Figure 5.2) that 

stands on the oceanic crust of Jurassic age (150-170 my) and developed during the initial 

stages of the opening of the Atlantic (Carracedo and Troll, 2016). In general, this CPV 
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decreases in age from the northeast to the southwest which has been interpreted as a hot spot 

track (Hoernle and Carracedo, 2009).  

 

 
Figure 5.2. The Canary (red) and Madeira (blue) Volcanic Provinces. Thick dashed lines mark the 

centres of possible hotspot tracks (Hoernle and Carracedo, 2009). 

 
The archipelago is volcanically active being marked by Holocene activity, except for La 

Gomera Island. (Hoernle and Carracedo, 2009). According to Carracedo and Troll (2016), La 

Gomera is currently in the postshield erosional stage and the last eruption occurred 

approximately 2 my ago, Fuerteventura Island is considered extinct with a record of significant 

Pleistocene eruptions (136 ky ago). In addition, several historical eruptions have occurred in 

four of the seven islands (Hoernle and Carracedo, 2009; Carracedo and Troll, 2016; Becerril 

et al., 2016): La Palma, Tenerife, Lanzarote and El Hierro. The composition of the rocks in the 

Canary Islands is quite diverse and comprises melilitites, nephelinites, basanites, tholeiitic and 

alkali basalts, tephrites, rhyodacites, rhyolites, pantellerites, comendites, trachytes, phonolites 

and carbonatites (Viñuela, 2007). According to Carracedo and Troll (2016), Gran Canaria is 

the island of the entire archipelago that presents the highest variability in terms of rock 

composition, with lavas of the basanite-basalt to trachyte-phonolite series. Overall, the Canary 

Archipelago comprises a typical oceanic alkaline suite with saturated and undersaturated end 
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members, where most basalts are alkaline in the shield-building stages (Viñuela, 2007), 

occurring also transitional tholeiites (Hoernle and Carracedo, 2009). The trachytes and 

phonolites are very common in the declining stages (Viñuela, 2007), and in the rejuvenation 

stages, basanites and nephelinites are the ones essentially formed (Viñuela, 2007; Hoernle 

and Carracedo, 2009). 

 

Hawaiian Islands (USA) 
The Hawaiian Islands are located in the North Pacific Ocean at 3,765 km from North 

America and 3,350 km from the Archipelago of Marquesas. The archipelago belongs to a chain 

of peaks that, together with the Emperor chain, forms the Hawaiian-Emperor volcanic chain 

that stretches almost 6,000 km along the Pacific Ocean. This geological feature comprises 107 

main central volcanoes, which are progressively younger towards the southeast of the chain, 

and with still-active volcanoes (Clague and Dalrymple, 1987). 

The Hawaiian Archipelago itself comprises two groups of islands: (1) eight main islands 

(Nihau, Kauai, Oahu, Molokai, Lānai, Maui, Kahoolawe, and Hawaii) and several islets, located 

in the southeastern part; and (2) atolls together with small volcanic and coral islands in the 

northwestern part. 

The volcanic ridge (Figure 5.3) is delimited by a symmetrical depression, which is 0.7 km 

deeper than the surrounding ocean floor and is called the Hawaiian Deep. The Hawaiian 

hotspot volcanism is a melting anomaly that has been building volcanoes for the past 70 my 

leaving a trail of volcanoes behind and forming a new central volcano as the Pacific oceanic 

plate moves on top of the hotspot (Clague and Dalrymple, 1987).  

According to Clague and Dalrymple (1987), the Hawaiian volcanoes have four different 

stages in their evolution, based on the chemistry of the magma: 

(1)  preshield, which represents the volcano growth with steep slopes of pillow lavas and a 

shallow summit caldera; 

(2)  shield, that corresponds to the construction of the main volcanic edifice with tholeiitic 

basaltic lava flows;  

(3)  postshield, characterized by the covering of the volcano with alkali basaltic lavas and 

associated differentiated lava;(4) rejuvenated, where periods of quiescence and 

erosion are interrupted by small eruptions from isolated vents. 
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Figure 5.3. Geotectonic setting of Hawaiian Islands (Walker, 1990). 

 

All the major islands have in common the tholeiitic basalts. Regarding the alkali basalt, it is 

present in all of the islands except Lānai Island (Clague and Dalrymple, 1987). The islands of 

Oahu, Maui, and Hawaii range in composition from basanites to trachytes. As to Kauai and 

Molokai Islands, these range from basanites to mugearites or benmoreites, respectively. The 

other two islands, Nihau and Kahoolawe, have a clear limited predominance of tholeiitic and 

alkaline basalts, with hawaiites being part of the last one. Oahu has the most silicic lava 

composition of the Hawaiian Islands, with 68% of SiO2 corresponding to rhyodacite (Sherrod 

et al., 2007). 

 
Iceland 

Iceland is an island located in the North Atlantic Ocean halfway between Europe and 

Greenland/North America with the northernmost parts touching the Arctic Circle. Beyond the 

limit of the island, there are the skerries (e.g. small islets) of Kolbeinsey and Hvalbakur, and 

also Vestmannaeyjar or Westman Islands where Surtsey is the more recent island. The 

shortest distance is to Greenland with more or less 285 km, being also distanced from other 

locations such as Norway at approximately 970 km, Faeroe Islands at about 435 km and 

Scotland at around 805 km. 

Iceland is situated at the intersection of two large submarine structures: (1) the Mid-Atlantic 

Ridge (MAR) which separates the North American plate from the Eurasian plate and (2) the 
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Greenland-Iceland-Iceland Faroes Ridge (Thordarson and Höskuldsson, 2014) (Figure 5.4). 

This ridge is also known as Greenland-Scotland Transverse Ridge (GSTR) in accordance to 

Denk et al., (2011), which is a series of ridges that connects Greenland, Iceland and Faroe 

Islands and continues to the United Kingdom (Eiríksson et al., 2021).  

According to Thordarson and Höskuldsson (2014), Iceland is a part of the oceanic crust that 

forms the floor of the Atlantic Ocean, being the surface expression of a hotspot (Denk et al., 

2011). The mantle plume that produces this hotspot has been changing its position through 

time (Thordarson and Höskuldsson, 2014) and it is believed that 60-50 my ago the mantle 

plume was situated under East Greenland (Denk et al., 2011).  

 
Figure 5.4. Geotectonic setting of Iceland. (Thordarson and Höskuldsson, 2014). RR: Reykjanes 

Ridge; RVB: Reykjanes Volcanic Belt; WVZ: West Volcanic Zone; MIB: Mid-Iceland Belt; EVZ: East 

Volcanic Zone; NVZ: North Volcanic Zone; SISZ: South Iceland Seismic Zone; TFZ: Tjörnes Fracture 

Zone; KR: Kolbeinsey Ridge; ÖVB: Öræli Volcanic Belt and SVB: Snæfelsnes Volcanic Belt. 

 

In Iceland, the segments of the Mid Atlantic Ridge are represented by the junction between 

the Reykjanes ridge in the south and the Kolbeinsey ridge in the north, and its in-land 

expression corresponds to narrow belts of active faulting and volcanism extending from 

Reykjanes, in the southwest, to Öxarfjörður, in the north, being the only section of the MAR 

exposed above sea level (Thordarson and Höskuldsson, 2014). Besides the major volcanic 

zones, there are two active intraplate volcanic zones: (1) Öræfi Volcanic Belt located to the 
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east of the mantle plume and (2) Snæfellsnes Volcanic Belt in the west, which sits on the 

mantle plume trail and is partly superimposed on an extinct volcanic zone (Thordarson and 

Höskuldsson, 2014; Eiríksson and Símonarson, 2021).  

The oldest rocks of Iceland belong to the Tertiary Basalt Formation with a period from 16 to 

3.3 my ago and occur in the easternmost and westernmost parts of the island while the 

youngest rocks occur along the rifting zone with an age less than 700 ky (Thordarson and 

Höskuldsson, 2014).  

The majority of the rocks exposed in Iceland are igneous, 90% of them being mafic and the 

rest are intermediate or felsic (Thordarson and Höskuldsson, 2014). The igneous rocks are 

predominantly volcanic (Denk et al., 2011) containing mainly basaltic rock types (Sveinsdottir 

and Wigum, 2003). Other volcanic rocks include andesite and rhyolite (Thordarson and 

Höskuldsson, 2014). Intrusive plutonic rocks also occur in Iceland, especially in the western 

part, which is composed of gabbros and granophyres (Upton and Wright, 1961), and in the 

southwest part, with gabbro xenoliths (Gurenko and Sobolev, 2006). Sedimentary rocks are 

also present but they represent a small part when compared to igneous rocks. According to 

Eiríksson et al. (2021), there are thick layers of sediments intercalated with lava sequences. 

The same authors recognize littoral and sublittoral sandstones with abundant marine fossils, 

peats and lacustrine mudrocks, diamictites (e.g. unstratified and chaotic deposits containing 

large angular stones and boulders floating in a matrix of sand to clay-size material - Thordarson 

and Höskuldsson, 2014) and conglomerates with marine fossiliferous deposits. In addition, 

sand or “sandur” (sand in Icelandic) occupies large parts of the Iceland landscape, especially 

in the southern parts of the island (Figure 5.4) (Sveinsdottir and Wigum, 2003). They are known 

as sandy deserts and together they form a surface of over 20,000 km2 (Arnalds et al., 2001; 

Arnalds, 2010). The sand is originated mainly from glacial margins, glacio-fluvial deposits and 

subglacial volcanic eruptions (with “jokulhlaups”-forming eruptions), but also sedimentary 

rocks; these areas have a black colour due to their basaltic origin and are often dominated by 

the volcanic glass (Arnalds et al., 2001). 

The basalts in Iceland belong to two magma series: (1) alkaline, which occurs in the off rift 

volcanic zones, and (2) tholeiitic, which occurs in the mid-Atlantic rift zone where it transects 

the island (Sigmarsson and Steinthórsson, 2007).  

 

Japan  
Japan is an archipelago formed by four main islands (Hokkaido, Honshu, Kyushu and 

Shikoku) (Yamada et al., 2011) and more than 3500 smaller islands (Petry, 2003). It is located, 

in the northern hemisphere, off the east coast of Asia about 160 km from South Korea, 300 km 
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from Russia and 730 km from China (distances measured from the main islands of Japan). 

The archipelago stretches over 3,000 km with a general northeast to southwest trend. 

The Japanese Archipelago is located in the active volcanic belt of the Circum Pacific Rim with 

a complex geological structure (Yamada and Miyagawa, 2017) as a result of the interaction of 

three plates, the Eurasian, Pacific, and Philippine Sea plates, which meet at an unstable 

trench-trench-trench triple junction in the Pacific Ocean offshore of central Japan, known as 

the Boso triple junction (Van Horne et al., 2017) (Figure 5.5). The archipelago forms a volcanic 

arc system, as a result of the subduction of the oceanic Pacific and Philippine Sea plates under 

the continental plate of Eurasia (Van Horne et al., 2017). The arc system includes four different 

domains (Taira, 2001; Taira et al., 2016): (1) the Western Kuril-eastern Hokkaido arc, (2) the 

western Hokkaido-Honshu arc, (3) the Ryukyu arc and (4) the Izu-Ogasawara (Bonin) Arc.  

The Sea of Japan forms a continent-ocean back-arc system (Van Horne et al., 2017) that 

started to open in Miocene times (Jolivet et al.,1991), through the movement of plates, intra-

arc rifting and back-arc spreading (Van Horne et al., 2017). According to Jahn (2010), the 

Japanese Islands represent a segment of a 450 my old subduction-related orogen along the 

western Pacific convergent margin, where most tectonic units are composed of late Palaeozoic 

to Cenozoic accretionary complexes. The same author refers that the Japanese orogenic 

complex is known as “Nipponides,” and is composed mainly of Permian to recent subduction-

accretion complexes with very few fragments of the older continental crust.  

Japan has been built by accretionary tectonics, large-scale metamorphism, magmatism and 

volcanism, thus where various types of rocks are present including surface sediments, 

metamorphic, plutonic and volcanic rocks. According to Taira (2001), these lithologies, 

separated by ages include: (1) Pre-Jurassic units with Palaeozoic ophiolites, sedimentary 

rocks, metamorphic rocks, and granitic rocks; (2) Permian to Jurassic accretionary prisms that 

include high-pressure/temperature metamorphic rocks and cover sequences; (3) Cretaceous 

to Tertiary accretionary prisms and cover sequences; (4) Jurassic to Tertiary igneous rocks 

and (5) Neogene and Quaternary igneous and sedimentary rocks. According to Yamada and 

Miyagawa (2017), andesites are in the north-western part of the inter pacific volcanic belt, 

various metamorphic rocks are located in its western part and a wide range of metamorphic 

and sheared rocks (such as mylonite or cataclasite) occur in the south-western part. According 

to Katayama and Kaneshige (1986), the Cenozoic Japanese volcanic rocks are widely 

distributed in the country, the andesite being the major source of volcanic aggregates. Besides 

andesite, also basalt, dacite and rhyolite can be found, belonging to the calc-alkaline, alkaline 

(Wakita, 2013) and tholeiitic volcanic suites (Ohba et al., 2009). 
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Figure 5.5. Geotectonic setting of Japan. Yellow star: Boso triple junction. Light blue lines, major 

inland faults (Van Horne et al., 2017). MTL: Median Tectonic Line; ISTL: Itoigawa-Shizuoka Tectonic 

Line; TTL: Tanakura Tectonic Line; Ka: Kanto Mountains; De: Dewa Hills; Ou: Ou Backbone Range. 

 

New Zealand 
New Zealand is an archipelago formed by three main islands: North Island, South Island 

and Stewart Island (which is much smaller, compared with the other two), and several inhabited 

and uninhabited smaller islands. It is located in the southwest Pacific Ocean, at about 1,400 

km southeast of Australia and is considered the emergent part of a continental fragment 

“Zealandia” (Campbel and Landis, 2009). The main islands stretch for about 1,500 km in a 

more or less northeast-southwest orientation. 

It lies along the Circum Pacific “ring of fire” belt, in the southwest boundary of the Indo-

Australian and Pacific plates (Shayan and Freitag, 2017). This boundary extends from the 

southern end of the Tonga–Kermadec Trench and runs down offshore of the eastern coast of 

the North Island, cuts across the upper half of the South Island along the Hope Fault, and then 

connects with the Alpine Fault on the western side of the Southern Alps, and heads offshore 

at the entrance of Milford Sound (western Fiordland) and into the Puysegur Trench (Campbel 

and Landis, 2009). This convergent margin at the North Island makes the Pacific plate to 
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subduct under the Indo-Australian plate causing volcanic activity located mostly in the northern 

and central North Island (Shayan and Freitag, 2017) where continental rifting is occurring (e.g. 

Taupo Volcanic Zone - TVZ) (Campbel and Landis, 2009). The tectonics in the North Island is 

dominated by subduction at the Hikurangi Trough, back-arc rifting in the TVZ, and strike-slip 

faulting in the eastern North Island dextral fault belt (Wallace et al., 2004). The same authors 

say that in the South Island the plate margin is marked by the Alpine Fault where the plates 

passed each other horizontally, as strike-slip faulting, with the Marlborough Fault System and 

the Alpine Fault accommodating most of the Australia-Pacific relative motion. In the south of 

New Zealand, the Australian plate plunge below the Pacific plate, this is the reverse of what is 

occurring on the North Island (Campbel and Landis, 2009). Thus, according to Campbel and 

Landis (2009), the main islands of New Zealand are the result of tectonic uplift, localized 

tectonic down drop or subduction-related volcanism as a result of a collision between the 

Pacific Plate and the Indo-Australian Plate. Figure 5.6. shows the geological setting of New 

Zealand. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.6. Tectonic setting of New Zealand. (Wallace et al., 2004). 

 
In New Zealand, the three types of rocks can be found: igneous, metamorphic and 

sedimentary, greywacke being probably the dominant sedimentary rock (described as muddy 

sandstone or silty sandstone), and schists are the main metamorphic rock (Campbel and 
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Landis, 2009). Regarding the igneous rocks, some plutonic rocks such as diorite, gabbro and 

granite are also present, being observed on Stewart Island as dykes (Ballance, 2017). 

Rhyolite, andesite, dacite and basalt are among the volcanic rocks present in New Zealand, 

that according to Shayan and Freitag (2017) are located predominantly on the North Island. 

 

5.1.2. Characterization of volcanic aggregates from Islands 
 
5.1.2.1. Geochemical analysis, TAS diagram and CIPW norm 

Geochemical analyses of the aggregates were performed at the Activation Laboratories 

(ACTLABS), in Canada, by using the lithium metaborate/tetraborate fusion–ICP and ICP/MS 

method. Table 5.2 shows the results obtained, which were plotted in a TAS diagram (Le Bas 

et al., 1986) by using the free software GCDKit3.00. The gravel samples from Iceland were not 

analyzed because of the heterogeneity in lithology present in the particles. 

The chemical composition of all the aggregates has some differences regarding the content 

of SiO2. The SiO2 content in the Azores Archipelago is in majority lower than 50%, ranging 

from 43% to 48.5% except for the samples of TER-SM1 (65%), FLO-SM2 (52%) and FLO-

SM1 (53%), which are more evolved rocks. The samples from the Canary Islands and Iceland 

also show values of SiO2 content lower than 50%. Regarding New Zealand, only one of the 

samples has a SiO2 content slightly higher than 50% (NZ3 = 50.2% wt.). The Japan sample is 

an andesite, which has a higher content of SiO2 (~60%). As for the Hawaiian Islands, the SiO2 

content is higher than 50% in the majority of the aggregates (HW1, HW3, HW4, HW5, HW6 

and HW7), with only one sample undersaturated (HW2, 46.6%). 

Regarding LOI, the highest contents are found for the samples from Azores Archipelago: 

(1) SMA-SM1 (2.15%) and SMA-SM2 (3.25%). These values indicate that there is some 

degree of alteration of these rocks. 

The oversaturation, saturation and under saturation in silica are defined by certain 

normative minerals for the basalts that, according to Yoder and Tilley (1962), follow certain 

conditions. The CIPW norm (Table 5.3), calculated from the bulk chemical composition of each 

sample, indicates that some of the Hawaiian basalts are considered oversaturated in silica 

because they have normative quartz and hypersthene, namely HW3, HW5, HW6 and HW7 

samples. Other basalts are considered undersaturated in silica as they contain normative 

hypersthene and olivine, namely the samples from Iceland (ICL3), New Zealand (NZ2 and 

NZ3) and some from the Hawaiian Islands (HW1 and HW4). On the other hand, and based on 

the same concept as Yoder and Tilley (1962), most of the samples from the Azores (except 
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TER-SM1), the samples from the Canary Islands and one sample from New Zealand (NZ1) 

are considered alkaline basalts because they contain normative nepheline and olivine. 

The alkali-silica diagram (TAS) (Figure 5.7) shows that the volcanic rocks studied from the 

different islands range mostly between basalts and trachybasalts. There are also some 

basanites, andesite, two basaltic trachyandesite, a trachyandesite and a trachyte.  

 
Table 5.2. Bulk chemical composition of the island volcanic aggregates. 

 
The TAS fields of trachybasalt, basaltic trachyandesite and trachyandesite can be 

subdivided, classifying further the rocks according to Na2O – 2.0 ≥ K2O or Na2O – 2.0 < K2O 

(Le Maitre et al., 2002). These happen only for some of the samples from the Azores 

Archipelago (SMG-SM1, SMG-SM2, GRA-SM1, FAI-SM1, FLO-SM1, FLO-SM2 and CRV) and 

a Hawaiian Islands sample (HW4). According to these authors, the line between the foidite 

Major 
Oxides (%) 

SiO2 Al2O3 Fe2O3
total 

MgO CaO Na2O K2O TiO2 P2O5 MnO LOI SUM 
total 

SMA-SM1 43.31 12.98 11.88 11.05 11.52 3.62 0.76 2.29 0.42 0.17 2.15 100.20 
SMA-SM2 43.55 13.28 12.16 9.96 11.75 2.80 0.57 2.40 0.62 0.19 3.25 100.50 
SMG-SM1 47.25 14.09 12.20 8.06 9.16 3.25 2.04 3.48 0.61 0.16 -0.20 100.10 
SMG-SM2 46.45 14.08 12.87 8.19 9.39 3.11 1.89 3.59 0.65 0.18 -0.49 99.92 
SMG-SM3 45.69 13.36 12.26 8.00 10.75 2.90 1.68 3.41 0.67 0.17 -0.63 98.26 
TER-SM1 64.79 13.92 6.10 0.65 0.71 6.35 4.97 0.61 0.07 0.22 1.13 99.51 
TER-SM2 48.54 14.65 12.12 6.82 10.88 3.09 0.97 3.11 0.59 0.17 -0.10 100.80 
GRA-SM1 47.70 16.76 11.11 7.15 9.58 3.82 1.36 2.74 0.56 0.17 -0.73 100.20 
SJO-SM1 45.73 15.39 12.82 8.58 10.07 3.22 1.07 3.51 0.53 0.17 -0.47 100.60 
PIC-SM1 48.00 14.93 11.29 8.04 10.51 3.32 1.21 2.69 0.44 0.17 -0.64 99.94 
FAI-SM1 48.53 16.35 11.39 6.26 9.36 3.91 1.69 2.92 0.62 0.17 -0.55 100.60 
FLO-SM1 53.36 16.40 8.37 2.15 5.65 5.65 2.73 1.84 0.67 0.24 3.16 100.20 
FLO-SM2 51.66 16.58 9.06 3.29 7.08 4.66 2.55 2.43 0.93 0.22 0.64 99.10 

CRV 49.81 16.15 10.85 4.96 8.34 4.26 1.85 2.70 0.71 0.17 -0.32 99.47 
CANY1 45.94 16.89 11.18 4.03 8.99 4.76 1.85 3.07 0.21 0.17 1.40 99.85 
CANY2 44.13 13.70 13.38 9.46 9.77 3.51 1.49 3.54 0.79 0.19 0 99.73 

ICL3 47.67 14.89 13.54 8.07 11.57 2.16 0.15 1.78 0.15 0.20 -0.50 99.78 
JAP 59.72 16.06 7.90 3.51 7.07 2.69 1.57 0.63 0.10 0.15 0.4 99.90 
NZ1 41.95 14.60 13.97 7.10 10.86 3.76 1.61 3.33 0.89 0.21 1.30 99.79 
NZ2 48.93 16.97 10.65 7.27 12.12 2.29 0.34 0.98 0.11 0.17 -0.10 99.81 
NZ3 50.17 15.56 9.90 9.15 10.33 2.48 0.55 1.07 0.24 0.17 0 99.79 
HW1 50.31 12.88 11.96 10.38 9.75 2.06 0.38 1.93 0.20 0.16 -0.40 99.77 
HW2 46.60 13.73 13.04 10.43 11.01 2.27 0.69 1.89 0.21 0.18 -0.50 99.77 
HW3 52.11 13.83 11.81 6.98 10.5 2.27 0.38 2.06 0.21 0.16 -0.60 99.83 
HW4 54.22 17.25 9.59 2.74 5.06 5.38 2.51 1.58 1.04 0.22 0 99.92 
HW5 51.62 14.18 11.31 7.06 9.25 2.58 0.39 2.06 0.25 0.15 0.90 99.84 
HW6 51.21 14.28 11.54 7.39 9.23 2.54 0.32 2.05 0.25 0.15 0.70 99.82 
HW7 50.87 13.55 12.48 7.17 10.20 2.32 0.44 2.19 0.24 0.17 0 99.81 
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field and the basanite–tephrite field indicates that further criteria must be used to separate 

these types. In this case, the calculation of normative olivine (> 10 %) (Table 5.3) allows us to 

classify the studied rocks as basanites and not tephrites. For the field of trachyte/trachydacite, 

another criterion must be followed according to the function 100 * Q / (Q + an + ab + or): if the 

value is less than 20% the rock is a trachyte; if greater than 20% it is a trachydacite (Le Maitre 

et al., 2002). In the studied rocks, the value is lower than 10%, thus the rock is a trachyte. 

 
Table 5.3. Calculation of the CIPW norm (wt. %) for the island’s volcanic aggregates. 

 

Normative 
minerals Q Pl Or Ne Di Hy Ol Ac Il Mt Ap Total 

SMA-SM1 0.0 21.78 4.55 14.47 31.09 0.0 21.39 0.0 4.43 1.32 1.00 100.0 
SMA-SM2 0.0 33.27 3.49 7.39 27.07 0.0 21.30 0.0 4.69 1.33 1.48 100.0 
SMG-SM1 0.0 36.19 12.00 4.86 19.25 0.0 18.28 0.0 6.57 1.44 1.41 100.0 
SMG-SM2 0.0 35.78 11.11 4.97 19.09 0.0 19.29 0.0 6.78 1.48 1.51 100.0 
SMG-SM3 0.0 32.96 10.05 5.69 25.2 0.0 16.50 0.0 6.53 1.51 1.58 100.0 
TER-SM1 7.78 44.61 29.84 0.0 2.71 9.64 0.0 2.40 1.18 0.0 0.16 100.0 

TER-SM2 0.0 48.05 5.67 0.46 21.95 0.0 15.22 0.0 5.85 1.46 1.34 100.0 
GRA-SM1 0.0 45.23 7.98 6.00 15.7 0.0 17.41 0.0 5.15 1.26 1.27 100.0 
SJO-SM1 0.0 40.76 6.26 5.55 17.91 0.0 20.35 0.0 6.59 1.36 1.20 99.98 
PIC-SM1 0.0 42.28 7.09 4.2 21.94 0.0 17.09 0.0 5.07 1.30 1.02 99.99 
FAI-SM1 0.0 44.39 9.87 5.44 16.55 0.0 15.49 0.0 5.47 1.38 1.41 100.0 
FLO-SM1 0.0 54.45 16.61 3.48 10.77 0.0 8.12 0.0 3.59 1.38 1.60 100.0 
FLO-SM2 0.0 54.05 15.31 1.62 10.41 0.0 10.4 0.0 4.69 1.35 2.18 100.0 

CRV 0.0 49.56 10.93 3.26 14.31 0.0 13.71 0.0 5.15 1.42 1.65 99.99 
CANY1 0.0 36.80 11.23 13.26 20.57 0.0 10.07 0.0 6.00 1.58 0.51 100.0 
CANY2 0.0 27.93 8.81 10.28 21.31 0.0 21.63 0.0 6.72 1.49 1.83 100.0 

ICL3 0.0 48.62 0.89 0.0 21.38 9.17 14.86 0.0 3.38 1.36 0.35 100.0 
JAP 14.15 50.13 9.34 0.0 6.14 17.82 0.0 0.0 1.20 1.01 0.23 100.0 
NZ1 0.0 22.10 9.69 15.56 25.14 0.0 17.27 0.0 6.42 1.73 2.09 100.0 
NZ2 0.0 54.45 2.01 0.0 20.11 8.13 12.09 0.0 1.86 1.12 0.25 100.0 
NZ3 0.0 50.86 3.25 0.0 16.35 15.17 10.78 0.0 2.03 1.00 0.56 100.0 
HW1 0.0 42.18 2.25 0.0 18.18 26.99 5.11 0.0 3.67 1.17 0.46 100.0 
HW2 0.0 41.50 4.08 1.56 22.9 0.0 24.61 0.0 3.59 1.28 0.49 100.0 
HW3 2.96 45.43 2.25 0.0 19.99 23.65 0.0 0.0 3.89 1.35 0.49 100.0 
HW4 0.0 61.22 14.89 0.0 2.44 2.62 12.04 0.0 3.02 1.36 2.41 100.0 
HW5 2.38 48.32 2.30 0.0 15.26 25.94 0.0 0.0 3.95 1.26 0.58 99.99 
HW6 1.69 48.57 1.89 0.0 14.57 27.5 0.0 0.0 3.93 1.26 0.58 99.99 
HW7 1.10 45.04 2.60 0.0 19.72 25.41 0.0 0.0 4.18 1.41 0.56 100.0 

Q=quartz; Pl=plagioclase; Or= Orthoclase; Ne=Nepheline; Di= Diopside; Hy=Hypersthene; Ol=Olivine; Ac=Acmite; Il=Ilmenite; Mt=Magnetite; 
Ap=Apatite 
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Figure 5.7. TAS diagram (after Le Bas et al., 1986) of the volcanic aggregates from different islands: 1 

- Azores Archipelago (Portugal), 2 - Canary Islands (Spain), 3 - Iceland, 4 - Japan, 5 - New Zealand 
and 6 - Hawaiian Islands (USA). 

 
 

The chemical classification of the rocks obtained by the TAS diagram is summarized in 

Table 5.4. 

From the TAS diagram, it is also possible to classify the rocks into alkaline or 

subalkaline/tholeiitic magma series. The studied rocks from the Azores belong all to the 

alkaline series, and the same happens to the two rocks from the Canary Islands, one from the 

Hawaiian Islands (HW4) and one from New Zealand (NZ1). The other samples fall in the 

subalkaline/tholeiitic magma series. According to the diagram AFM (Figure 5.8) from Irvine and 

Baragar (1971), only the Japan sample belongs to the calc-alkaline series; the Hawaiian 

samples HW1, HW2, HW3, HW5, HW6 and HW7, the Iceland sample ICL3 and the New 

Zealand samples NZ2 and NZ3 all follow a tholeiitic trend. 
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Table 5.4. Chemical classification of each rock sample based on the TAS diagram. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.8. AFM diagram (after Irvine and Baragar, 1971) of the studied volcanic aggregates 

belonging to the subalkaline/tholeiitic magma series. A = Na2O + K2O; F = FeO + 0.8998 Fe2O3; M = 
MgO (wt.%). 

Island Sample Chemical 
classification Island Samples Chemical 

classification 

Azores 
(Portugal) 

SMA-SM1 Basanite Canary 
(Spain) 

CANY1 Basanite 
SMA-SM2 Basanite CANY2 Basanite 
SMG-SM1 Pot tb/Basalt (tb) 

Hawaiian 
Islands 
(USA) 

HW1 Basalt 
SMG-SM2 Potassic basalt (tb) HW2 Basalt 
SMG-SM3 Basalt HW3 Basalt 
TER-SM1 Trachyte HW4 Mugearite (Bta) 
TER-SM2 Basalt HW5 Basalt 
GRA-SM1 Hawaiite (tb) HW6 Basalt 
SJO-SM1 Basalt HW7 Basalt 
PIC-SM1 Basalt Iceland ICL3 Basalt 
FAI-SM1 Hawaiite (tb) Japan JAP Andesite 
FLO-SM1 Benmoreite (ta) 

New 
Zealand 

NZ1 Basanite 
FLO-SM2 Mugearite (Bta) NZ2 Basalt 

CRV Hawaiite (tb) NZ3 Basalt 
tb: trachybasalt; Bta: basaltic trachyandesite; ta: trachyandesite 
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5.1.2.2. Petrographic examination 

For the petrographic study of the samples of the aggregates, different scales were used, 

starting with the microscopic observation of the grains and the separation in different fractions, 

depending on the texture and the colour. The petrographic examination of the thin sections of 

the aggregates was performed by using a polarizing microscope, complemented by EPMA-

WDS or EDS spectrometry whenever necessary. In the following text, a summary is made of 

the lithologies identified, their texture and mineral composition. 

 

Azores Archipelago (Portugal) 
Macroscopically, the rock samples from Azores Archipelago are aphanitic; some are aphyric 

(TER-SM1, FLO-SM2) or sub-aphyric (FAI-SM1, FLO-SM1) and others contain a high amount 

of phenocrysts (SMG-SM1, SMG-SM2, SMG-SM3, PIC-SM1). The phenocrysts are usually of 

olivine and pyroxene, and less frequently of plagioclase; iddingsite is also visible in some of 

the rock samples (SMA-SM2, SMG-SM1). The samples are grey in colour, some display 

reddish tones (SMA-SM2, FLO-SM1) and only one has a greenish tone and is banded (TER-

SM1). The samples are massive in texture and only one has a more vesicular texture (SJO-

SM1) (Figure 5.9). CRV is the only sample studied as aggregate particles of crushed rock, 

instead of a block. 

Under the polarizing microscope, these samples show mainly porphyritic texture with 

phenocrysts of euhedral to subhedral habit set in an intergranular groundmass. Olivine, 

pyroxene and plagioclase form the most common phenocrysts, with variable abundance from 

sample to sample. Overall, the matrix of the samples presents the same mineral assemblage 

with the presence of opaque minerals (titanomagnetite and ilmenite), apatite, and sometimes 

biotite. Most of the samples show some oriented texture where the plagioclase microlites are 

arranged in a sub-parallel mode in the groundmass (pilotassitic texture) (Figure 5.10 A). 

Carbonates (possibly calcite) are also present in some samples (SMA-SM1, FLO-SM1), in 

crystals scattered in the matrix, especially in the vicinity of the phenocrysts of the other 

minerals, filling cracks inside the crystals or in veins in the rock (Figure 5.10B). In some rocks, 

olivine phenocrysts show a brownish-red iddingsite rim of variable thickness (SMA-SM1, SMA-

SM2), which is more pronounced in the SMA-SM2 sample (Figure 5.10 C). Also, in one of the 

samples (SMA-SM1), a mineral with low relief and low interference colour that is filling the 

vesicles of the rock is observed, which was identified by SEM/EDS analysis in previous work 

(Medeiros (2011) as a zeolite (analcime) (Figure 5.10 D). 
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Figure 5.9. Block samples of the Azorean rocks were used as aggregates. Only the CRV sample is 

formed by crushed aggregate. 

 

From the point of view of mineralogy and texture, the sample of trachyte (TER-SM1) is 

markedly distinct from the others (Figure 5.10 E). It contains sparse large crystals mainly of 

anorthoclase and small crystals of the same mineral, and also albite, biotite, and opaque 

minerals. The groundmass contains plagioclase and anorthoclase, aegirine, augite, 

aenigmatite, opaque minerals, apatite and sporadic brownish volcanic glass. Besides, the 

presence of silica in the matrix was detected by SEM/EDS (Medeiros, 2011). This silica form 

is preferentially located near the phenocrysts. The rock exhibits a trachytic texture.  

The presence of volcanic glass is scarce in the studied rock samples. It was only identified 

in three samples (SMG-SM1, TER-SM1, TER-SM2), either as interstitial glass (Figure 5.10F) 

or as inclusions in phenocrysts. Also, a quartz xenocryst was identified in the SMG-SM1 

sample. 
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Figure 5.10. Photomicrographs of Azorean aggregates. Photo A, B, D and E in XPL; C and F in PPL. 

A) Basalt with pilotassitic groundmass (TER-SM1); B) Calcite filling a crack (SMA-SM1); C) Iddingsite 

rims in olivine crystals (SMA-SM2); D) Analcime filling a vesicle (SMA-SM1); E) Anorthoclase crystals 

in the trachyte sample (TER-SM1), and F) Interstitial volcanic glass (SMG-SM1). 
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Canary Islands (Spain) 

From the macroscopic point of view, both samples are aphanitic, one is subaphyric with 

very few phenocrysts of pyroxene (CANY1) and the other contains phenocrysts mainly of 

olivine and pyroxene and less of plagioclase (CANY2). The samples range in colour from grey 

to a reddish tone and display either massive or vesicular texture. The shape of the particles of 

crushed aggregate is elongated with sub-angular grains. Both samples were separated into 

three fractions each, based on the colour and the texture: almost massive, vesicular and 

reddish particles (Figure 5.11). 

 

 
Figure 5.11.  Canary samples of aggregate in crushed rock are split into different fractions according 

to the texture and colour. 

 

The two samples from the Canary Islands correspond to basanite with vesicles in some of 

the aggregate particles. Despite having the same type of rock, there are some differences in 

terms of texture.  

In the thin section, the CANY1 sample is subaphyric (Figure 5.12A) with rare phenocrysts 

of clinopyroxene (Figure 5.12B and C) and opaque mineral and shows microphenocrysts of 

clinopyroxene and plagioclase set in a microlitic groundmass of plagioclase, opaque minerals, 

iddingsite and clinopyroxene. One of the aggregate particles presents several areas with a 

high concentration of volcanic glass in the matrix. Olivine crystals are completely replaced by 

iddingsite with a red-brownish colour and some clinopyroxene (augite) shows peculiar 

extinction displaying an hourglass structure. Carbonates (calcite) appear sometimes scattered 

in the matrix. Also, zeolite occurs, as identified by EPMA analysis (Table 5.5), in one of the 

particles, forming a yellowish mineral with low interference (Figures 5.12D and Figure 5.13). 
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Interstitial brownish volcanic glass is present in some sections of the rock sample (Figures 

5.12E and 5.14), which quantitative composition is defined by EPMA results (Table 5.6). 

Biotites occur randomly in the groundmass (Figure 5.12F). 

 

Figure 5.12. Photomicrographs of sample CANY1. All photos are in PPL. A) Subaphyric texture; B) 

and C) Phenocryst of clinopyroxene; D) Presence of zeolite; E) Interstitial volcanic glass (brownish, 

amorphous); F) biotite. 

 

 



Volcanic aggregates and alkali-silica reactions in the world: a comparative study with Azores aiming to enhance concrete 
durability on volcanic oceanic islands 

_________________________________________________________________________________ 
 

_________________________________________________________________________________
186 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.13. Sample CANY1: yellowish mineral and location of the EPMA analyses. 

 

 

 
Table 5.5. Sample CANY1 EPMA-WDS results concerning the composition of a yellowish zeolite 

crystal whose composition is compatible with natrolite (Figure 5.13). 
 

 

 

 

 

 

 

 

 

 

 

 

Oxides (%) 1 2 3 
SiO2  52.14 50.14 47.39 
TiO2 0.20 0.10 0.14 
Al2O3 31.77 32.42 27.34 
FeO 2.00 2.46 4.61 
MnO b.d.l. b.d.l. b.d.l. 
MgO 0.31 0.22 0.38 
CaO b.d.l. b.d.l. b.d.l. 
Na2O 13.70 13.53 13.90 
K2O 3.47 3.92 4.20 
Total 103.6 102.77 97.98 

b.d.l = below detection limit 

1 2 

3 
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Figure 5.14. Sample CANY1. Volcanic glass and respective examination points. 

 
 
 
 

Table 5.6. Sample CANY1 EPMA-WDS results of the dark-brown volcanic glass in Figure 5.14. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxides (%) 1 2 
SiO2  49.88 43.66 
TiO2 2.65 4.45 
Al2O3 7.32 8.73 
FeO 7.03 8.31 
MnO 0.31 0.17 
MgO 10.79 11.58 
CaO 16.78 21.63 
Na2O 1.60 0.58 
K2O 1.04 b.d.l 
Total 97.45 99.14 

b.d.l = below detection limit 

2 
1 



Volcanic aggregates and alkali-silica reactions in the world: a comparative study with Azores aiming to enhance concrete 
durability on volcanic oceanic islands 

_________________________________________________________________________________ 
 

_________________________________________________________________________________
188 

 

The CANY2 sample is porphyritic with phenocrysts of olivine, clinopyroxene and plagioclase 

immersed in an intergranular groundmass (Figure 5.15A). The matrix is characterized by the 

presence of plagioclase, clinopyroxene and opaque minerals. Olivine crystals display 

embayments and skeletal textures (Figure 5.15B). In some aggregate particles, plagioclase 

shows a peculiar texture that looks like roots, sieve texture, growing inside the crystal (Figure 

5.15C). Clusters of plagioclase phenocrysts form glomeroporphyric textures that are visible in 

some aggregate particles. In some sections, several vesicles are filled with carbonates (Figure 

5.15D) and others with zeolites, as confirmed by EDS (Figure 5.16). Volcanic glass is scarce 

in this sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.15. Photomicrographs of sample CANY2: A, B and D in XPL, C in PPL A) Vesicular and 

porphyritic texture; B) Skeletal olivine; C) Plagioclase with peculiar sieve-like texture; D) Vesicles filled 

with carbonate minerals. 
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Figure 5.16. Sample CANY2. Photomicrograph (A) and BSE image (B) and respective EDS spectra of 

zeolite partly filling a void (E180 and E181). 

 

 

Hawaiian Islands (United States of America) 
Macroscopically, the aggregates from two of the Hawaiian Islands are aphanitic; some 

contain olivine phenocrysts (HW1, HW2 and HW7), in one there are rare olivine phenocrysts 

(HW3) while the others are completely aphyric (HW4, HW5 and HW6). The majority of the 

samples are light grey in colour to a slightly reddish tone but one of the samples is more reddish 

when compared to the others. They are massive to vesicular with rounded to elongated and 

subangular particles. The various samples were grouped into different facies: almost massive, 

vesicular and reddish particles. Figure 5.17 shows the hand sample of each aggregate. 

E180 
E181 
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Figure 5.17.  Macroscopic photos of the different aggregates and facies from Hawaiian aggregates. 

 

In the thin section, the samples of the Hawaiian aggregates are porphyritic to poorly 

porphyritic, with a fine-grained intergranular to intersertal groundmass. Variolitic texture (Figure 

5.18A) is also present in certain aggregate particles where some skeletal plagioclase laths with 

fans of dendritic clinopyroxene are visible. Some aggregate particles show a subophitic texture 

with plagioclase laths embedded in clinopyroxene minerals (HW1, HW2, HW5). 

The majority of the samples contain phenocrysts mainly of olivine (HW1, HW2, HW4, HW6 

and HW7), sometimes of plagioclase (HW2 and HW7) and more rarely of clinopyroxene (HW1 

and HW7) as well as microphenocrysts of olivine and plagioclase (HW1, HW2, HW4, HW5, 

HW6 and HW7) and sometimes of clinopyroxene or orthopyroxene (HW5 and HW6). The 

matrix is constituted, in general, by the same mineral assemblage, opaque minerals and in 

different aggregate particles volcanic glass is present (HW1, HW2, HW3, HW5, HW6 and 

HW7). In the particles exhibiting subophitic texture, plagioclase and clinopyroxene are the 

dominant minerals but glass can occur. In one of the samples the coexistence and transition 

of two different textures, porphyritic and subophitic, is observed (HW2).  

Euhedral to subhedral olivine crystals are common in the majority of the samples, with some 

exhibiting disequilibrium features (e.g., embayments and skeletal habit) (Figure 5.18B and 
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5.18C). In some samples (HW5 and HW6), the olivine crystals show a brownish-red iddingsite 

rim and in one sample (HW1) it presents peculiar features where spinel resembles roots 

growing inside the olivine crystals (Figure 5.18D). Clinopyroxene (e.g. augite) sometimes 

shows hourglass structure (HW2) and is occasionally twined (HW7). Orthopyroxene is also 

present but only in two samples (HW5 and HW6). Orthopyroxene occurs in prismatic crystals 

with no pleochroism and with parallel extinction (Figure 5.18E). Skeletal morphologies in the 

opaque minerals are also common in the analysed samples. Some of the samples show 

monomineralic glomeroporphyritic clusters of olivine (Figure 5.18F) or plagioclase as well as 

clusters of plagioclase, olivine and clinopyroxene minerals. The presence of carbonates 

(calcite) was only identified in the HW4 sample; it is scattered irregularly throughout the 

different aggregate particles that constitute the sample. Brownish volcanic glass (Figure 5.19A, 

B, C, D, E and F) is observed as interstitial glass (HW1, HW2, HW3, HW5, HW6 and HW7) 

(Figure 5.19A, B and F) or dispersed as irregular patches of vesicular glass containing minute 

particles of iron ore and needles of apatite and spinel enclosed in the glass (HW3, HW5 and 

HW6), (Fig. 5.19C, D and F). Volcanic glass composition was confirmed by EPMA. The same 

techniques were also used for identifying some minerals that constitute the rock samples.  

The EDS spectra and also the use of EPMA analysis in some of the Hawaiian samples were 

performed especially in volcanic glass, clay minerals and some different features of the 

samples. 

In the HW1 sample, the EPMA confirmed the composition of volcanic glass (Table 5.7) in 

one of the aggregate particles (Figure 5.20).  

In sample HW3, volcanic glass present was identified by EPMA (Figure 5.21 and Table 5.8). 

In sample HW5, EPMA was also used to identify the composition of an isotropic yellowish-

brown material (Table 5.9) that was scattered in the groundmass of the aggregate particle 

(Figure 5.22).  

For the HW6 sample, the presence of vesicular volcanic glass was confirmed by EPMA 

(Figure 5.23 and Table 5.10).  

Regarding the HW7 sample, the presence of volcanic glass in different aggregate particles 

was analysed and confirmed by EPMA (Figure 5.24 and 5.25; Tables 5.11 and 5.12).  
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Figure 5.18. Photomicrographs of Hawaiian samples: B, C, D and F in XPL, A and E in PPL. A) 

Variolitic texture (HW5); B) Embayed olivine (HW1); C) Skeletal olivine rimmed by iddingsite (HW5); 

D) Olivine with peculiar textures (HW1); E) Orthopyroxene crystals (HW6); F) Glomeroporphyritic 

clusters of olivine (HW2). 

 

The results in Table 5.8 are very low and must be considered only indicative of the element 

composition.The presence of reactive forms of silica was confirmed in all samples by polarizing 

microscopy and EPMA. 
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Figure 5.19. Photomicrographs of brownish volcanic glass in the Hawaiian samples. The red arrows 

point to the interstitial brownish volcanic glass and the red circles to the vesicular glass. All photos are 

in PPL. A) Interstitial volcanic glass in HW1 sample; B) Interstitial volcanic glass in HW3 C) Vesicular 

glass containing minute crystals of iron ore and needles of apatite in HW3; D) Vesicular glass 

containing minute particles of iron ore and needles of apatite in HW5; E) Vesicular glass containing 

minute particles of iron ore and needles of apatite in HW6; F) Interstitial volcanic glass in HW7. 
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Figure 5.20. Sample HW1. Brownish volcanic glass and respective examination points. 
 
 
 
 

Table 5.7. Sample HW1.EPMA-WDS results of the analyses of volcanic glass. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Oxides (%) 1 2 
SiO2  80.49 79.12 
TiO2 0.71 0.66 
Al2O3 11.71 12.55 
FeO 0.64 0.62 
MnO b.d.l b.d.l 
MgO b.d.l b.d.l 
CaO 2.73 2.98 
Na2O 2.89 3.77 
K2O 0.20 0.23 
Total 99.37 99.92 

b.d.l = below detection limit 

1 

2 
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Table 5.8. Sample HW3. EPMA-WDS results concerning the composition of volcanic glass (1-4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxide (%) 1 2 3 4 
SiO2 61.67 63.76 64.10 63.70 
TiO2 0.77 0.72 0.65 0.66 
Al2O3 11.73 11.37 12.00 11.84 
Fe2O3 0.71 1.04 0.68 0.74 
MnO b.d.l b.d.l b.d.l b.d.l 
MgO 0.06 0.10 b.d.l b.d.l 
CaO 1.04 3.43 2.75 2.75 
Na2O 1.21 3.42 4.25 4.11 
K2O 6.15 0.18 0.31 0.30 
Total 83.84 84.25 84.86 84.23 

b.d.l = below detection limit 

3 

1 

2 

4 

Figure 5.21. Sample HW3. Microphotograph (A) and BSE image (B) and respective points of 

analysis. 
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Figure 5.22. Sample HW5. Interstitial brownish volcanic glass and respective examination points for 

the composition of the volcanic glass. 
 

 

 
Table 5.9. Sample HW5. EPMA-WDS results concerning the composition of volcanic glass (1 and 2, 

Figure 5.22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxides (%) 1 2 
SiO2  76.93 79.73 
TiO2 0.61 0.49 
Al2O3 13.87 12.32 
FeO 0.77 0.60 
MnO b.d.l. b.d.l. 
MgO b.d.l. b.d.l. 
CaO 3.11 2.30 
Na2O 4.15 3.89 
K2O 0.21 0.25 
Total 99.59 99.57 

b.d.l = below detection limit  

1 2
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Figure 5.23. Sample HW6. Microphotograph (A), BSE image (B) and points of analysis of interstitial 

volcanic glass. 

 

Table 5.10. Sample HW6. EPMA-WDS results of the analysis of interstitial volcanic glass (1 and 2, 

Figure 5.23). 

 . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Oxides (%) 1 2 
SiO2  77.37 77.95 
TiO2 0.83 1.04 
Al2O3 12.10 11.45 
FeO 1.73 1.45 
MnO b.d.l. b.d.l. 
MgO 0.24 0.23 
CaO 1.80 2.27 
Na2O 4.44 4.03 
K2O 0.81 0.42 
Total 99.31 98.84 

b.d.l = below detection limit  

1

2
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. Figure 5.24. Sample HW7. Microphotograph (A), BSE images (B1 and B2) and respective points of 

analysis. Image B2 corresponds to an amplification of the area in the red circle 
 

Table 5.11. Sample HW7. EPMA-WDS results concerning volcanic glass (1-5). 
 
 
 
 
 
 
 
 
 
 
 

Oxides (%) 1 2 3 4 5 
SiO2  76.07 79.98 71.84 76.58 69.84 
TiO2 0.65 0.98 0.83 0.79 0.17 
Al2O3 9.71 10.14 10.35 11.08 18.12 
FeO 3.69 1.26 0.97 0.67 0.92 
MnO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
MgO b.d.l. 0.11 b.d.l. b.d.l. 0.08 
CaO 2.04 1.27 5.27 0.38 5.18 
Na2O 1.87 3.26 3.45 0.79 3.76 
K2O 0.44 0.89 1.57 4.87 0.46 
Total 94.73 98.10 94.58 95.38 99.07 

b.d.l = below detection limit  

3 

1 

2 

1 

2 

4 

5
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Figure 5.25. Sample HW7. Microphotograph (A), BSE image (B) and respective points of analysis.  
 
 
 
 
 

Table 5.12. Sample HW7. EPMA-WDS results concerning volcanic glass (1-6). 
 

 
 
 

 
 

Oxides (%) 1 2 3 4 5 6 
SiO2 69.26 67.12 79.7 69.14 69.48 61.81 
TiO2 2.52 1.89 3.13 1.67 1.92 1.19 
Al2O3 11.34 11.48 9.94 12.44 10.94 10.66 
FeO 5.94 2.89 5.26 5.09 3.73 6.65 
MnO 0.10 0.06 0.09 0.10 b.d.l. 0.13 
MgO 0.37 0.14 0.33 0.32 0.38 0.44 
CaO 3.30 2.92 3.62 6.59 2.22 6.97 
Na2O 2.12 1.92 2.30 2.37 1.15 1.74 
K2O 1.73 3.09 2.25 1.75 2.88 2.82 
Total 96.88 91.76 95.88 96.66 93.01 92.51 

b.d.l = below detection limit  

3
1

2
4

5 6
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Iceland  
From the macroscopy point of view, three of the aggregate samples correspond to gravel 

showing rounded particles of low sphericity (ICL1, ICL2 and ICL4) (Figure 5.26). They contain 

different rock types (mainly of basaltic composition) and exhibit different colours, from dark 

grey (some are glossy – ICL4), almost black, and also greenish, reddish and lighter coloured 

grains. Some of the particles show white/green small crystals, others contain vesicles with 

secondary minerals and others are highly vesicular. In two of the aggregate samples (ICL2 

and ICL4), a group of particles shows sub-angular to sub-rounded shapes. They are massive 

to vesicular. 

The other aggregate sample is a crushed rock (ICL3). The crushed rock forms mainly 

subangular particles, and some are elongated. All aggregate samples were separated into 

fractions (F) based on texture and colour. Most of the aggregates are grouped into four 

fractions containing different lithologies. 

 
Figure 5.26.  Icelandic aggregates are divided into fractions based on the texture and the colour of the 

particles. 
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The petrographic analysis of the aggregates from Iceland shows that there are variable 

lithologies. Those that were collected as gravel (ICL1, ICL2 and ICL4) are constituted by a mix 

of rock fragments from different origins, mainly of basic composition, and also contain shells.  

The different fragments of rocks in the gravel correspond to basalt, metabasalt, some rhyolite, 

dacite and a plutonic rock similar to gabbro. There are also several aggregate particles in the 

gravel samples that are heavily altered which makes the classification of the original rock a 

challenge.  

In the samples there are basalts with different degrees of alteration (ICL1, ICL2, ICL4), 

where some of them are classified as metabasalt (ICL1, ICL2); there is also dacite (ICL1), 

rhyolite (ICL1, ICL2) and rock similar to gabbro (ICL4). The ICL3 sample is different from the 

others because it is crushed basalt from a quarry. 

Basalt, metabasalt, dacite and rhyolite are some of the aggregate particles that compose 

the gravel sample ICL1. The basaltic aggregate particles show different degrees of alteration 

and features. Variolitic texture (Figure 5.27A) was observed, displaying skeletal plagioclase 

laths with fans of dendritic clinopyroxene and small phenocrysts of olivine. Other particles show 

phenocrysts and microphenocrysts of plagioclase and clinopyroxene (e.g. augite) set in a fine-

grained groundmass of the same mineral phases and iddingsite and opaque minerals 

(titanomagnetite), sometimes in skeletal textures. The phenocrysts of olivine have been 

completely altered into iddingsite retaining the original habit of the crystal. Sometimes olivine 

forms glomeroporphyritic clusters either with plagioclase or with plagioclase and 

clinopyroxene. The plagioclase occurs in euhedral to subhedral crystals, forming frequently 

glomeroporphyritic clusters with clinopyroxene or with clinopyroxene and iddingsite, replacing 

olivine, and occasionally appearing zoned. The clinopyroxene also shows euhedral to 

subhedral crystals mostly with undulose extinction. Clay minerals are scattered irregularly in 

the basaltic fragment. Other basaltic aggregate particles present the same mineral 

assemblage and the same features but are more intensely altered. The clinopyroxene crystals 

also show an undulose extinction and those of plagioclase occur in skeletal laths with sections 

altered to calcite. Calcite and clay minerals appear irregularly in the fine-grained groundmass 

given imprinting a brownish colour. In some particles phenocrysts and microphenocrysts of 

plagioclase form glomeroporphyritic clusters. There are also microphenocrysts of olivine but 

this mineral has been completely replaced by iddingsite. The groundmass is formed by 

plagioclase and clinopyroxene. Opaque minerals appear as accessory minerals, sometimes in 

skeletal forms. The volcanic glass seems altered into a devitrified volcanic glass and is 

scattered in different areas of the rock (Figure 5.27B).  
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The fragments of metabasalts show peculiar features where amygdules are filled with 

zeolites in the centre and chlorite-smectite minerals surrounding them, both rimmed by a thin 

layer of celadonite (green colour) and sometimes accompanied with silica forms (Figure 

5.27C). Other pores seem to contain only smectite. The groundmass of these metabasalts is 

altered to fine-grained brown minerals that are difficult to identify in thin sections and are 

referred to simply as clay minerals and/or palagonite. Plagioclase, zeolite and chlorite are 

visible in the groundmass, the last two seem to fill the interstices of the rock. 

Rhyolite particles show darker and lighter areas. The lighter areas are composed of grains 

of quartz, tridymite (Figure 5.27D), K-feldspar, some yellowish green chlorites, minor 

plagioclase, traces of pyroxene and opaque minerals. The darker areas correspond to 

devitrified glass with cryptocrystalline and spherulitic texture (Figure 5.27E). Chlorite crystals 

fill some of the pores of the rock. 

Dacite shows a porphyritic texture containing phenocrysts of plagioclase, quartz and relict 

crystals of clinopyroxene. Brownish orange clay minerals are scattered all over the rock which 

seems to result from the alteration of clinopyroxene, still visible in some sections of the rock. 

Silica is present as tridymite with wedged shape crystals and euhedral quartz (EPMA-WDS 

and EDS spectra) in the centre of the spherules or the groundmass. The spherules are 

composed of feldspar and silica minerals confirmed by EPMA-WDS and EDS spectra. 

Plagioclase (e.g. andesine) presents euhedral to subhedral crystals, some appear zoned and 

sometimes form glomeroporphyritic clusters either monomineralic or together with relict 

crystals of clinopyroxene. The plagioclase phenocrysts show cracks that are filled by clay 

minerals. The opaque minerals are associated with phenocrysts, especially plagioclase. Minor 

quantities of amphibole are also visible in this rock. The rock also displays brownish areas of 

devitrified glass confirmed by EPMA with cryptocrystalline texture in the groundmass. 

Spherulitic textures are also visible in the brownish area. There are also dacite particles with 

the same mineral assemblage but do not show spherules. The grains of quartz form clusters 

that are dispersed in several areas of the rock and the plagioclase appears as phenocrysts or 

microphenocrysts in the cryptocrystalline groundmass. Chlorite surrounds the vesicles.   

Other aggregate particles show agglomerations of grains of quartz, altered plagioclase and 

chlorite. This last one is rimming or filling the vesicles and also is present in the groundmass. 

The groundmass has a brownish colour probably due to the presence of clay minerals and 

some parts display microcrystalline quartz. 

An aggregate particle resembles the chilled margin from pillow lava, where the margin 

quenched to yellow volcanic glass and in the more slowly cooled interior brown spherical 

bodies grew that increased in abundance, coalescing into a solid mass (Figure 5.27F). Some 
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vesicles are also visible. Different aggregate particles were subjected to further analysis by 

EPMA to identify some of the components. 

 

Figure 5.27. Photomicrographs of ICL1 sample: C, D and E in XPL; A, B and F in PPL. A) Variolitic 

texture; B) Basalt containing altered volcanic glass; C) Pore space with zeolite and chlorite/smectite in 

a metabasalt; D) Tridymite in rhyolite aggregate particle; E) Dacite with spherulitic texture involving an 

euhedral crystal of quartz; F) Volcanic glass with brown spherical bodies and pores. 
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E46

E44 

E44 

Figure 5.28 shows a volcanic glass in basalt, more devitrified according to the texture 

observed in the BSE image and with two EDS spectra. Also in ICL1-F1, chlorite-smectite 

minerals (C/S) and zeolite were identified in a vesicle of a metabasalt, by using EPMA (Figure 

5.29 and Table 5.13).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.28. Basalt in ICL1-F1 (basalt). Photomicrograph (A), BSE image (B) and respective EDS 

spectra of volcanic glass (E44 and E46). 

E46 
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Figure 5.29. Metabasalt in ICL1-F1. Photomicrograph (A) and BSE image (B) and respective points of 

analysis.  

 results of zeolite (1,2) (indicative) 

and chlorite (3,4)

 

 

Oxides (%) 1 2 3 4 
SiO2  49.21 49.54 28.53 28.50 
TiO2 b.d.l. b.d.l. b.d.l. b.d.l. 
Al2O3 26.65 26.95 14.20 14.08 
FeO b.d.l. b.d.l. 29.29 29.40 
MnO b.d.l. b.d.l. b.d.l. 0.15 
MgO b.d.l. b.d.l. 13.78 13.39 
CaO 10.93 10.93 0.88 1.05 
Na2O 1.84 1.57 0.11 0.10 
K2O b.d.l. b.d.l. b.d.l. b.d.l. 
Total 88.72 89.13 86.79 86.67 

b.d.l = below detection limit 

1 3 
2 4 
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Also in the dacite, BSE images (Figure 5.30A and 5.30C) and EPMA analyses led to the 

identification of plagioclase, quartz and alkali feldspar forming a spherulitic texture (Figures 

5.30C and Tables 5.14 and 5.15). EDS spectra was also obtained for quartz and plagioclase 

minerals (Figure 5.30C). 
 

 

 
 

 

 

 
 

 

 

 

 

 
 
 
 
 
 

Figure 5.30A. Dacite in ICL1-F2: Photomicrograph (A) and BSE image (B) and respective points of 

analysis. 

 

 

 

 

 

 

 

 

 

 

 

Oxides (%) 1 
 

2 3 

SiO2  63.81 97.92 68.23 
TiO2 - - 0.01 
Al2O3 22.15 0.50 17.20 
FeO 0.23 0.28 0.88 
MnO b.d.l. - b.d.l. 
MgO b.d.l. - 0.12 
CaO 3.64 - 0.37 
Na2O 8.82 - 6.09 
K2O 0.65 - 5.84 
Total 99.34 98.73 98.75 

b.d.l = below detection limit  

Table 5.14. Sample ICL1-F2. EPMA-WDS results of plagioclase (1), quartz (2) and 

volcanic glass (3) in dacite. 

E20 
E22 

1 
E23 

2 

3 
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Figure 5.30B. Dacite in ICL1-F2: EDS spectra of quartz (E20 and E22) and plagioclase (E23), in 

Figure 5.30A. 

 

 

 

E20 

E22 

E23 
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Figure 5.30C. Sample ICL1-F2 (Dacite). Microphotograph (A) and BSE image (B) (a detail of Figure 

5.30A) with the points of analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxides (%) 1 2 3 4 
SiO2  98.73 73.35 75.06 97.92 
TiO2 - 0.10 - - 
Al2O3 - 15.02 13.01 - 
FeO - 0.81 0.50 - 
MnO - - - - 
MgO - 0.05 - - 
CaO - 0.50 0.30 - 
Na2O - 6.26 4.96 - 
K2O - 3.96 3.61 - 
Total 98.78 100.10 97.50 98.99 

1 

2 

3 4

Table 5.15. Sample ICL1-F2. EPMA-WDS results of quartz (1 and 4) and alkali feldspar (2 and 3). 
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In ICL1-F3, a rhyolite aggregate particle was also analysed by EPMA where quartz and 

feldspar were confirmed in the groundmass (Figure 5.31 and Table 5.16). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.31.  Rhyolite in ICL1-F3: A) Image with the points of analysis 1 to 5 and B) Image with the 

points of analysis 6 to 8. 

 

 

 

 

 

 

 

 

 

 

 

In the fraction ICL1-F4, analyses were also performed in a metabasalt particle aiming at 

identifying zeolite filling a vesicle, and chlorite-smectite minerals filling a gap in one of the 

zeolite crystals (Figure 5.32 A and B). 

 

Oxides (%) 1 2 3 4 5 6 7 8 
SiO2  97.40 97.11 66.90 66.80 96.95 97.52 97.99 97.94 
TiO2 - - - - - - - - 
Al2O3 0.64 0.65 18.35 18.02 0.66 0.60 0.35 0.58 
FeO - - 0.31 0.33 - - - - 
MnO - - - - - - - - 
MgO - - - - - - - - 
CaO - - - 0.09 - - - - 
Na2O 0.12 0.19 5.85 5.89 0.15 - - - 
K2O - - 8.32 8.12 - - - - 
Total 98.43 98.22 99.79 99.30 98.16 98.41 98.54 98.69 

1 

Table 5.16. Sample ICL1-F3. EMPA-WDS results of quartz (1, 2, 5, 6, 7 and 8,) and alkali feldspar (3 and 

4). 

6

7

8

1 2 3

4

5



Volcanic aggregates and alkali-silica reactions in the world: a comparative study with Azores aiming to enhance concrete 
durability on volcanic oceanic islands 

_________________________________________________________________________________ 
 

_________________________________________________________________________________
210 

 

 

 

 

 

 

 

 
 

 
Figure 5.32A.  Metabasalt in ICL1-F4: Photomicrographs (A) and BSE image (B) indicating the points 

of analysis. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.32B.  Metabasalt in ICL1-F4: EDS spectra of zeolites (E57 and E58). 

E57 

E58 

E57 E58
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The gravel that constitutes the ICL2 sample has fragments of particles mainly of basalt, 

metabasalt and rhyolite. 

The basalt shows subophitic and porphyritic textures and presents different degrees of 

alteration. In the subophitic texture, plagioclase crystals enclose clinopyroxene crystals. In the 

majority of the basaltic particles, olivine has been replaced by iddingsite; devitrified volcanic 

glass is scattered across the rock (Figure 5.33A) and palagonite, an isotropic orange material, 

seems to be replacing olivine. In some sections, calcite occurs dispersed in the devitrified 

volcanic glass. In other cases, chlorite is the mineral that is dispersed in the rock (Figure 

5.33B). In one of the fragments, the plagioclase crystals show some degree of alteration and 

very few vesicles are partially filled with zeolites and chlorite. In others, there are large euhedral 

phenocrysts of olivine (Figure 5.33C), some reaching 2 mm in width. The smaller crystals form 

glomeroporphyritic clusters with plagioclase. Also, olivine shows embayments and skeletal 

textures. Plagioclase also forms monomineralic glomeroporphyritic clusters and is widely 

present in the groundmass. The groundmass displays peculiar features of brownish and lighter 

areas (Figure 5.33D); it seems that it cooled down very fast forming some kind of variolitic 

texture containing fans of dendritic clinopyroxene. EDS and EPMA analyses were performed 

to identify yellowish volcanic glass with some degree of alteration occurring in the matrix.  

The metabasalt shows fine-grained groundmass containing plagioclase, clinopyroxene and 

opaque minerals. A brownish clay mineral is scattered all over the rock of one of the metabasalt 

particles. Olivine crystals are altered to iddingsite. Zeolite, which occurs in agglomerates of 

crystals with a low birefringence, in the BSE image displays a lamellar habit, similar to clay. 

When vesicles are present and are filled, the centre contains zeolites, which are rimmed by 

chlorite and chlorite-smectite minerals and silica. The plagioclase crystals are cracked and 

seem to be suffering some alteration (Figure 5.33E) with zeolite and chlorite filling the cracks. 

The rhyolite (Figure 5.33F) particles have the same mineralogy and texture as the ones 

described in ICL1. 

Palagonite observed in the BSE image (Figure 5.34A) was identified in the basalt present 

in ICL2-F1, by EDS (Figure 5.34B) which under an optical microscope occurs as an isotropic 

material.  

A yellowish material was observed in the fraction ICL2-F2. It is not completely isotropic 

under crossed polarized and it is dispersed throughout the matrix of the rock with some degree 

of alteration. EPMA analyses were carried out to know the composition of this material that is 

adjacent to a crystal of plagioclase (Figure 5.35 and Table 5.17).  
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Figure 5.33. Photomicrographs of ICL2 sample: A, B, E and F in XPL; C and D in PPL. The red 

arrows point to the devitrified glass material in A) and chlorite in B). A) Basalt with subophitic texture 

and scattered devitrified glass; B) Basalt with subophitic texture and scattered chlorite; C) Large 

euhedral olivine phenocryst in basalt; D) Basalt with a peculiar texture containing fans of dendritic 

clinopyroxene; E) Metabasalt with cracked plagioclase and a vesicle filled with zeolite, in the nucleus, 

and chlorite at the rim; F) Rhyolite aggregate particle. 
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Figure 5.34A.  Sample ICL2-F1 (metabasalt). Photomicrographs (A) and BSE images (B) and 

respective points of analysis. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.34B. EDS spectra of volcanic glass (E47 and E48). 

E47 

E48 

E48 
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Figure 5.35.  Sample ICL2-F2 (Basalt). Photomicrographs (A) and BSE images (B) and respective 

points of analysis. 

 
 

 

 

 

 

 

 

 

 

 

 

The rock that forms the ICL3 sample is porphyritic with phenocrysts of plagioclase (up to 1 

mm) (Figure 5.36A), clinopyroxene (augite) and olivine. The groundmass contains the same 

mineral assemblage and opaque minerals. The aggregate particles frequently display 

subophitic (Figure 5.36B), variolitic (Figure 5.36C), and vesicular textures (Figure 5.36D). In 

the variolitic texture, the clinopyroxene shows dendritic forms between the plagioclase laths. 

The minerals are euhedral to subhedral and form glomeroporphyritic clusters either of 

plagioclase (Figure 5.36E) or together with olivine or augite. In the groundmass, the 

plagioclase crystals show skeletal laths and the phenocrysts are sometimes zoned. The olivine 

displays also skeletal textures (Figure 5.36F) and embayments. This rock contains very rare 

volcanic glass.   

 
Oxides (%) 1 2 3 

SiO2 46.35 51.16 45.75 
TiO2 0.37 0.05 2.34 
Al2O3 4.61 2.81 8.01 
FeO 15.50 14.11 16.71 
MnO 0.25 0.19 0.25 
MgO 18.52 18.33 8.70 
CaO 1.88 0.46 14.76 
Na2O 0.83 0.42 0.33 
K2O 0.69 0.62 0.15 
Total 89.92 88.33 97.13 

Table 5.17. Sample ICL2-F2 EMPA-WDS results of the yellowish material (1, 2 and 3). 

2 

1 

3



Chapter 5. Results 
_________________________________________________________________________________ 

 

_________________________________________________________________________________
215 

 

Figure 5.36. Photomicrographs of ICL3 sample: A, B, E and F in XPL; C and D in PPL. A) Plagioclase 

phenocryst; B) Basalt with subophitic texture; C) Basalt with variolitic texture; D) Vesicular texture; E) 

Glomeroporphyritic clusters of plagioclase; F) Skeletal crystal of olivine. 

 

 

 

The ICL4 sample contains basalts, a rock resembling a hydrothermal rock and a rock similar 

to gabbro. 
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The basalt is high to poorly porphyritic with phenocrysts and microphenocrysts mainly 

plagioclase and olivine and clinopyroxene. In some of the aggregate particles, the phenocrysts 

are set in a very fine-grained groundmass, and in one of the particles, the rock is banded lava 

with darker and lighter areas (Figure 5.37A) that owns this aspect probably to the oxygen 

fugacity. Other phenocrysts are set in a dark basaltic glass (tachylite) groundmass (Figure 

5.37B). The olivine crystals show embayments and skeletal textures and form 

glomeroporphyritic clusters with plagioclase. Other basaltic aggregate particles contain 

phenocrysts of plagioclase and clinopyroxene forming glomeroporphyritic clusters but they are 

set in a groundmass formed by feathery clinopyroxene and skeletal plagioclase (Figure 5.37C). 

There is a glassy basaltic particle mainly with plagioclase and clinopyroxene and minor 

olivine (Figure 5.37D). In various areas of the aggregate particle, the first two minerals are 

forming glomeroporphyritic clusters. The plagioclase displays skeletal textures. Occasionally, 

opaque minerals occur. A part of the glass is starting to alter into a more brownish colour. Also, 

in some areas, a yellowish-green material occurs and it was identified by EPMA as volcanic 

glass. 

The rock that resembles a hydrothermally originated rock is formed by altered plagioclase 

either as phenocryst or in the groundmass. Calcite is also present and it is distributed in some 

sections of the matrix. Pyrite appears in square crystals. Green needles of a mineral are 

scattered throughout the matrix, but the identification was not possible at this scale. Figure 

5.37E shows crystals of plagioclase and pyrite. 

The coarse-grained rock similar to gabbro is mainly formed by plagioclase and 

clinopyroxene, also containing chlorite and abundant opaque minerals. Overall, this rock has 

some degree of alteration, with all minerals suffering alteration (Figure 5.37F). 

Some features of the minerals and mineraloids were further analysed with the help of 

EPMA-WDS and EDS. The EDS analysis of the aggregate particle with hydrothermal alteration 

showed the occurrence of pyrite (Figure 5.38). Also in basalt, an orange brownish material, 

isotropic to slightly or complete anisotropic, shows some degrees of crystallization (AGSI, 

AGSII, Stroncik and Schmincke, 2007). The chemical composition indicates that it may be 

palagonite (Figure 5.39 and Table 5.18). In the glassy basalt particle, the presence of volcanic 

glass is confirmed by the images and analyses (Figures 5.40, 5.41 and Tables 5.19, 5.20). 

Also, in Figure 5.40 and the EPMA-WDS analysis given in Table 5.19, seem to point out to the 

presence of smectite minerals.  
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Figure 5.37. Photomicrographs of ICL4 sample: B in XPL; A, C, D, E and F in PPL. A) Banded lava; 

B) Tachylite groundmass in a Basalt particle; C) Feathery clinopyroxene in a basaltic particle; D) 

Glassy basalt; E) Prismatic plagioclase lath and pyrite crystal; F) Altered plagioclase in a coarse-

grained particle (similar to gabbro). 
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Figure 5.38.  Hydrothermal rock in ICL4-F3. Photomicrographs (A) and BSE images (B) show the 

locations of the points of analysis. EDS spectrum of pyrite (E73). 
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Figure 5.39.  Basalt in ICL4-F3. Photomicrographs (A) and BSE images (B) with respective points of 

analysis. 
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Oxides (%) 1 2 3 
SiO2 46.63 46.04 45.02 
TiO2 b.d.l. 2.68 b.d.l. 
Al2O3 2.73 2.05 1.36 
FeO 34.04 34.77 38.20 
MnO 0.07 0.07 b.d.l. 
MgO 4.16 4.53 3.38 
CaO 2.16 1.70 1.62 
Na2O 0.04 0.25 0.50 
K2O 0.18 0.44 0.64 
Total 90.85 92.72 90.84 

b.d.l = below detection limit  

Table 5.18. Sample ICL4-F3. EPMA-WDS results of volcanic glass (1- 3). 

1 2 

3 
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Figure 5.40.  Glassy basalt in ICL4-F4. Photomicrographs (A) and BSE images (B) with respective 

points of analysis (1-6). 

 

 

 

Oxides (%) 1 2 3 4 5 6 
SiO2 47.16 48.79 48.37 48.77 48.65 47.91 
TiO2 b.d.l. b.d.l. 1.60 1.54 1.60 1.60 
Al2O3 13.00 15.52 14.25 14.25 14.12 13.78 
FeO 13.83 13.37 11.62 11.52 11.54 12.04 
MnO 0.15 b.d.l. 0.18 0.23 0.14 0.19 
MgO 12.83 9.23 7.63 7.53 7.42 7.81 
CaO 1.86 1.78 11.65 11.75 11.76 11.63 
Na2O 0.13 0.50 2.11 2.21 2.16 2.17 
K2O 1.17 1.56 0.19 0.18 0.20 0.21 
Total 90.23 91.00 97.78 98.08 97.72 97.56 

b.d.l = below detection limit  

Table 5.19. Sample ICL4-F4. EMPA-WDS results of possibly smectite (1-2) 

and of volcanic glass (3-6). 

1 

2 

3 6 
4 

5 
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Figure 5.41.  Glassy basalt in ICL4-F4. Photomicrographs (A) and BSE images (B) showing the points 

of analysis (1-5). 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Oxides (%) 1 2 3 4 5 
SiO2 48.77 48.33 48.58 48.49 48.74 
TiO2 1.55 1.62 1.51 1.56 1.68 
Al2O3 13.67 14.05 14.15 14.15 14.09 
FeO 11.81 11.58 11.50 11.58 11.54 
MnO 0.18 0.17 0.17 0.18 0.17 
MgO 8.06 7.56 7.56 7.69 7.53 
CaO 11.38 11.57 11.68 11.69 11.48 
Na2O 2.06 2.07 2.17 2.05 2.07 
K2O 0.23 0.21 0.19 0.20 0.20 
Total 97.82 97.42 97.62 97.76 97.72 

Table 5.20. Sample ICL4-F4. EPMA-WDS results of volcanic glass (1-5). 

1 
2 

3 

4 

5 
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Japan 
From the macroscopic point of view, the andesite is aphanitic with a light grey colour, 

although some particles have a reddish tone on some surfaces. In general, the aggregate 

particles are punctuated mainly by plagioclase white crystals and several dark crystals are also 

present.  

The crushed rock forms subangular aggregate particles with some elongated shapes. 

Figure 5.42 shows the macroscopic aspect and detail of some of the andesitic aggregate 

particles. 

 

Figure 5.42.  Macroscopic photos of JAP aggregates: A) general view and B) detailed perspective. 

 

The andesite (JAP) is highly porphyritic (Figure 5.43A) with phenocrysts of plagioclase, 

orthopyroxene (hypersthene), clinopyroxene (augite), very few crystals of amphibole 

(hornblende) (Figure 5.43B) and opaque minerals. The groundmass is composed of 

plagioclase, tridymite, pyroxene, opaque minerals and apatite. 

Plagioclase phenocrysts are zoned and embayed and some show a thin sieve texture on 

the rim (Figure 5.43C). Plagioclase phenocrysts frequently form glomeroporphyric clots 

together with clinopyroxene and opaque minerals.  Hypersthene is the most common pyroxene 

in JAP samples with greenish to pale reddish pleochroism and well-visible cleavage. 

The groundmass contains several sections of a mineral with very low grey colours and 

moderate relief that by habit is compatible with tridymite (Figure 5.43D). 

EDS was performed to confirm the composition of some very small crystals, namely the 

presence of tridymite (Figure 5.44A and B). 
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Figure 5.43. Photomicrographs of JAP andesite: A, C and D in XPL, B in PPL. A) Porphyritic texture; 

B) Amphibole (hornblende); C) Zoned plagioclase crystal with sieve texture; D) Section of the 

groundmass with tridymite. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.44A.  Sample JAP (andesite). BSE image and respective points of analysis. 
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Figure 5.44B.  Sample JAP (Andesite). EDS spectra of alkaline feldspar (E42), plagioclase (E43) and 

a silica mineral which might be tridymite (E44). 

 

New Zealand 
Macroscopically, the aggregate samples from New Zealand are aphanitic with phenocrysts 

of olivine and some plagioclase. The samples are light grey in colour, but some display a bluer- 

greyish colour (NZ2). All samples contain aggregate particles with a reddish tone and particles 

E44 

E43 

E42 
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that are more massive than others. NZ3 sample showed that the majority of the particles are 

elongated presenting a more subangular form. The three samples were grouped into different 

fractions based on the texture and colour: quite massive, vesicular and reddish particles 

(Figure 5.45). 

 
Figure 5.45.  Macroscopic photos of the different aggregates and facies from New Zealand. 

 

Several aggregate particles were studied from the three rock samples (NZ1, NZ2 and NZ3). 

The basanite is porphyritic with phenocrysts of olivine and clinopyroxene, titanomagnetite and 

less frequent plagioclase. The matrix is formed by the same mineral assemblage and brownish 

volcanic glass (Figure 5.46A). In some aggregate particles, olivine appears significantly altered 

to iddingsite; others have embayments and skeletal textures. Besides iddingsite, other 

alteration products are present such as saponite which is filling some of the cracks in olivine 

(Figure 5.46B) and chlorite. The clinopyroxene shows a marked typical cleavage. In addition, 

some sections of the aggregate particles have vesicles filled with zeolites or/and carbonates 

(Figure 5.46C). In other particles, the groundmass is formed by a dark glass corresponding to 

tachylite. Chlorite and clay minerals are also visible in the interstices (Figure 5.46D) and 

vesicles of the rock (Figure 5.46E). In the matrix, a yellowish brown material is sometimes 



Volcanic aggregates and alkali-silica reactions in the world: a comparative study with Azores aiming to enhance concrete 
durability on volcanic oceanic islands 

_________________________________________________________________________________ 
 

_________________________________________________________________________________
226 

 

observed, isotropic to slightly or complete anisotropic, that shows some degrees of 

crystallization, as described by Stroncik and Schmincke, (2007) (Figure 5.46F).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 5.46. Photomicrographs of NZ1 sample: B, C and D in XPL, A, E and F in PPL. A) Porphyritic 

texture with brownish interstitial volcanic glass; B) Iddingsitized olivine with fractures filled with 

saponite; C) Vesicle filled with zeolite and carbonate; D) Vesicle filled with chlorite and clay minerals; 

E) Chlorite and smectite in the interstices of the rock; F) Volcanic glass (palagonite). 
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1 
E119 

2 
E117

3 
E121

Further investigation was done by EPMA to identify different minerals and the volcanic 

glass, as well as zeolite and calcite filling a vesicle (Figure 5.47A  and Table 5.21). Also EDS 

analysis was performed (Figure 5.47B) to identify zeolite and calcite. 

Brownish volcanic glass and  greenish chlorite-smectite minerals were also characterised 

by EPMA, as presented in Figure 5.48 and Table 5.22. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.47A.  Basanite NZ1. Microphotograph (A) and BSE image (B) and respective points of 

analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxides (%) 1 2 
(E117) 

3 
(E121) 4 

SiO2 52.54 50.73 52.05 49.09 
TiO2 b.d.l. b.d.l. b.d.l. b.d.l. 
Al2O3 22.83 24.38 27.08 22.88 
FeO b.d.l. b.d.l. b.d.l. 4.02 
MnO b.d.l. b.d.l. b.d.l. 0.91 
MgO b.d.l. b.d.l. b.d.l. 3.00 
CaO 2.72 2.06 2.49 3.24 
Na2O 11.45 11.90 3.66 1.79 
K2O 2.84 6.07 6.09 5.50 
Total 92.15 95.23 91.48 90.62 

b.d.l = below detection limit  

Table 5.21. Sample NZ1. EPMA-WDS analyses of zeolite (1-4) filling a vesicle. 

4 
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Figure 5.47B.  EDS spectra of zeolite (E117 and E121) and calcite (E119). 
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Figure 5.48.  Basanite in NZ1. Photomicrograph (A), BSE image (B) and respective points of analysis. 

 

 
 

 
 
 
 
  
 

 

 

Oxides (%) 1 2 3 4 5 7 8 
SiO2 34.97 35.83 39.31 52.50 52.56 51.76 50.79 
TiO2 b.d.l. 0.14 0.14 0.11 0.23 0.85 0.60 
Al2O3 12.95 13.21 11.72 28.76 28.88 27.16 27.63 
FeO 22.09 22.84 21.78 2.20 1.37 3.79 1.53 
MnO 0.30 0.29 0.29 b.d.l. b.d.l. 0.16 b.d.l. 
MgO 18.15 15.30 16.76 1.68 1.00 0.84 0.74 
CaO 0.58 0.73 0.81 0.40 0.36 0.34 1.34 
Na2O b.d.l. b.d.l. 0.16 7.13 8.46 9.46 10.55 
K2O 0.12 0.12 0.27 2.13 2.91 2.66 2.89 
Total 89.32 88.62 91.30 95.04 96.00 97.20 96.20 

b.d.l = below detection limit  

 

Table 5.22. Sample NZ1. EMPA-WDS results of chlorite–smectite minerals (C/S) (1-3) and volcanic glass (4-8). 
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The NZ2 sample is highly porphyritic (Figure 5.49A) with phenocrysts of plagioclase and 

olivine and less amount of clinopyroxene. The matrix is formed by plagioclase, clinopyroxene, 

olivine and opaque minerals. 

Plagioclase forms the most common phenocryst phase with composition ranging from 

labradorite to bytownite, with euhedral to subhedral crystals and some zonation patterns. In 

several sections, there are glomeroporphyritic clusters either in monomineralic aggregates 

(Figure 5.49B) or together with olivine and clinopyroxene (Figure 5.49C). Olivine crystals are 

typically euhedral with some embayments. Clinopyroxene is normally augite (Figure 5.49D), 

mainly euhedral-subhedral and usually twinned. 

The volcanic glass was not identified in this aggregate. 

 

Figure 5.49. Photomicrographs of NZ2 sample. All photos are in XPL. A) Porphyritic texture; B) 

Glomeroporphyritic clots of plagioclase; C) Glomeroporphyritic clots of plagioclase and olivine; D) 

Clinopyroxene. 
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 The NZ3 sample is also porphyritic but some of the particles seem to have a coarser 

groundmass (plagioclases with d ± 50 μm) when compared to other aggregate particles (Figure 

5.50A and B). Also, subophitic textures are present. The phenocrysts are composed mainly of 

olivine set in a fine-grained matrix of plagioclase and clinopyroxene (augite). Olivine represents 

the main phenocryst phase in euhedral to subhedral crystals with embayments and sometimes 

skeletal textures. Some olivine appears in agglomerates forming glomeroporphyritic clusters, 

sometimes together with plagioclase. The plagioclase crystals are more calcic in composition, 

with laths of labradorite either in the matrix or in pheno/microphenocrysts. Some crystals are 

zoned. The opaque minerals are scattered in the rock showing sometimes skeletal texture. 

The presence of volcanic glass was identified in some of the aggregate particles.  Part of this 

glass is tachylite with a dark colour in PPL and it is present in some of the aggregate particles 

with vesicles (Figure 5.50C). In other aggregate particles, yellow to brownish glass is 

sometimes present in the interstices of the plagioclase crystals (Figure 5.50D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.50. Photomicrographs of NZ3 sample: A and B in XPL; C and D in PPL. A) Porphyritic 

texture and subophitic textures in a coarser matrix; B) Porphyritic texture in a fine-grained matrix; C) 

Tachylite in a vesicular aggregate particular; D) Interstitial volcanic glass indicated by red arrows. 
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Further analyses were performed in volcanic glass by EPMA (Figures 5.51, 5.52 and 5.53, 

and Tables 5.23, 5.24 and 5.25). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.51.  Basalt of NZ3. Photomicrograph (A) and BSE image (B) and respective points of 

analysis (1-3). 

 

 

 

 

 

 

 

 

 

 

 

Oxides (%) 1 2 3 
SiO2  70.89 66.54 67.54 
TiO2 1.23 0.93 0.96 
Al2O3 14.50 13.70 13.53 
FeO 2.68 1.67 2.30 
MnO 0.10 b.d.l. b.d.l. 
MgO b.d.l. b.d.l. b.d.l. 
CaO 1.17 1.84 3.71 
Na2O 1.42 1.61 2.41 
K2O 2.67 5.49 3.40 
Total 95.99 92.40 94.96 

b.d.l = below detection limit  

Table 5.23. Sample NZ3. EMPA-WDS analyses of volcanic glass (1-3) in figure 5.51. 

3 
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Figure 5.52.  Basalt in NZ3. Photomicrograph (A) and BSE image (B) and points of analysis of 

volcanic glass (1-4). 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxides (%) 1  2  3  4  
SiO2  57.63 55.42 60.09 59.68 
TiO2 3.26 3.63 2.62 2.05 
Al2O3 12.29 11.10 11.49 16.64 
FeO 10.47 14.25 11.67 8.36 
MnO 0.19 0.27 0.18 b.d.l. 
MgO 1.21 1.48 1.56 0.71 
CaO 5.65 4.83 5.10 5.04 
Na2O 2.36 2.37 2.82 4.02 
K2O 1.87 3.30 0.67 0.69 
Total 95.27 96.99 96.64 97.68 

b.d.l = below detection limit  

3 
2 /1 

4 

Table 5.24. Sample NZ3. EPMA-WDS analyses of volcanic glass (1-4) of Figure 5.52. 
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Figure 5.53.  Basalt in NZ3. Photomicrograph (A) and BSE image (B) and respective points of 

analysis (1-4). 

 

 

 

 

 

 

 

 

 

 

 

 

Oxides (%) 1  2  3  4  
SiO2  54.33 53.04 55.52 53.37 
TiO2 2.07 2.36 1.90 1.85 
Al2O3 12.43 12.81 11.42 14.29 
FeO 14.07 12.67 11.89 13.23 
MnO 0.26 0.25 0.24 0.21 
MgO 3.01 2.39 5.53 5.03 
CaO 6.95 6.43 8.15 10.13 
Na2O 2.22 1.62 1.63 1.60 
K2O 1.26 1.48 1.43 0.83 
Total 96.90 93.39 97.95 100.0 

2 1 

3 
4 

Table 5.25. Sample NZ3. EMPA-WDS analyses of volcanic glass (1-4) of figure 5.53. 
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5.1.3. Mortar studies 

5.1.3.1. Expansion tests - Accelerated mortar-bar test at 80ºC (CSA A23.2-
25A/ASTM C 1260) 

Different accelerated mortar bar tests were performed as part of the present study. Thirty 

mixes were done at Université Laval, in Québec, Canada, and thirteen mixes in the National 

Laboratory for Civil Engineering (LNEC), in Lisbon, Portugal. The last ones (aggregates from 

the Azores) were conducted within the scope of the ReAVA (2012-2014) and IMPROVE (2010-

2014) research projects, except the aggregate from Corvo Island (CRV) which was prepared 

in the scope of the current study. The Spratt and the GBS sand were used as references for 

each test. The characteristics of the mortar composition are presented in Table 4.13 in Chapter 

4. The AMBT method is described by the CSA A23.2-25A (2019), ASTM C 1260 and RILEM 

AAR-2 (2016) but the limits are provided by the CSA Standard Practice A23.2-27A (2019), 

ASTM C 1778 (2020) and RILEM AAR-0 (2016). 

 

Azores Archipelago (Portugal) 
The results obtained after 14 days show (Figure 5.54) that most of the samples have 

expansion between 0.01% (SMA-SM2, GRA-SM1, SJO-SM1, FAI-SM1, FLO-SM1 and FLO-

SM2) and 0.02% (SMA-SM1, SMG-SM1, SMG-SM2, SMG-SM3, TER-SM2 and CRV); PIC-

SM1 did not show any expansion.  At 28 days of testing, the values did not change significantly. 

After 128 to 140 days of testing, the expansion of the thirteen aggregates maintained the same 

pattern (0.01-0.08%), except for TER-SM1 (trachyte) which continued to increase with time 

with a long and progressive trend towards levelling off.  

According to the different standards and recommendations, after 14 days of testing, the 

majority of these volcanic aggregates display expansion lower than the threshold of 0.10% 

(ASTM C 1778, 2020) and 0.15% (CSA 23.2-27A; RILEM AAR-0, 2016) which classifies the 

samples as non-reactive.  
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Figure 5.54. Expansion results of the accelerated mortar-bar test at 80ºC concerning the Azorean 

aggregates: thirteen aggregates according to ASTM C 1260 and CRV aggregate according to CSA 

A23.2-25A. 

 

The TER-SM1 aggregate displays an expansion of 0.13% at the end of 14 days. According 

to the Canadian standard, the TER-SM1 aggregate is considered non-reactive (< 0.15%), while 

the RILEM recommendation AAR-2 (2016) would classify it as potentially reactive. For the 

American standard, this aggregate can be considered either innocuous or deleterious in field 

performance (uncertain zone). An extension of the testing period to 28 days is recommended 

and supplementary information should be obtained (e.g. petrographic examination of the 

aggregate, examination of the mortar bar after testing). At the end of 28 days, the expansion 

is still increasing (0.17%) and continued until the end of the test at 128 days (0.25%). 

The expansions obtained with the reference Spratt and GBS aggregates were way beyond 

the threshold values at 14 days, with expansion values of 0.39% and 0.30%, respectively. 
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Canary Archipelago (Spain) 
At 14 days, the aggregates CANY1 and CANY2 present low expansion, of 0.01% and 

0.02%, respectively (Figure 5.55).  

Figure 5.55. Expansion results of the accelerated mortar-bar test at 80ºC (CSA A23.2-25A) 

concerning the Canary aggregates (CANY1 and CANY2). 
 

 

The testing continued until 28 days and the expansion values were kept constant at 0.01%. 

Expansion is below the limiting value (0.10 %) for both samples, classifying the aggregates as 

non-reactive according to the American and Canadian standards and the RILEM 

recommendations.  

 
Hawaiian Islands (USA) 

The results obtained after 14 days show (Figure 5.56) that the majority of the aggregates 

present high expansion, with values higher than the limits indicated in the standards: HW1- 

0.77%, HW3 - 0.82%, HW5 and HW6 - 0.45%, HW7- 0.66% and HW7 sand - 0.51%. The 

remaining aggregates display low expansion with values below the limit of 0.10%: HW2 - 
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0.07%, HW4 – 0.03% and HW4 sand – 0.02%. At the end of 28 days of testing, the expansion 

continued to increase for the aggregates that had high expansion at 14 days (HW1 – 1.13%, 

HW3 – 1.58%, HW5 and HW6 – 1.05%, HW7 – 1.25% and HW7 sand – 1.04) with no signs of 

stabilization. For the others, the expansion kept constant values (0.02%-0.07%).  

 
Figure 5.56. Expansion results of the accelerated mortar-bar test at 80ºC (CSA A23.2-25A) 

concerning the Hawaiian aggregates. 

 

According to the different standards and recommendations, after 14 days of testing, most 

of the volcanic aggregates are classified as potentially reactive, with expansion higher than 

0.20% (ASTM C 1778, 2020; RILEM AAR-0, 2016), and even extremely reactive with 

expansion higher than 0.44% (CSA 23.2-27A, 2019), which is the case for the aggregates 

HW1, HW3, HW5 and HW6, HW7 and HW7 sand. The rest are considered non-reactive 

according to the same standards and recommendations, with expansion values lower than 

0.10%.   

 

Iceland 
The results of the AMBT show that the majority of the Icelandic aggregates have high to 

moderate expansion and only one of the aggregates displays low expansion (Figure 5.57). At 
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14 days, the aggregates ICL1, ICL1 coarse and fine sand, ICL4 and ICL4 sand are the ones 

with the highest expansion: ICL1 – 0.44%; ICL1 coarse sand – 0.34%; ICL1 fine sand – 0.46%; 

ICL4 – 0.57% and ICL4 sand – 0.63%. The ICL3 and ICL3 sand aggregates show an 

expansion of 0.10% and 0.13%, respectively. ICL2 presents an expansion value of 0.05%. 

After 28 days of testing, the expansion of all aggregates continued to increase but with a 

tendency of stabilization: ICL1 – 0.58%; ICL1 coarse sand – 0.48%; ICL1 fine sand – 0.64%; 

ICL4 – 0.75%; ICL4 sand – 0.91%; ICL3 – 0.20%; ICL3 sand – 0.20% and ICL2 – 0.08%. 

According to the American standard (ASTM C 1260, 2014) and the RILEM 

recommendations (RILEM AAR-2, 2016), the aggregates ICL1, ICL1 coarse and fine sand, 

ICL4 and ICL4 sand are considered potentially reactive, with expansion higher than 0.20%. 

For the Canadian standards (CSA A23.2-25A, 2019; CSA 23.2-27A, 2019), the aggregates 

ICL1, ICL1 fine sand, ICL4 and ICL4 sand are considered extremely reactive while ICL1 coarse 

sand is considered highly reactive. 

Figure 5.57. Expansion results of the accelerated mortar-bar test at 80ºC (CSA A23.2-25A) 

concerning the Icelandic aggregates. 

 
For aggregates ICL3 and ICL3 sand, for which expansion ranges between 0.10 and 0.20%, 
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aggregate, examination of the mortar bar after testing). In the absence of additional local 

experience, RILEM AAR-2 (2016) considers these two aggregates (ICL3 and ICL3 sand) 

potentially reactive. On the other hand, the Canadian standard classifies both aggregates 

(ICL3 and ICL3 sand) as non-reactive (< 0.15%).  

The aggregate ICL2 is considered non-reactive for both standards and also for the RILEM 

recommendation, with expansion lower than 0.10% even at 28 days.  

The graphic shows that all aggregates seem to start gaining a stabilization tendency with 

time 

 
Japan 

The results of the AMBT for the Japanese aggregate indicate high expansion. At 14 days, 

the mortar bar with JAP shows an expansion value of 0.79% and continued to increase even 

at the end of 28 days of testing, reaching an expansion of 1.31%. The expansion is not 

showing a trend for stabilization with time. According to the standard ASTM C 1260 (2014) 

and recommendation RILEM AAR-2 (2016), this aggregate is considered potentially reactive, 

while it is considered extremely reactive according to the CSA A23.2-25A (2019). The results 

of the accelerated mortar-bar method for the Japan aggregate are shown in Figure 5.58. 

Figure 5.58. Expansion results of the accelerated mortar-bar method test at 80ºC (CSA A23.2-25A) 

concerning the Japan aggregate. 
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New Zealand 
The mortar bars made with aggregates NZ1 and NZ2 present low expansion while those 

incorporating NZ3 display high expansion. At 14 days, NZ1 and NZ2 show expansion values 

of 0.01% and 0.04%, respectively. And even at the end of 28 days of testing, both aggregates 

continue with low expansion with values reaching only 0.01% for NZ1 and 0.03% for NZ2. 

Regarding NZ3 aggregate, at 14 days the expansion reached 0.58% and 0.67% at the end of 

28 days of testing. The expansion of NZ3 tends to stabilize with time, as can be observed in 

Figure 5.59. 

According to all standards (ASTM C 1260, 2014; CSA A23.2-25A, 2019; CSA 23.2-27A, 

2019) and recommendations (RILEM AAR-2, 2016, RILEM AAR-0, 2016), NZ1 and NZ2 

aggregates are considered non-reactive. For the aggregate NZ3, the same standards and 

recommendations consider this aggregate potentially deleterious (expansion > 0.20% - ASTM 

C 1260, 2014; RILEM AAR-2, 2016, RILEM AAR-0, 2016) or extremely reactive (expansion > 

0.44% - CSA A23.2-25A, 2019; CSA 23.2-27A, 2019)  

The results of the accelerated mortar-bar method for the New Zealand aggregates are 

shown in Figure 5.59. 

 
Figure 5.59. Expansion results of the accelerated mortar-bar test at 80ºC (CSA A23.2-25A) 

concerning the New Zealand aggregates. 
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5.1.3.1. Post mortem mortar petrography 

Thin sections were made for all the mortar bars after completion of the expansion testing to 

perform petrographic analysis. This analysis was done with the aid of a petrographic 

microscope.  

 

Azores Archipelago (Portugal) 
The Azorean mortar bars were manufactured mainly with basaltic (s.l.) crushed rocks or 

trachytic, in the case of TER-SM1. In general, the basaltic aggregate particles have 

intergranular textures with plagioclase, olivine, clinopyroxene and opaque minerals. The 

trachytic aggregate particles are constituted by anorthoclasse, pyroxene, amphibole, 

plagioclase and biotite, as already presented in the 5.1 section. Some of the aggregate 

particles contain a small amount of honey-yellow or brown volcanic glass (Figure 5.60A). Also, 

some aggregate particles are more oxidized showing a darker colour. Grains of olivine, 

clinopyroxene and plagioclase of different sizes and amounts are visible in most mortars. The 

mortar with trachyte contains grains of anorthoclase and minor biotite. Some fragments of a 

glassy basalt are visible (Figure 5.60B) in diverse mortar samples (SMA-SM1, SMG-SM1, 

TER-SM1, TER-SM2, SJO-SM1, FLO-SM2) containing pyroxene and plagioclase and some 

are highly vesicular. In one of the mortar bars, the presence of shells in the cement matrix is 

noticed (Figure 5.60C).  

In most of the mortar bars, there is no visible damage. There are very few cracks in the 

cement paste, some of them are very thin and the majority are not filled. The cracks usually 

cross and/or rim the aggregate particles or are only associated with pores. In one of the mortar 

bars using the SMA-SM2 sample, besides the cracks in the cement matrix, some cracks occur 

exclusively inside the aggregate particles and they are filled with yellow isotropic volcanic glass 

(Figure 5.60D). 

The majority of the pores are empty and the rest are partly or totally filled with cement matrix, 

an artifact from the thin section preparation. There are pores filled with portlandite identified by 

the high birefringence. In the mortar bar containing the SMA-SM1 aggregate, the cement 

matrix is black and dense, suggesting that it is depleted of portlandite.  

The mortar bar prepared with the TER-SM1 aggregate contains a crack and some pores 

partly filled with isotropic gel (Figure 5.60E and F). This crack connects different trachytic 

particles by crossing the cement paste. The gel has a texture that looks like desiccated cracks 

and is present in several parts of the crack.  
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Figure 5.60. Photomicrographs of mortar bars incorporating aggregates from the Azores: C in XPL, A, 

B, D, E and F in PPL. A) Volcanic glass in an aggregate particle (FLO-SM1); B) Vitrophyric (glassy) 

basalt particle (SMG-SM1); C) Shell in the sand fraction (GRA-SM1); D) Crack inside an aggregate 

particle (SMA-SM2) containing volcanic glass; E) Crack with gel (TER-SM1); F) Pore partly filled with 

gel (TER-SM1). 
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Canary Islands (Spain) 
The two mortar bars from the Canary Islands contain basanite crushed rocks, as described 

in section 5.1. In general, the aggregate particles have intergranular textures with plagioclase, 

iddingsitized olivine, clinopyroxene, opaque minerals, sometimes brownish volcanic glass 

(Figure 5.61A), and occasionally calcite.  Also, in some aggregate particles, there is a darker 

groundmass, possibly with tachylite. Crystals in the sand fraction composed of clinopyroxene 

and plagioclase with different sizes are visible in both mortars and also olivine crystals are 

rimmed or almost completely altered to iddingsite in CANY2 aggregate. Some fragments of a 

glassy basalt (Figure 5.61B) are identified, especially in the mortar bar with CANY1 aggregate. 

These fragments contain plagioclase and opaque minerals. 

In general, there are no visible cracks in the cement matrix, except at the edge of the thin 

section. These cracks are empty and limited only to the aggregate particles (CANY1). The 

majority of the pores are empty and the rest are partly or totally filled with an isotropic brownish 

material (Figure 5.61C). There is no visible damage in both mortar bars.  

Figure 5.61. Photomicrographs of mortar bars incorporating aggregates from the Canary Islands. 

Photo D in XPL. Photos A, B and C in PPL. A) Volcanic glass in an aggregate particle (CANY2); B) 

Glassy basalt particle (CANY1); C) Pore filled with isotropic brownish material (CANY1). 
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Hawaiian Islands (USA) 
The Hawaiian mortar bars are manufactured with basaltic crushed rocks. In general, the 

basaltic aggregate particles have intergranular, intersertal and subophitic textures with 

plagioclase, olivine (some with iddingsite), clinopyroxene, opaque minerals and brownish 

volcanic glass either filling the interstices of the rock or filling vesicles or both. Grains of olivine, 

clinopyroxene and plagioclase of different sizes and proportions are scattered throughout the 

cement matrix. Orthopyroxene and biotite grains are also found but only in the mortars 

containing aggregates HW5/HW6 and HW4, respectively. Some aggregate particles present a 

variolitic texture, and several particles have plagioclase crystals set in a tachylite dark 

groundmass. Some mortars (HW4 and HW5/HW6) contain minor fragments of glassy basalt 

(Figure 5.62A) with plagioclase and sometimes olivine.  

In three of the mortars (HW2, HW4 and HW4 sand), the presence of cracks is rare, either 

in the cement paste or in the aggregate particles. However, the mortar containing HW4 sand 

has more cracks than the other two and they are scattered in the cement matrix. These cracks 

are usually thin, empty and not long. Most pores are empty but others are lined with an isotropic 

brownish gel.  

The rest of the mortars present several cracks distributed throughout the cement matrix and 

in the aggregate particles. Some of them are filled with an isotropic brownish gel. Some cracks 

are long and mainly surround several aggregates, showing debonding of the particles, and 

cross other particles (Figure 5.62B, C and D), also connecting with some pores. There are 

cases where the gel occurs inside the aggregate particles but also fills the cracks in the 

interfaces (Figure 5.62E). Gel also occurs in cracks crossing the aggregate particles and then 

extending into the cement matrix (Figure 5.62F). 

Regarding the pores, these can be: (1) empty; (2) lined with brownish gel; (3) filled with 

what seems to be cement matrix and lined with brownish gel; (4) partly filled with what seems 

to be cement matrix and brownish gel; (5) filled with gel. 

There is visible damage in most mortar bars. There is evidence for the presence of ASR gel 

in the majority of the mortar bars that seem to be starting in the basaltic aggregate particles. 
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Figure 5.62. Photomicrographs of mortar bars incorporating Hawaiian aggregates. All photos are in 

PPL. A) Crack with brownish gel crossing two aggregate particles and one pore (HW1); B) Crack with 

brownish gel crossing two aggregate particles and the cement paste (HW3); C) Crack with brownish 

gel crossing one particle and partially surrounding other two particles (HW5/6); D) Crack with brownish 

gel crossing one particle and surrounding other two particles (HW7); E) Gel inside an aggregate 

particle and lining it (HW5/6); F) Crack starting in an aggregate particle, filled with brownish gel, and 

extending into the cement paste (HW5/6). 
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Iceland 
The Icelandic mortar bars contain crushed basaltic aggregate or gravels with different 

lithologies, the latter representing the majority of the samples tested.  The aggregate particles 

in the mortars are mainly of basaltic composition with different degrees of alteration. In general, 

they have intergranular, intersertal and/or subophitic textures with plagioclase, olivine (some 

with iddingsite), clinopyroxene, opaque minerals and fresh or altered volcanic glass. The 

presence of chlorite is common in the altered basaltic aggregate particles, in some cases filling 

the amygdales together with zeolites. Also, some basaltic aggregate particles show 

plagioclase set in a tachylite dark groundmass. Glassy basaltic particles are also visible in 

most of the mortar samples. The other lithologies observed include rhyolite and dacite. The 

rhyolite particles are mainly aphyric containing silica minerals, feldspars and devitrified 

volcanic glass. Dacite contains mainly phenocrysts of plagioclase and quartz. Also, some 

aggregate particles contain microcrystalline quartz, which is the case for ICL1 gravel.  

In ICL1 coarse sand, several aggregate particles are partly outlined by brownish gel (Figure 

5.63A) and several cracks in the cement paste are filled with gel. Some aggregate particles 

are cracked and filled with gel. These aggregates include basaltic particles (Figure 5.63B) and 

microcrystalline quartz (Figure 5.63C). Volcanic glass occurs in a basaltic aggregate particle 

(Figure 5.63D and E). The air voids are filled or lined by brownish material (Figure 5.63F). 

ICL1fine sand mortar is similar to the ICL1 coarse sand mortar. There are several aggregate 

particles partly outlined by brownish gel, even more abundant than for the ICL1 coarse sand. 

The cracks in the cement matrix are partly or totally filled with gel; they connect several 

aggregate particles and either surround or cross them. Cracks are associated with: the 

existence of volcanic glass (Figure 5.64A), starting inside the aggregate and extending into the 

cement paste (Figure 5.64B); glassy basalt (Figure 5.64C); lighter colour aggregate particle 

(Figure 5.64D). The cracks can also be confined to the aggregate particles, as in the dark 

basalt in Figure 5.64E. Like in ICL1 coarse sand, the gel filling the cracks is sometimes dark 

and dull (Figure 5.64F). The air voids are filled by brownish material.  

In ICL1 aggregate, there are several particles filled with gel (Figure 5.65A, B, C, D) but there 

are less cracks in the cement matrix with gel when compared to the ICL1 coarse and fine sand 

material. In this aggregate, the voids are partly or totally filled by ASR gel.  

In ICL2 aggregate, there are very few cracks in the cement matrix and within the aggregate 

particles (Figure 5.65E). The presence of gel is restricted to some aggregate particles and 

some of the air voids (Figure 5.65F). 
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Mortar bars made with ICL3 aggregate and ICL3 sand have very few cracks (Figure 5.66A). 

The majority of the air voids are empty and some are partly filled with cement matrix from the 

thin section preparation.  

Figure 5.63. Photomicrographs of mortar bars made with ICL1 coarse sand. All photos are in PPL. A) 

Crack outlining an aggregate particle with brownish gel; B) Crack within the basaltic aggregate 

particle; C) Crack within a microcrystalline quartz particle; D) Volcanic glass in a basaltic aggregate 

particle; E) Detail of the volcanic glass inside a basaltic aggregate particle; F) Air void partly filled with 

brownish material. 
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Figure 5.64. Photomicrographs of mortar bar incorporating ICL1 fine sand. All photos are in PPL. . A) 

Crack with brownish gel associated with the volcanic glass within the basaltic aggregate particle and 

extending into the cement matrix; B) Crack with brownish gel both in a basaltic aggregate particle and 

in the cement matrix; C) Crack with brownish gel both in a glassy basalt particle and in the cement 

matrix; D) Crack with brownish gel crossing a rhyolite particle and the cement matrix; E) Gel within a 

basaltic aggregate particle; F) basaltic aggregate particle containing cracks with dull, dark brownish 

gel. 
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Figure 5.65. Photomicrographs of mortar bars made with ICL1 and ICL2 aggregates. All photos are in 

PPL. A) Crack with brownish gel within the basalt particle (ICL1); B) Crack with brownish gel within a 

rhyolitic aggregate particle (ICL1); C) Crack with brownish gel crossing a rhyolite particle and the 

cement matrix (ICL1); D) Crack with brownish gel in a dark basaltic particle and in the cement matrix 

(ICL1); E) Gel within a basaltic aggregate particle (ICL2); F) Void filled with brownish material (ICL2). 
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ICL4 aggregate mortar presents several cracks in the cement matrix and within the 

aggregate particles. The rhyolite particles seem to be causing the majority of the gel produced, 

although some basalt particles are also causing ASR (Figure 5.66B and C). In several 

examples, the cracks extend into the cement paste and gel also occurs in the interfacial zone 

between the aggregate particles and the cement paste. The cracks in the cement paste seem 

to form a network, a large part being filled or partly filled with gel. The air voids are mainly lined 

or filled by gel, in some cases, ettringite is also present (Figure 5.66D). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.66. Photomicrographs of mortar bars incorporating ICL3 sand and ICL4 aggregate. All 

photos are in PPL. A) Empty crack at the edge of the thin section caused by the thin section 

preparation (ICL3 sand); B) Brownish gel in a crack within a dark basaltic particle that extends into the 

cement paste (ICL4); C) Brownish gel in cracks inside a rhyolite particle that extends into the cement 

paste (ICL4); D) Void with ettringite and lined by gel (ICL4). 

 

The mortar made with ICL4 sand has several large cracks in the cement paste (Figure 

5.67A) and in many aggregate particles, although most of them are empty. The presence of 

gel was only observed outlining partly three aggregate particles (Figure 5.67B). Occasionally, 

some voids contain gel.   
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GBS sand is formed by the same type of aggregate particles and textures as the other 

gravels where basalt represents the main fraction. There are some cracks in the cement paste, 

the majority of them being thin. The presence of gel is noticed in some sections. One example 

is observed in a rhyolite particle where gel extends into the paste and outlines partially a 

basaltic aggregate (Figure 5.67C). Another example comes from a basaltic particle that 

continues into the cement paste outlining different particles (Figure 5.67D). 

There is visible damage in half of the mortar bars examined. There is evidence of the 

presence of ASR gel in the other half of the mortar bars; the reaction seems to be associated 

with the rhyolitic particles but also with the basaltic aggregate particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.67. Photomicrographs of mortar bar incorporating ICL4 sand and GBS sand. All photos are 

in PPL. A) Large cracks in the cement paste (ICL4 sand); B) Brownish gel lining an aggregate particle 

(ICL4 sand); C) Brownish gel within a basalt particle that extends into the cement paste (GBS sand); 

D) Brownish gel in a crack within a rhyolitic particle and that extends into the cement paste (GBS 

sand). 
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Japan 

The Japan (JAP) mortar bars contain andesitic crushed rock. In general, the andesite has 

an intergranular texture with plagioclase, clinopyroxene and orthopyroxene, some iddingsitized 

olivine, opaque minerals and silica minerals. In addition, crystals of plagioclase and pyroxene 

of different sizes are visible scattered in the cement matrix.  

The mortar shows several cracks, some are large and long and others are thin, but both run 

through the cement matrix and cross various particles. Some of the cracks contain an isotropic 

brownish material that connects and crosses several aggregate particles (Figure 5.68A). 

Sometimes the brownish material remains only in the cracks inside the aggregate particles 

despite the crack continuity through the cement matrix (Figure 5.68B). This happens in a quite 

number of aggregate particles. There are also a few cracks, some quite large, that cross the 

aggregate particles and the cement matrix but they are not filled with any gel (Figure 5.68C). 

A part of the pores is partly filled with the same brownish material as the cracks (Figure 

5.68D), while others seem to be partly filled with needle crystals of ettringite (Figure 5.68E).  

Isotropic beige gel and a mix of amorphous and crystalline gel are also observed (Figure 

5.68F). Most pores are connected by cracks with aggregate particles or with other pores.  

There is clear evidence that the andesite aggregate is responsible for the number of cracks 

and the presence of the isotropic beige and brownish material. It is evident that an ongoing 

ASR is happening due to the andesite aggregates. 

 

Figure 5.68. Photomicrographs of mortar bar incorporating JAP aggregate. All photos are in PPL. A) 

Crack crossing aggregate particles and the cement paste, filled with an isotropic brownish material; B) 

Brownish material restricted to a crack inside an aggregate particle. 
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Figure 5.68 (continued). Photomicrographs of mortar bar incorporating JAP aggregate. All photos are 

in PPL. C) Huge empty crack in an aggregate particle; D) Pore partly filled by brownish material and 

rimmed by colourless gel; E) Pore partly lined with gel and needle crystals of ettringite; F) Pore partly 

filled with gel and crystals of ettringite. 

 
 
New Zealand 

The New Zealand mortar bars contain basanite (NZ1) and basaltic (NZ2 and NZ3) crushed 

rocks. The basanite has intersertal textures with iddingsitized olivine, plagioclase, 

clinopyroxene, opaque minerals, lighter brown to dark brown volcanic glass (Figure 5.69A), 

altered volcanic glass, chlorite and zeolites. On the other hand, the basalt presents 

intergranular to intersertal textures with plagioclase, olivine (some with iddingsite), 

clinopyroxene, opaque minerals and some brown volcanic glass. Also, some aggregate 

particles appear more oxidized showing a darker colour and others show a variolitic texture 

(NZ1). Crystals mainly of olivine (NZ1, NZ2, NZ3), plagioclase (NZ1, NZ2) (Figure 5.69B) and 

clinopyroxene (NZ2, NZ3) appear scattered in the cement matrix with different sizes and in 

different proportions. Also, fragments of glassy basalt (Figure 5.69C) occur in the mortar with 
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NZ3 aggregate. These fragments are constituted essentially by plagioclase and sometimes by 

clinopyroxene and some are vesicular.  

There are only very few cracks in the cement matrix of mortars NZ1 and NZ2. There is 

limited cracking inside the aggregate particles and only a few of those cracks are filled with a 

yellow material (NZ1) (Figure 5.69D) that is not completely isotropic and resembles altered 

volcanic glass. The pores are empty.  

In the case of the mortar with NZ3 aggregate, there are several cracks scattered all over 

the cement paste. Some of the cracks are small and thin, others are larger and longer. Most 

of the cracks are not filled, but some cracks are filled with an isotropic brownish gel that rims 

and crosses aggregate particles (Figure 5.69E). In some cases, the isotropic brownish gel is 

only restricted to the cracks inside the aggregate particles, either if the crack continues to the 

cement matrix or not (Figure 5.69F). Most of the pores are empty and not connected by cracks 

with other pores and aggregate particles. The ones that are not empty are lined or partly or 

totally filled with gel and acicular crystals.  

 

Figure 5.69. Photomicrographs of mortar bars incorporating New Zealand aggregates: B in XPL; A, 

C, D, E and F in PPL. A) Volcanic glass in two aggregate particles with different shades of brown 

colour (NZ1); B) Plagioclase crystal particle in the finer fraction of the aggregates (NZ2); C) Glassy 

basaltic particle (NZ3); D) Aggregate particle cut by a crack filled with a yellow material (NZ1). 
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Figure 5.69 (continued). Photomicrographs of mortar bars incorporating New Zealand aggregates: All 

in PPL. E) Crack crossing an aggregate particle filled with isotropic brownish gel (NZ3); F) Yellowish 

gel restricted to a crack inside an aggregate particle (NZ3). 

 

5.1.4. Concrete studies 
5.1.4.1. Expansion tests - Concrete prism test at 38ºC (CSA A23.2-14A, 2015) 

Several concrete prism tests were performed for the present study. Thirty mixes were 

prepared at Université Laval, in Québec, Canada. For the Azorean aggregates, thirteen mixes 

were made at the National Laboratory for Civil Engineering (LNEC), in Lisbon, Portugal within 

the scope of the ReAVA (2012-2014) and IMPROVE research projects, except for the 

aggregate from Corvo Island (CRV) that was prepared at Université Laval within the present 

study.  The Spratt and the GBS sand were used as references for each graphic.  

The characteristics of the concrete are the same as presented in Table 4.13 in chapter 4. 

The CPT method is described by the CSA A23.2-14A (2015), ASTM C 1293 (2020) and RILEM 

AAR-3 (2016) but the limits are provided by the CSA Standard Practice A23.2-27A (2019), 

ASTM C 1778 (2020) and RILEM AAR-0 (2016). 

 

Azores Archipelago (Portugal) 
The results obtained after one year of testing show the following expansion values for the 

different aggregates: SMA-SM1 = 0.022%, SMA-SM2 = 0.016%, SMG-SM1 = 0.017%, SMG-

SM2 = 0.037%, SMG-SM3 = 0.016%, TER-SM1 = 0.021%, TER-SM2 = 0.025%, GRA-SM1 = 

0.027%, SJO-SM1 = 0.030%, FAI-SM1 = 0.019%, FLO-SM1 = 0.007% and FLO-SM2 = 

0.007%). All the aggregates display expansion lower than the limit indicated by the standards. 

However, SMG-SM2 aggregate expansion is very close to the limit value of 0.04% for one year 

of testing, the threshold between non-reactive and moderately reactive, as stated by the 

American and Canadian standards. The testing for all aggregates was extended until week 
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104; during this time, the expansion continues to increase with time. Several aggregates 

actually pass the limit of 0.04%, but not necessarily by a huge margin: SMA-SM1 (0.048%), 

SMA-SM2 (0.040%), SMG-SM2 (0.064%), TER-SM1 (0.043%), TER-SM2 (0.055%), GRA-

SM1 (0.053%), SJO-SM1 (0.055%), PIC-SM1 (0.056%) and FAI-SM1 (0.043%). 

According to the different standards and recommendations, after one year of testing, all 

aggregates display expansion lower than the limit values of 0.04% (ASTM C 1778, 2020; CSA 

23.2-27A, 2019) and 0.05% (RILEM AAR-0, 2016) which classifies the aggregates as non-

reactive.  

The results of the CPT for CRV aggregate present very low expansion with values reaching 

0.009% at the end of one year of testing. There is a small increase in expansion with a 

tendency for stabilization with time. According to the limits of expansion indicated in ASTM C 

1778, (2014) for the American standard in the CSA 23.2-27A (2019) for the Canadian standard 

CSA A23.2-14A (2015) and in the recommendations of RILEM AAR-0 (2016), this aggregate 

is considered non-reactive. The results of the concrete prism test for the Azorean aggregates 

are presented in Figure 5.70. 

 

 
Figure 5.70. Expansion results of the CPT method test at 38ºC concerning the Azorean aggregates 

(RILEM AAR-3; CSA A23.2-14A). 
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Canary Islands (Spain) 
The test prisms incorporating the two aggregates CANY1 and CANY2 show low expansion. 

At the end of one year of testing, the expansion values are 0.012% for CANY1 and 0.024% for 

CANY2. There is a low increase in the rate of expansion with a tendency for stabilization after 

week 39. 

The results obtained for these two aggregates classify them as non-reactive, in accordance 

with the expansion limits for the American and Canadian standards (< 0.04%) and for the 

RILEM recommendations (< 0.05%).  

The results of the CPT method for the aggregates from Canary are shown in Figure 5.71. 

 

Figure 5.71. Expansion results of the CPT method test at 38ºC (CSA A23.2-14A, 2015) concerning 

the Canary aggregates. 
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stabilization around week 39. Regarding the aggregate HW7 sand + HP (non-reactive high 

purity limestone coarse aggregate), the expansion took a leap between the 8th (0.003) and 13th 

(0.137) week of testing. The expansion continued to increase until the end of the testing 

reaching an expansion value of 0.319%. Though, there is still an increasing trend of the 

expansion from aggregate HW7 sand. 

The results obtained show that most aggregates are considered non-reactive in accordance 

with the expansion limits indicated in the American and Canadian standards (< 0.04%) and in 

the RILEM recommendations (< 0.05%). As for the HW7 sand aggregate, it is considered very 

highly reactive for both standards and reactive for the RILEM recommendation. 

The results for the CPT method for the Hawaiian aggregates are shown in Figure 5.72. 

 

 
 

Figure 5.72. Expansion results of the CPT method test at 38ºC (CSA A23.2-14A, 2015) concerning 

the Canary aggregates. 
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expansion are: ICL2 fine sand + HP = 0.203%, ICL2 coarse sand + HP = 0.248%, ICL4 = 

0.125% and ICL4 sand + HP = 0.341%; the ones with the lowest expansion are: ICL1 = 

0.025%, ICL2 = 0.011%, ICL3 sand + HP = 0.01%, ICL3 sand + HP = -0.009%. The expansion 

took a leap between the 4th/8th and 13th (0.137) week of testing for the prisms with high 

expansion, starting with negative expansion for some and finishing with high expansion values 

ranging from 0.125% to 0.341%. 

 

 
 
Figure 5.73. Expansion results of the CPT method test at 38ºC (CSA A23.2-14A, 2015) concerning 

the Icelandic aggregates. 
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values ranging between 0.12% and 0.24% and the other two are considered very highly 

reactive (ICL1 coarse sand + HP, ICL4 sand + HP) with expansion higher than 0.26%. Also, in 

accordance with the RILEM recommendations, these four aggregates are considered reactive.  

 
Japan 

The CPT for Japan aggregate presents high expansion reaching 0.236% at the end of one 

year of testing (Figure 5.74). There is some tendency for stabilization with time. Interestingly, 

after about eight weeks of testing, the expansion curve of the JAP aggregate is somewhat 

parallel to that of the Spratt control aggregate.  

Figure 5.74. Expansion results of the CPT method test at 38ºC (CSA A23.2-14A, 2015) concerning 

the Japanese aggregates. 
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New Zealand 
The concrete prisms made with the New Zealand aggregates show low expansion. At the 

end of one year of testing, the expansion values are: NZ1 – 0.006%, NZ2 – 0.018% and NZ3 

– 0.032%. The expansion started to increase after the 8th week but with a tendency of 

stabilization was observed in the last weeks. 

According to the limits of expansion indicated in ASTM C 1778, (2014) for the American 

standard and the Canadian standard CSA 23.2-27A (2019) and in the recommendations of 

RILEM AAR-0 (2016) these aggregates are considered non-reactive.  

The results of the CPT method for the New Zealand aggregates are shown in Figure 5.75. 

Figure 5.75. Expansion results of the CPT method test at 38ºC (CSA A23.2-14A, 2015) concerning 

the New Zealand aggregates. 
 
 
5.1.4.2. Gel Pat Test 

The Gel Pat test was performed on all concrete prisms except for the majority of the concretes 

from the Azores. The test was performed during 19 weeks and photos were taken at 2, 4, 9 

and 19 weeks. The quantity of gel produced in each concrete section and at different periods 

of time allows to classify the ASR intensity into different categories: 0 = no gel, 1 = traces, 2 = 

some, 3 = fair, 4 = large and 5 = very large.  

The results of GPT are presented in Table 5.26. 

-0.02

0.01

0.04

0.07

0.10

0.13

0.16

0.19

0.22

0.25

0.28

0 4 8 12 16 20 24 28 32 36 40 44 48 52

Ex
pa

ns
io

n 
(%

)

Time (weeks)

NZ1 NZ2 NZ3 RILEM limit CSA limit GBS Spratt



Chapter 5. Results  
_________________________________________________________________________________ 

_________________________________________________________________________________
263 

 

The results after 19 weeks of testing show that no gel is produced by CRV and NZ1 

aggregates. Some gel deposits were found on rare particles of the concrete sections with NZ2 

and NZ3 aggregates; however, a white film covering the whole surface developed in the case 

of the section with NZ3 aggregate. Some deposits and a white film were observed on the 

sections incorporating the aggregates CANY2, HW2, HW4, HW7 CA + FA, ICL1, ICL2 and 

ICL4. Several aggregate particles display gel deposits in the samples of HW1, HW5/6 and 

HW7.  In all the sand samples, the gel produced occurs only in the sand fraction (in some or 

several particles) and no white film is present. JAP and HW3 were the only two concrete 

sections exhibiting many aggregate particles with gel. 

 
Table 5.26. Results of the GPT after 19 weeks of testing 

 

 

Figures 5.76, 5.77, and 5.78 display different photos of the concrete sections incorporating 

the various aggregate samples investigated in GPT at week 19. Also, a closer view of some of 

the samples is presented.  

Samples GPT (19 w) Description 
CRV 0 No gel 

CANY1 2 
Gel on some particles; whitish film 

CANY2 3.5 
HW1 4 Gel on several particles; whitish film 
HW2 3.5 Gel on some particles; whitish film 
HW3 3.5 Gel on many particles; whitish film 
HW4 3.5 Gel on some particles; whitish film 

HW4 sand + HP 1 Gel on several particles of the sand fraction; no whitish film 
HW5/6 4 Gel on several particles; whitish film 
HW7 3.5 Gel on several particles;  whitish film 

HW7 CA + FA 3 Gel on some particles; whitish film 
HW7 sand + HP 2 Gel on several particles of the sand fraction; no whitish film 

ICL1 2.5 Gel on some particles; whitish film 
ICL1 Fine sand + HP 3 Gel on several particles of the sand fraction; no whitish film 

ICL1 Coarse sand + HP 3 Gel on several particles of the sand fraction; no whitish film 
ICL2 3 Gel on some particles; whitish film 

ICL3 + HP 3.5 Gel on some particles of GG; whitish film 
ICL3 sand + HP 3.5 Gel on some particles of GG; whitish film 

ICL4 2.5 Gel on some particles; whitish film 
ICL4 sand 2 Gel on several particles of the sand fraction; no whitish film 

JAP 5 Gel on many particles; whitish film 
NZ1 0 No gel 
NZ2 3 Gel on rare particles 
NZ3 3.5 Gel on rare particles, whitish film 

GG: coarse fraction 
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Figure 5.76. Photographs of the results of the GPT were used in different concrete sections at week 

19. A) concrete section with CRV aggregate; B) Detail of the concrete (CRV) showing deposits of gel 

on an aggregate particle; C) Concrete section with CANY2 aggregate; D) Detail of the concrete 

(CANY2); E) Concrete section with CANY1 aggregate; F) Detail of the concrete (CANY1) with one 

deposit of gel on an aggregate particle. 
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Figure 5.77. Photographs of the results of the GPT were used in different concrete sections at week 

19. A) Concrete section with HW7 sand aggregate; B) Detail of the concrete section (HW7 sand) 

showing deposits of gel on sand particles; C) Concrete section with ICL1 coarse sand aggregate; D) 

Detail of the concrete section (ICL1 coarse sand) showing deposits of gel on sand particles; E) 

Concrete section with ICL1 fine sand aggregate and F) Detail of the concrete section (ICL1 fine sand) 

showing deposits of gel on sand particle and white film of gel covering the section. 
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Figure 5.78. Photographs of the results of the GPT were used in different concrete sections at week 

19. A) Concrete section with JAP aggregate; B) Detail of the concrete section (JAP) showing 

numerous deposits of gel on coarse aggregate particles; C) Concrete section with NZ2 aggregate; D) 

Detail of the concrete section (NZ2) showing deposits of gel on some coarse aggregate particles; E) 

Concrete section with NZ3 aggregate; F) Detailed of the concrete section (NZ3) showing deposits of 

gel and white film of gel at the surface of the section. 
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5.1.4.3. Petrographic examination - Damage Rating Index (DRI) 

 
The DRI was performed for the majority of the concrete prisms. The results are shown in 

Tables 5.27 and 5.28. 
 
Table 5.27. Detailed results of the number of counts multiplied by the weighting factor of reaction 

features for each concrete prism sample at the end of one year of testing ((Villeneuve et al., 2012).  

 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The DRI method showed that the majority of the concrete prisms from the Azores do not 

have that many cracks in the cement matrix or in the aggregate particles and have minor 

reaction products in the air voids. Overall, the concrete prisms are in good condition. Based 

Samples CCA OCA CA+RP Deb RAP CCP CCP+RP DRI 
SMA-SM1 27 127 8 9 4 46 16 238 

SMA-SM2 13 85 0 54 0 59 0 210 

SMG-SM1 21 76 0 5 0 9 2 114 

SMG-SM2 25 44 2 2 0 11 2 86 

SMG-SM3 8 26 10 16 0 11 4 74 

TER-SM1 17 60 12 26 0 67 20 203 

TER-SM2 33 86 0 11 0 89 0 219 

GRA-SM1 9 169 4 2 0 47 6 235 

SJO-SM1 9 13 0 9 0 18 0 49 

PIC-SM1 22 56 0 2 0 13 2 94 

FAI-SM1 25 40 0 4 0 80 0 149 

FLO-SM1 27 26 1 185 0 797 1 1039 

FLO-SM2 11 110 0 11 0 105 4 240 

CANY2 34 173 1 0 2 7 9 225 

HW3 18 142 11 1 0 3 3 178 

HW4 20 38 1 0 0 0 0 59 

HW5/6 14 65 21 1 1 11 0 114 

HW7 12 77 13 1 0 9 0 112 

HW7CA+FA 43 129 1 0 0 21 0 194 

HW7 sand  93 418 467 3 3 99 2291 3373 
ICL1 11 164 36 13 13 89 63 388 

ICL1 F sand 165 350 130 31 22 151 569 1417 
ICL1 C sand 157 203 249 36 27 267 939 1877 

ICL4 28 269 32 30 5 210 47 620 

ICL4 sand 62 760 120 64 10 450 659 2125 
JAP 24 515 85 4 1 296 283 1208 

NZ2 15 4 0 0 0 3 0 21 

NZ3 10 36 6 1 0 9 6 67 

Spratt 67 761 215 17 9 28 172 1270 
GBS 151 166 34 9 6 69 30 449 
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on Table 5.27, the only concrete that shows a high number of cracks in the cement matrix and 

within the aggregates is the FLO-SM1 aggregate. However, no gel is found in the cracks. 

Figures 5.79A and B show the photomicrographs obtained from: A) the concrete with FAI-SM1 

aggregate where one crack is visible in an aggregate particle; and B) the concrete with FLO-

SM1 aggregate where open cracks in the cement paste and a partial debonding of the 

aggregate particle are visible. 

 
Table 5.28. Concrete condition and degree of deterioration based on the DRI results (Villeneuve, 

2011; Villeneuve et al., 2012; Fournier et al., 2015). 

 

 
 

Samples DRI Degree of deterioration 
SMA-SM1 238 Trace – Concrete in good condition 
SMA-SM2 210 Trace – Concrete in good condition 

SMG-SM1 114 Trace – Concrete in good condition 

SMG-SM2 86 Trace – Concrete in good condition 

SMG-SM3 74 Trace – Concrete in good condition 

TER-SM1 203 Trace – Concrete in good condition 

TER-SM2 219 Trace – Concrete in good condition 

GRA-SM1 235 Trace – Concrete in good condition 

SJO-SM1 49 Trace – Concrete in good condition 

PIC-SM1 94 Trace – Concrete in good condition 

FAI-SM1 149 Trace – Concrete in good condition 

FLO-SM1 1039 Severe to very severe - Concrete with severe signs of deterioration  

FLO-SM2 240 Trace – Concrete in good condition 

CANY2 225 Trace – Concrete in good condition 

HW3 178 Trace – Concrete in good condition 
HW4 59 Trace – Concrete in good condition 

HW5/6 114 Trace – Concrete in good condition 
HW7 112 Trace – Concrete in good condition 

HW7CA+FA 194 Trace – Concrete in good condition 
HW7 sand  3373 Very severe - Concrete with severe signs of deterioration  

ICL1 388 Fair to moderate – Concrete generally in good condition 

ICL1 F sand 1417 Severe to very severe - Concrete with severe signs of deterioration  

ICL1 C sand 1877 Severe to very severe - Concrete with severe signs of deterioration  

ICL4 620 Moderate to severe - Concrete with moderate signs of deterioration 

ICL4 sand 2125 Very severe - Concrete with severe signs of deterioration  

JAP 1208 Severe to very severe - Concrete with severe signs of deterioration  

NZ2 21 Trace – Concrete in good condition 

NZ3 67 Trace – Concrete in good condition 

Spratt 1270 Severe to very severe - Concrete with severe signs of deterioration  

GBS 449 Moderate to severe - Concrete with moderate signs of deterioration 
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The same is verified for the concrete prism with New Zealand aggregate. Cracks are rare 

in the cement matrix or within the aggregate particles (Figure 5.80A); rare gel is observed, only 

in a few air voids and rarely appears in some cracks, as is shown in Figure 5.80B. Table 5.29 

shows that NZ3 is the one with more cracks but still both concretes present good conditions. 

 

 

 

 

 
 
 
 
 
 
 
 

Figure 5.79. Photographs were obtained under a stereo binocular microscope of Azorean concrete 

prisms. A) Concrete with no cracks in the cement paste and only showing a closed crack in the 

aggregate particle in the centre of the image (FAI-SM1); B) Concrete with open cracks in the cement 

paste, closed crack in the aggregate particle and partially debonding of the aggregate particle in the 

upper part of the image (FLO-SM1). 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.80. Photographs of concrete prisms incorporating New Zealand aggregates. A) Concrete 

with no cracks in the cement paste and in the aggregate particles (NZ2); B) Concrete with open cracks 

in an aggregate particle and an air void filled with ASR gel (NZ3). 
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The Hawaiian concrete slabs show minor cracks, mainly closed cracks in the aggregate 

particles, and some (few) cracks in the cement paste. The only exception is HW7 sand + HP, 

which shows high a quantity of cracks with ASR gel crossing or lining the particles of the sand 

fraction and in the cement matrix. It is observed that the ASR gel is originated from the volcanic 

fine aggregate particles and not from the HP coarse aggregate. In the case of the HP 

aggregate, the gel sometimes surrounds the particles and in other cases, it even crosses them. 

Cracks occur connecting reactive aggregate particles. Figure 5.81 (A, B, C and D) shows some 

features of the HW7 sand. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.81. Photographs of concrete prism incorporating HW7 sand and HP (non-reactive) coarse 

aggregate. A) Concrete with several cracks in the cement matrix and crossing different basalt 
aggregate particles and HP particles, as pointed by the red arrows; B) Concrete with a reacted 
aggregate particle (red arrows); C) Several cracks in the basalt particles and also in the cement 

matrix, with gel (red arrows); D) Gel lining an HP particle and a basalt particle with gel, extending into 
the cement paste and crossing and lining other particles. 

 

The Icelandic concrete prims present a high quantity of cracks in the aggregate particles 

and in the cement matrix, more frequent in the concretes containing the Icelandic sand fraction. 

Also, these prisms contain much more reaction products either in the cracks within the 
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aggregate particles or in the cracks of the cement paste. Figure 5.82 (A, B, C and D) shows 

some features of the Icelandic polished sections with reactive sands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.82. Photographs of concrete prisms incorporating ICL1 coarse and fine sands. A) Concrete 

with a crack with gel crossing HP particle and lining other HP particle (ICL1 coarse sand); B) Basalt 

with an open crack partly filled with reaction product, that extends into the cement paste and an HP 

particle rimmed by gel (red arrows); C) Reactive particle with ASR gel extending into the cement 

matrix and pore partly filled with gel (ICL1 fine sand) (red arrows); D) Basalt particle with an open 

crack and gel partially filling cracks in the cement paste (ICL1 fine sand). 
 

The concrete with JAP aggregate displays several cracks in a large proportion of the 

aggregate particles, with some of them being filled with ASR gel. The cracks extend into the 

cement paste with some of them being filled with gel. Figure 5.83A and B show some of the 

features found in the concrete slab. 
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Figure 5.83. Photographs of concrete prisms incorporating the JAP aggregate. A) Open crack with 

some gel in an andesite aggregate particle extending into the cement paste; B) Several open cracks in 

the two andesitic aggregate particles and gel in the cement paste (red arrows). 
 

 
5.1.4.4. Post-mortem concrete petrography 

All the concrete aggregates are crushed rocks, except for three gravel aggregates from 

Iceland (ICL1, ICL2 and ICL4); in accordance with the CPT method used in this study, they 

were all tested with equal quantities of the following particle sizes:  20 to 14, 14 to 10 and 10 

to 5 mm. The (non-reactive) sand used at Université Laval is the same for all mixtures aiming 

at evaluating the potential alkali reactivity of coarse aggregates, including CRV aggregate 

(Azores), and consists of natural sand with feldspars (alkali feldspar and plagioclase), quartz, 

clinopyroxene (aegirine-augite), opaque minerals and biotite. However, there are some cases 

where HP is used as the coarse aggregate to evaluate the reactivity of volcanic sands, which 

are: HW4 sand, HW7 sand, ICL1coarse sand, ICL1fine sand and ICL4 sand. For the concrete 

prisms incorporating the Azorean aggregates, the fine aggregate used has the same 

composition as the coarse aggregates.  

For all concrete prisms, the cement paste is homogeneous.  

 
Azores Archipelago (Portugal) 

The aggregates in the Azorean concrete prisms are composed of basanites (SMA-SM1, 

SMA-SM2), basalts (SMG-SM3, TER-SM2, SJO-SM1, PIC-SM1), hawaiites (SMG-SM1, 

SMG-SM2, GRA-SM1, FAI-SM1), potassic trachybasalts (SMG-SM1, SMG-SM2), mugearite 

(FLO-SM1), benmoreite (FLO-SM2) and trachyte (TER-SM1). In general, the more basic 

aggregate particles have intergranular textures with olivine, clinopyroxene and plagioclase. 

Intersertal texture is only observed in the concrete with FLO-SM2 aggregate where an amount 
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of volcanic glass was observed, and some sections also contain a mix of chlorite and smectite. 

In some aggregate particles, the olivine crystals are rimmed by iddingsite. The groundmass is 

composed of plagioclase, clinopyroxene, opaque minerals and rare volcanic glass. Trachyte 

is composed of alkali feldspar, clinopyroxene, amphibole, opaque minerals and biotite.  

Some aggregate particles show a very dark tachylite groundmass or an orange to brown 

colour in the rock groundmass, probably an indication that the rock is more oxidized. Also, 

some glassy basalt particles are present in some of the concrete prisms.  

In general, there are few to some cracks in the cement matrix and most of the aggregate 

particles are not cracked. However, aggregate particles are debonded in different concrete 

samples (SMG-SM2). The air voids are usually empty. 

There are two exceptions related to the concrete prisms made with SMA-SM1 and SMA-

SM2 aggregates. They both display several cracks inside the aggregate particles, some of 

them being filled with an isotropic yellow material (Figure 5.84A); also, it seems that iddingsite 

is sometimes part of the material filling the cracks. In these two concrete samples, there are 

more cracks in the aggregate particles than in the cement matrix. Also, some debonding of the 

aggregate particles from the cement matrix is noticed. In the concrete samples, some isotropic 

beige gel is visible in SMA-SM1 (Figure 5.84B and C) and glass inside an aggregate particle 

in SMA-SM2 (Figure 5.84D). The air voids are usually empty. In concrete with SMA-SM2 

aggregate, the limit between the aggregate particles and the cement matrix is difficult to define 

due to the very dark colour of the rock. 

In all concrete samples, there is no evidence of an ongoing ASR; therefore, there is no 

visible damage. However, concrete incorporating SMA-SM1 and SMA-SM2 shows that the 

aggregate particles are cracked and they both contain gel; on the other hand, the cement 

matrix is not cracked and the gel is restricted to the aggregate particles.  

Figure 5.84. Photomicrographs of concrete prisms incorporating Azorean aggregates. All photos are 

in PPL. A) Crack inside an aggregate particle with a yellowish material (SMA-SM2); B) Gel inside an 

aggregate particle associated with volcanic glass (SMA-SM1). 
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Figure 5.84. (continued). Photomicrographs of concrete prisms incorporating Azorean aggregates. 

All photos are in PPL. C) Gel inside an aggregate particle (SMA-SM1); D) Glass inside an aggregate 

particle (SMA-SM2). 

 

 

Canary Islands (Spain) 
The concrete thin sections show that the aggregates correspond to basanite. In general, 

the aggregate particles contain phenocrysts of olivine (some with 0.6 mm width) and 

clinopyroxene and minor plagioclase set in an intersertal and intergranular groundmass. In 

some aggregate particles, the olivine crystals are rimmed or completely altered to iddingsite 

and sometimes show peculiar textures. The opaque minerals are present either in the 

phenocrystalline phase or in the matrix. The groundmass contains plagioclase, clinopyroxene, 

opaque minerals and brownish volcanic glass. The presence of zeolites was identified in one 

aggregate particle with a radial habit filling the vesicles of the rock (Figure 5.85A). Some 

aggregate particles contain a very dark tachylite groundmass. 

In general, there are some small cracks in the cement matrix that connect the aggregate 

particles with some grains of the sand fraction (Figure 5.85B) or to air voids. There are only 

very few cracks in the aggregate particles (Figure 5.85C) and in both locations the cracks are 

empty. The majority of the air voids are empty and the others are lined with an isotropic 

brownish material (Figure 5.85D). 

In this concrete there is no evidence of an ongoing ASR, therefore there is no visible damage.  
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Figure 5.85. Photomicrographs of concrete prisms incorporating Canary aggregate (CANY2). All 

photos are in PPL. A) Zeolites in a vesicle of an aggregate particle; B) Crack connecting different 

grains of the sand fraction; C) Crack inside an aggregate particle; D) Air void lined by brownish 

material. 

 

Hawaiian Islands (USA) 
The Hawaiian concrete thin sections show that the aggregates are composed of basaltic 

rocks, one of them being a mugearite (HW4). In general, the aggregate particles have 

intergranular and intersertal textures, some of them with phenocrysts of olivine (HW1, HW4, 

HW5/6, HW7) or/and plagioclase (HW7) or/and clinopyroxene (HW7). Subophitic and variolitic 

textures are also present in some of the aggregate particles (HW2). The groundmass contains 

plagioclase, clinopyroxene, opaque minerals and brownish volcanic glass either in the 

interstices or in vesicles. Some aggregate particles have a black tachylite groundmass.   

In general, there are some cracks in the cement matrix (Figure 5.86A) and also inside the 

aggregate particles (Figure 5.86B). However, in some concrete samples, the aggregates do 

not have cracks (HW2, HW7) and there are only very few cracks in the cement matrix (HW2). 

In both cases, the cracks are empty. The majority of the air voids are empty. The other air 
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voids are lined with an isotropic brownish material (Figure 5.86C) (HW1, HW2, HW3), or filled 

with the same material (HW7). 

In the concrete with HW7 coarse and fine aggregate, the sand fraction is composed of the 

same rock as the coarse aggregate. Some cracks are filled with a dark brownish material 

(Figure 5.86D), and in one case, the gel also surrounds the aggregate particle (Figure 5.86E). 

It is important to mention that none of the aggregate particles are cracked.  

In the concrete made with HW7 sand + HP, a few basaltic sand particles are cracked as 

well as the (non-reactive) limestone aggregate particles. The cement matrix has several cracks 

(Figure 5.86F). 

The majority of the Hawaiian concretes do not show evidence for an ongoing ASR. 

 

 

 
 
Figure 5.86. Photomicrographs of concrete prisms incorporating Hawaiian aggregates. All photos are 

in PPL. A) Crack in the cement matrix (HW1); B) Crack inside an aggregate particle (HW4); C) Two air 

voids lined by brownish material (HW3); D) Crack crossing the cement paste (HW7 CA+FA). 
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Figure 5.86. (continued).  Photomicrographs of concrete prisms incorporating Hawaiian aggregates. 

All photos are in PPL. E) Crack in the cement paste and surrounding the aggregate particle (HW7 

CA+FA); F) Crack in the cement paste (HW7 sand). 

 

Iceland 
The Icelandic concretes thin sections show that the majority of the aggregates are gravels 

that are composed mainly of basalt with different degrees of alteration, as well as rhyolites. 

Only one concrete has crushed basalt rocks (ICL3).  

The basalt aggregate particles from the gravels have intergranular and intersertal textures, 

with plagioclase, olivine, clinopyroxene, opaque minerals and fresh and altered volcanic glass; 

some contain amygdales of celadonite and a mix of smectite and chlorite. There are also basalt 

particles with dark tachylite groundmass and glassy basalt aggregate with crystals mainly of 

plagioclase. Subophitic and variolitic textures are also present in some of the aggregate 

particles. Rhyolite is almost aphyric with the presence of a minor quantity of phenocrysts of 

plagioclase and sanidine. Grains of quartz are visible and devitrified glass forms the darker 

areas of the rock.  

In the concrete with ICL1 aggregate, the cement matrix has some cracks while the presence 

of cracks in the aggregates is rare. One crack is observed in one sand particle; however, no 

gel was found. In the concrete with ICL1 coarse sand + HP, the cement matrix has several 

cracks, some partly filled with a dark brownish material. On the other hand, the majority of the 

aggregate particles are not cracked, except for some in the sand fraction. Some of these cracks 

are found in some glassy basalt particles (Figure 5.87A), in a particle that is altered into chlorite 

and smectite and also in a rhyolite particle Figure 5.87B), the last one with brownish material. 

It is noticed that some of the aggregate particles are outlined by brownish material (Figure 

5.87C); this includes either the limestone or the basalt particles but is more common in HP 

aggregate. The air voids are lined or partly filled with brownish material. In the concrete with 
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ICL1 fine sand + HP, the cement matrix has several cracks, some of them being very large but 

most are empty (Figure 5.87D). It is observed that besides the cracks in the particles of smaller 

size, some of the larger aggregate particles are cracked, especially the limestone particles 

(Figure 5.87E); this is something that did not happen with significant frequency to the concrete 

with ICL1 coarse sand + HP.  

In concrete with ICL2 aggregate, there are some cracks present in the cement matrix and 

very few in the aggregate particles, only observed in the glassy basalt particles (Figure 5.87F). 

In both locations, there is no gel present, only some air voids are lined with a brownish material. 

The same brownish material is rarely present in the cracks and in the air voids is rare. 

In concrete with ICL3 aggregate, there are some cracks present in the cement matrix that 

are connecting only the grains of the sand fraction; however, they seem to be closed cracks 

(Figure 5.87G).  

 

 
Figure 5.87. Photomicrographs of concrete prisms incorporating Icelandic aggregates. All photos are 

in PPL. A) Crack crossing glassy basalt particle (ICL1 coarse sand); B) Crack crossing a rhyolite 

particle and the cement paste (ICL1 coarse sand); C) Limestone aggregate particles outlined by 

brownish material and connecting by a crack with an air void (ICL1 coarse sand); D) Crack in the 

cement matrix outlining some aggregate particles (ICL1 fine sand). 
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There are no cracks in the aggregate particles. In ICL3 sand + HP, some cracks occur in 

the cement matrix and only a few cracks in the aggregate particles of the sand fraction and in 

one of the limestone particles are visible. The presence of brownish material in the cracks and 

in the air voids is rare. 

In concrete with ICL4 aggregate, there are few cracks present in the cement matrix. There 

is a rhyolite aggregate particle with some cracks and a small part of the particle is partly 

outlined with a brownish material (Figure 5.87H). Most pores are empty. In ICL4 sand + HP, 

there is a large crack causing a limestone aggregate particle to be completely debonded from 

the cement matrix (Figure 5.87I). There are some cracks in the cement matrix and only a few 

contain a brownish material. One example is observed in a rhyolite aggregate particle (Figure 

5.87J). Some of the limestone particles present cracks with a brownish material and also in 

some cases the gel is outlining the particles. Brownish material is often either lining or partly 

filling the air voids. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.87 (continued). Photomicrographs of concrete prisms incorporating Icelandic aggregates. All 

photos are in PPL. E) Cracks in the limestone aggregate particle (ICL1 fine sand); F) Wide crack 

crossing a glassy basalt particle (ICL2); G) Crack in the cement matrix (ICL3); H) Crack inside a 

rhyolite aggregate particle (ICL4). 
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Figure 5.87 (continued). Photomicrographs of concrete prisms incorporating Icelandic aggregates. All 

photos are in PPL. I) Limestone aggregate particle debonded from the cement matrix (ICL4 sand); J) 

Crack starting in rhyolite aggregate particle and outlining other aggregate particles (ICL4 sand). The 

red arrows point to the cracks. 
 
 
  

In the Icelandic concretes there is no clear evidence for an ongoing ASR, although in some 

cases it seems that something is happening in the rhyolite aggregate particles and in the darker 

basalt aggregate particles containing volcanic glass. 

 

Japan 
The concrete thin section confirms that the JAP aggregate is composed of andesite. The 

aggregate particles have an intergranular texture, with phenocrysts mainly of plagioclase, 

ortho- and clinopyroxene and opaque minerals. The groundmass contains plagioclase, 

clinopyroxene, silica minerals and opaque minerals.  

In general, there are cracks in the cement matrix (Figure 5.88A) and some within the 

aggregate particles but they are mainly located near the border of the aggregate particles 

(Figure 5.88B and C). Others are surrounding the aggregate particles, which is debonded from 

the cement paste (Figure 5.88D). In both cases, the cracks are partly filled with brownish 

material or are empty. Regarding the air voids, some are lined with an isotropic brownish 

material. 

The Japan concrete shows some evidence for an ongoing ASR. 
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Figure 5.88. Photomicrographs of concrete prism incorporating the JAP aggregate. All photos are in 

PPL. A) Crack in the cement matrix with brownish gel, also cutting an aggregate particle; B) Crack 

inside an aggregate particle and in the cement matrix; C) Crack inside an aggregate particle but with 

no continuity into the cement matrix; D) Crack partly filled with brownish material surrounding the 

aggregate particle. 

 

 

New Zealand 
The concrete thin sections show that NZ2 and NZ3 aggregates are composed of basanite 

crushed rocks. In general, the aggregate particles have intersertal, intergranular and subophitic 

textures. The olivine phenocrysts are rimmed by iddingsite. The groundmass contains 

plagioclase, clinopyroxene, olivine, opaque minerals and brownish volcanic glass. Some 

aggregate particles appear with a very dark groundmass, probably with tachylite glass.   

Both concrete thin sections with NZ2 and NZ3 aggregates show some cracks in the cement 

matrix, most of them being empty. There are only very few cracks partially filled by a brownish 

material (Figure 5.89A, B, C and D) and also some air voids are lined (Figure 5.89E and F) or 

filled by a brownish material.  
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Figure 5.89. Photomicrographs of concrete prisms incorporating New Zealand aggregate. All photos 

are in PPL. A) Thin crack in the cement matrix (NZ2); B) Crack with brownish material in the cement 

matrix (NZ2; C) Cracks in the cement matrix, one with brownish material, connecting aggregate 

particles (NZ3); D) Crack with rare brownish material in the cement matrix (NZ3); E) Air void partly 

filled with a brownish material; F) Air void partly filled with a brownish material. 
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On the other hand, the aggregate particles have no cracks. In these two concrete thin 

sections, there are a few cracks with a brownish material but there is weak evidence for an 

ongoing ASR. 

 

5.2. Sites/samples from Continental Regions 

5.2.1. Geological setting  
 

Brazil 

Brazil is located on the eastern coast of South America washed by the Atlantic Ocean and 

occupies a large area. It borders most of the countries present in the continent (French Guiana, 

Suriname, Guyana, and Venezuela in the north; Colombia in the northwest; Peru and Bolivia 

in the west; Paraguay and Argentina in the southwest and Uruguay in the south) except for 

Ecuador and Chile. All coastline in the east is bordered by the Atlantic Ocean.  

The basalt studied comes from Ilha Solteira in São Paulo state. This area is inserted in the 

Paraná-Etendeka Province (PEP) which was a single continental flood basalt province before 

South Atlantic rifting (Kirstein et al., 2000). The opening of the South Atlantic Ocean is marked 

by Mesozoic magmatism that spread throughout South America and SW Africa (Namibia and 

Angola) (Kirstein et al., 2000; Frank et al., 2009; Castanheira de Moraes et al., 2018). In South 

America, the Paraná Continental flood (Figure 5.90) is dispersed through southern Brazil (Rio 

Grande do Sul, Santa Catarina, Paraná, São Paulo, Mato Grosso do Sul, Minas Gerais and 

Goias states), Uruguay, eastern Paraguay and northern Argentina (Misiones and Corrientes 

states) (Peate, 1990; Mincato, 2000). The volcanic rocks from the Paraná Province were 

formed in the last phase of the Paraná basin and are represented by the Formação Serra Geral 

(Castanheira de Moraes et al., 2018). These volcanic rocks are composed mainly of tholeiitic 

basalts and andesitic basalts and also several acid rocks (Tolloti, 2018) that include dacites 

and rhyolites with low-Ti content) and dacites with higher-Ti content (Castanheira de Moraes 

et al., 2018).  

The Paraná basin itself is an intracratonic basin that was part of the Gondwana Continent 

(Castanheira de Moraes et al., 2018) and it was formed between the Ordovician and the 

Cretaceous (Frank et al., 2009; Tolloti, 2018).  It is marked mainly by marine transgressions-

regressions cycles and the magmatism of Serra Geral (Gondawna III) at the end of the Jurassic 

and the beginning of the Cretaceous (Tolloti, 2018). Overall, and according to Milani (1997), 

this volcanic-sedimentary sequence is composed of the following six super sequences: Rio  

 



Chapter 5. Results 
_________________________________________________________________________________ 

 

_________________________________________________________________________________
284 

 

Ivaí, Paraná, Gondwana I, II and III and Baurú. The Serra Geral Formation is integrated in 

the Gondwana III supersequence. 

 
 

Figure 5.90. Map of the Paraná Continental flood (adapted from Mincato, 2000). The red arrow 

points to Ilha Solteira. 

 
Canada 

Canada is located in North America and extends from the Atlantic to the Pacific coastlines 

and in the north to the Arctic Ocean. It borders the United States of America in the south and 

in the east at about 20 km from Greenland (Denmark) in the northeast and Saint Pierre and 

Miquelon (France) in the southeast. 

The basalt studied comes from the Quebec City area, in the Canadian Appalachian region. 

The Canadian part of the Appalachian region (Figure 5.91) includes Newfoundland, Nova 

Scotia, New Brunswick, Prince Edward Island, the southern part of Québec and the south side 

of the St. Lawrence River. The Appalachian region is a mountain belt or orogen from the 

Paleozoic age that was affected by folding, faulting, metamorphism and magmatism (Williams, 

1995). The Appalachian orogen was formed by three sequential tectonic phases (Williams and 

Dykes 

Basalts 

Rhyolites 

Pos-volcanic 
sedimentary rocks 

Pos-volcanic 
sedimentary 
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Hatcher, 1983): (1) Alleghanian orogeny (Carboniferous-Permian) restricted mainly to the 

Southern Appalachians, (2) Tarconian orogeny (Middle/Late Ordovician) and (3) Acadian 

orogeny (Late Silurian/Middle Devonian), the last two being located in the Northern 

Appalachians.  

Based on stratigraphic and structural contrasts with other rocks from other ages, the 

Appalachian orogen is divided into five zones, from west to east: Humber, Dunnage, Gander, 

Avalon and Meguma (Williams, 1979). The first three zones represent the generation and 

destruction of Iapetus Ocean: the Humber Zone represents the continental margin of Eastern 

North America in the west of Iapetus; the Dunnage Zone records the vestiges of Iapetus Ocean 

containing island arc sequences and “mélanges” built upon oceanic crust and the Gander Zone 

records the development and destruction of a continental margin. Castonguay et al. (2001) 

indicates that the Humber Zone is a rift-drift, continental passive margin. 

 

 
Figure 5.91. Map of the Appalachian orogeny in Canada and NE USA. The darker grey colour 

corresponds to the Humber Zone and light grey colour to the outcrops of the Grenville Province of 

cratonic Laurentia (Hodych and Cox, 2007). Ma: million of years 

 

Williams (1995) indicates that the rocks of the Appalachian region contain discontinuous 

deep marine clastic and effusive volcanic units. The Humber zone is of Cambro-Ordovician 

age and includes the Montagne de Saint Anselme Formation that overlies unconformably the 

Greenville basement (La Flèche et al., 1993). This formation is formed by basaltic lava flows, 

intrusions and interbedded shallow-water sandstones (La Flèche et al., 1993; Hodych and Cox, 

2007) from late Neoproterozoic age (Hodych and Cox, 2007). This sequence is interpreted as 
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a continental rift, marking the opening of Iapetus Ocean, the precursor of the Atlantic Ocean 

(Iapetus) (La Flèche et al., 1993; Hodych and Cox, 2007). According to Valéries et al. (1978) 

the Montagne de Saint-Anselme Formation constitutes a precursor to the filling of the 

Appalachian mobile belt, where lava flows represent the products of early-rifting. These lava 

flows are of alkaline character according to several authors (e.g. Valéries et al., 1978; La 

Flèche et al., 1993), or with tholeiitic affinity, according to others (e.g., Malo et al., 2008). 
 

 
Mozambique 

Mozambique is located in the southeast of the African Continent, bordering with Tanzania 

in the north, Malawi and Zambia in the northwest, Zimbabwe in the west, Swaziland in the 

southwest, South Africa in the southwest and south and Madagascar Island is to the east, at 

a distance of about 416 km in the Indian Ocean, which borders all the east coast of 

Mozambique. 

The rhyolite studied comes from the unit of Lebombo Monocline. The Lebombo Monocline 

is a 600 km long and 5–30 km wide linear flexure (Miller and Harris, 2007) located along the 

boundary between South Africa and Mozambique (Manninen et al., 2008) (Figure 5.92). It is 

part of the volcanic rocks of the regional Karoo Large Volcanic Province (KLIP) (Figure 5.92) 

together with the Nuanetzi-Sabi Monocline. Both monoclines can be considered as volcanic 

rift type large cracks that mark the eastern margin of the Kaapval and Zimbabwe cratons (GTK 

Consortium, 2006). But according to Manninen et al. (2008), the Nuanetzi-Sabi volcanic flexure 

is an extension of the Lebombo Monocline and represents one of the rift arms of the Limpopo 

triple junction structure. This type of structure is also mentioned in GTK Consortium (2006) and 

is known as a mantle diapir triple junction (e.g. the Lebombo-Nuanetzi-Limpopo triple junction). 

That three structurally controlled belts meet near Pafuri located at the border with Zimbabwe, 

and: (1) the northern NNE-SSW to NE-SW belt is represented by the Nuanetzi-Sabi volcanic 

flexure; (2) the NNW-SSE to N-S belt is represented by the Lebombo Monocline, and (3) the 

third branch of volcanic rocks has been developed, with a E-W trend and extends towards the 

WNW-ESE trending Okavango dyke swarm (Figure 5.92). 

The volcanic rocks of Lebombo belong to the final phase of the Karoo Supergroup (Melluso 

et al., 2008) which ranges in age from Late Carboniferous to Early Jurassic and is divided into 

Upper Karoo and Lower Karoo Groups. It represents the Karoo event, which is referred to the 

break-up or rift phase of the Gondwana supercontinent and is characterized by the 

development of intracratonic tectonic pits and deep basins, and on a later phase with the 

installation of the Great Karoo Igneous Province, of lower Jurassic age (~ 190 my.) (GTK 

Consortium, 2006). 
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Figure 5.92. Simplified geological map of south-eastern Africa (Miller and Harris, 2006). 

 

The Lebombo Monocline is characterized by pulses of mafic and felsic volcanism; the 

rhyolites form the “Great” (Grandes) and the “Little” (Pequenos) Lebombo mountains are 

interlayered with the Movene basalts (Manninen et al., 2008). Overall, Lebombo is 

characterized by ultra-potassic volcanism that is represented by nephelinites and by picritic 

and high (Ti, Zr) basaltic lavas and subsequently by volcanic rocks of bimodal composition, 

containing tholeiitic intraplate basalts and rhyolites, those with a calc-alkaline trend (GTK 

Consortium, 2006).  

 

Norway 
Norway is located in the northern Europe and occupies the western and northernmost part 

of the Scandinavian Peninsula. At northeast, Norway is bordered by Russia and Finland and 

by Sweden at east. All coastlines, at north and west, are bordered by the Atlantic Ocean and 

the Barents Sea and by the North Sea at south.  
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The sample studied from Norway comes from Steinskogen, west of Oslo. It consists of a 

basalt from the Bærum caldera, considered a part of the Oslo Graben, a NNE-SSW trend 

graben system that was largely formed in Permo-Carboniferous (Rallakis, 2013). 

The Oslo area is essentially controlled by a NNE-SSW trend graben system that was largely 

formed in Permo-Carboniferous (Rallakis, 2013). The Oslo Graben is a major structure 

representative of the Oslo rift on land (Nilsen, 1992). This is a continental rift system (Nilsen, 

1992; Neumann et al., 2006) of Permo-Carboniferous age that was active for more than 60 

million years with several intrusive and volcanic periods (Nilsen, 1992). The rift consists of a 

series of graben segments, and in general terms the Oslo graben includes two asymmetric 

graben segments bounded by roughly N-S trending faults: the Vestfold graben segment in the 

south and the Akershus in the north (Neumann et al., 2006; Rallakis, 2013). But seen in more 

detail perspective, the segments are the Akershus, Rendalen and Vestofold grabens in the 

north (onshore) and the Skagerrak graben (offshore) in the south (Rallakis, 2013). Six stages 

have been considered for the evolution of the Oslo rift (Corfu and Dahlgren, 2008): (1) Proto-

rift stage, with deposition mainly of fluvial and lacustrine sediments; (2) initial basalt stage, with 

emplacement of microsyenite sills and dykes and by alkaline to tholeiitic basaltic volcanism; 

(3) main plateau lava flows and rift valley stage, with extensive vertical movements and 

extensive eruptions of trachyandesitic rhomb porphyry lavas; (4) central volcano and caldera-

forming stage, with formation of central volcanoes, caldera collapse and graben fill; (5) syenitic 

batholiths stage, with emplacement of mainly syenitic to granitic batholiths and (6) termination 

stage with two granitic intrusions (Rallakis, 2013).  

Regarding the Bærum Cauldron (Figure 5.93), it is one of the best preserved caldera 

structures of the Oslo rift (Nilsen, 1992). It forms an elliptical block that sank down inside a ring 

fault along which a nordmarkitic (e.g., variety of syenite) to granitic dike was emplaced 

(Smithson, 1961). Different lithologies surround this caldera (Smithson, 1961; Nilsen, 1992): 

larvikitic (i.e. variety of syenite or monzonite) plutons in the north; nordmarkitic plutons with 

some granite in the east; Cambro-Silurian limestones and shales from Cambro-Silurian and 

sandstone from Lower Devonian in the south and a basaltic and rhomb porphyry lava flows 

from Permian age forms the Krokskogen lava plateau, in the west. The subsided block is 

formed by a layered sequence of lava flows and conformable felsite intrusions or ignimbrites. 

These lava flows are composed of basalt (B3) metamorphosed and rhomb porphyries and 

trachytes (Smithson, 1961). 

A sequence of events occurred in the Palaeozoic (Rallakis, 2013): (1) during the Cambro-

Silurian period, marine sediments were deposited in an epicontinental sea environment; (2) 

sandstones from Upper Silurian were deposited in a foreland basin and, during Permo-
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Carboniferous, thick lava flows were spread on top of the sedimentary rocks or formed calderas 

and lava plateau throughout the rift episodes. 

Figure 5.93. Geological map of Bærum Caldroum (Nilsen, 1992). 
 
Turkey 

Turkey makes the border between the southeastern Europe and Western Asia. Different 

countries border Turkey: Greece and Bulgaria in the northwest; Syria and Iraq in the south; 

Iran, Azerbaijan and Armenia in the east and Georgia in the northeast. All north coast is 

bordered by the Black Sea, part of the south coast is border by the Mediterranean Sea and the 

east coast by the Aegean Sea.  

The andesite studied comes from the Bozdivlit Mountain, Çaltılıdere, Aliağa, western 

Turkey. Based on a report from the Turkish General Directorate of Mineral Research and 

Exploration (MTA), Çopuroğlu et al. (2009) and Fernandes and Andiç-Çakır (2015) report that 

the regional geology defines the rock units from this area as Bozdivlit andesitic basalts, being 

very thick at Bozdivlit Mountain (Albayrak and Özgüner, 2013). Also, the first two authors 

mention that in previous works, the Upper Miocene rocks have been designated as basalt, 

basaltoid, and/or basaltic andesite. According to Tunçel (2021), the Bozdivlit Hill is a volcanic 

peak that was formed during the Miocene period (Figure 5.94).  
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The Bozdivlit andesitic basalts (Tba), along with the Hatundere dacites (Tdst), Sarıkaya 

rhyolites (Tryl) and Dumanlıdağ andesites (Tand), overlie the Miocene Aliağa pyroclasts (Tap). 

Those rocks have a calc-alkaline character and form short and thick lava flows (Anadolou, 

2011). 

 
Figure 5.94. Geological map of the Bozdivlit andesitic basalts area, Turkey (Fernandes and Andiç-

Çakır, 2015). 

 
This area is located in western Anatolia where magmatism has played an important role. 

Akay and Erdoğan (2004) describe three models that have been proposed to explain the 

tectonic and magmatic evolution in this area: (1) a N–S-directed extensional tectonic regime 

and associated magmatism that was controlled by this extensional regime during Late 

Oligocene; (2) magmatism that was generated by the northward dipping subduction of the 

eastern Mediterranean oceanic floor along the Hellenic Trench, and (3) during the Late 

Oligocene-Middle Miocene period, a N–S compression occurred that resulted in a WNW–ESE 

directed extensional regime and NE–SW-trending weakness zones along which the calc-

alkaline magmatism took place; from the end of Miocene-Pliocene to recent times, a N-S 

extension has been activated and produced alkaline magmatism associated with E-W trending 

graben structures.   
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5.2.1. Characterization of volcanic aggregates from continental regions 
5.2.2.1. Geochemical analysis, TAS diagram and CIPW norm 

Geochemical analyses of the aggregates from the continental regions were performed at 

the Activation Laboratories (ACTLABS), in Canada, by using the lithium 

metoborate/tetraborate fusion–ICP and ICP/MS method. Table 5.29. shows the results 

obtained. The results were also plotted in a TAS diagram (Le Bas et al., 1986) by using the 

free software GCDKit3.00.  

 
Table 5.29. Bulk chemical composition of the continental volcanic aggregates. 

 

The chemical composition of the aggregates from continental regions shows some 

differences regarding the content in SiO2 and LOI. The SiO2 content of BRAZ, CAN and NOR 

is lower than 50%, ranging between 44.19% to 48.92% with the exception of the samples of 

MOZ (77.69%) and TK (60.20%), which are more evolved rocks. 

Regarding LOI, the highest contents are found for CAN (4.9%) and NOR (3.4%), indicating 

that there is some alteration of the rocks.  

According to Yoder and Tilley (1962) and based on the results of the calculation of the CIPW 

norm (Table 5.30), the sample from Brazil is considered a basalt undersaturated in silica, as it 

contains normative hypersthene and olivine, while the samples from Canada and Norway are 

alkali basalts because they have both normative nepheline and olivine.  

 
Table 5.30. Results of the calculation of the continental volcanic aggregates CIPW norm (wt %). 

 

Major 
Oxides 

(%) 
SiO2 Al2O3 Fe2O 

total MgO CaO Na2O K2O TiO2 P2O5 MnO LOI SUM 
total 

BRAZ 48.92 13.11 14.38 5.64 9.82 2.46 0.99 2.01 0.21 0.21 1.90 99.77 
CAN 45.56 13.60 12.37 6.32 10.45 3.95 0.59 1.63 0.17 0.19 4.90 99.81 
MOZ 77.69 10.79 2.10 0.09 0.23 2.45 5.06 0.17 0.01 0.01 1.20 99.98 
NOR 44.19 13.47 13.94 7.64 9.28 2.41 1.59 3.06 0.45 0.01 3.40 99.77 
TK 60.20 16.01 5.29 3.39 6.12 2.56 2.46 0.63 0.16 0.09 2.10 99.92 

Normative 
minerals Q Pl Or Ne Di Crn Hy Ol Ac Il Mt Ap Total 

BRAZ 0.0 43.55 5.97 0.0 21.85 0.0 17.00 5.49 0.0 3.89 1.74 0.49 99.98 
CAN 0.0 38.26 3.66 8.42 28.95 0.0 0.0 15.41 0.0 3.27 1.62 0.42 100.0 
MOZ 42.77 22.06 30.32 0.0 0.0 0.91 3.16 0.0 0.0 0.32 0.41 0.02 99.97 
NOR 0.0 38.79 9.75 2.42 18.78 0.0 0.0 21.51 0.0 6.04 1.57 1.09 100.0 
TK 16.14 48.04 15.01 0.0 3.71 0.0 14.75 0.0 0.0 1.23 0.72 0.39 99.99 

Q=quartz; Pl=plagioclase; Or= Orthoclase; Ne=Nepheline; Di= Diopside; Hy=Hyperstena; Ol=Olivine; Ac=Acmite; Il=Ilmenite; Mt=Magnetite; 
Ap=Apatite; Crn= corundum 
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The alkali-silica diagram (TAS) (Figure 5.95), shows that the volcanic rocks studied from 

the continental regions are basalts, one andesite and one rhyolite.  
 

 
Figure 5.95. TAS diagram (after Le Bas et al., 1986) of the volcanic aggregates from continental 

regions: 1 - Brazil, 2 - Canada, 3 - Mozambique, 4 – Norway and 5 - Turkey. 

 

The other two samples are one rhyolite (MOZ) and one andesite (TK). The chemical 

classification of the rocks obtained by the TAS diagram is summarized in Table 5.31. 

From the TAS diagram, it is also possible to classify the rocks into alkaline or 

subalkaline/tholeiitic magma series. The rocks studied from Canada and Norway belong to the 

alkaline series as already mentioned. The other three samples fall in the subalkaline/tholeiitic 

magma series. According to the AFM diagram from Irvine and Baragar (1971), only the 

Brazilian sample belongs to the tholeiitic series, the rest of the samples follow a calc-alkaline 

trend (Figure 5.96). 
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Table 5.31. Chemical classification of each rock sample based on the TAS diagram. 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.96. AFM diagram (after Irvine and Baragar, 1971) of the continental volcanic aggregates 

studied where BRAZ (Brazil) follows a tholeiitic trend, MOZ (Mozambique) and TK (Turkey) a calc-

alkaline trend. A = Na2O + K2O; F = FeO + 0.8998 Fe2O3; M = MgO (wt.%). 

 
 
5.2.2.2. Petrographic examination 

Brazil 
Macroscopically, the crushed aggregate sample from Brazil is aphyric with a brownish-grey 

colour and sub-angular particles (Figure 5.97A and B). Some of the aggregate particles show 

a reddish surface, others contain some white material not reactive with HCL and others are 

whitish particles similar to quartz (Figure 5.97B), which may be part of a silica vein. Figures 

5.97 (A and B) show the different fractions and the detail of the one that contains white particles 

or basaltic particles with a surface with a white material. 

Country Sample Chemical classification 
Brazil BRAZ Basalt 

Canada CAN Basalt 
Mozambique MOZ Rhyolite 

Norway NW Basalt 
Turkey TK Andesite 



Chapter 5. Results 
_________________________________________________________________________________ 

 

_________________________________________________________________________________
294 

 

 
Figure 5.97. Macroscopic photos of the BRAZ aggregate divided in different fractions. A) General 

view; B) detail of the fraction with white particles. 

 
In thin section, BRAZ sample has mostly a subophitic texture and is mainly composed of 

subhedral plagioclase and clinopyroxene minerals. Intergranular to intersertal textures are also 

present. Phenocrysts of plagioclase and clinopyroxene are observed in some of the aggregate 

particles. Also, celadonite (green) with a micaceous texture is scattered throughout the rock 

(Figure 5.98A), sometimes associated with silica minerals (confirmed by EMPA) forming radial 

texture (Figure 5.98B).  

Quartz shows undulose extinction. Also, a yellowish-green or greenish material is dispersed 

in irregular patches and occupies large areas in the rock. It shows radial fibrous structure and 

is anisotropic, especially in the rims, and isotropic towards the center seem (Figure 5.98C and 

D). These optical characteristics are compatible with chlorophaeite.  Beige volcanic glass 

(Figure 5.98E) and green glass are also present in different areas of the rock. Opaque minerals 

are dispersed all over the different aggregate particles, sometimes forming skeletal texture. 

Calcite occurs both filling a vein and partially replacing plagioclase crystals. The white 

aggregate particles are formed by grains of quartz and fibrous chalcedony (Figure 5.98F). 

EMPA analyses were performed aiming at the identification of minerals and volcanic glass. 

Volcanic glass occurs as brownish, yellowish-green and green material scattered in the 

groundmass (Figure 5.99A, B1 and B2; Table 5.32), and possibly chlorophaeite that 

corresponds to green to brown material (Figures 5.100 A and B, Figures 5.101A1 and A2, 

Tables 5.33, 5.34), sometimes replacing olivine. Silica minerals (Figure 5.101B1 and B2; Table 

5.34) were also identified.  
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partially 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.98. Photomicrographs of BRAZ sample: D and F in XPL, A, B, C and E in PPL. A) Green 

celadonite (Cel); B) Green celadonite (cel) associated with quartz (qz) forming radial texture; C) 

greenish material in PPL and D) the same material in XPL showing anisotropic radiating fibrous 

structures; E) Beige volcanic glass (red arrows); F) Aggregate particle composed of quartz (qz) and 

chalcedony (chc). 

 

chc 
 

cel 
 

cel 

qz 
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Figure 5.99. Basalt in BRAZ-F1 sample. Photomicrograph (A and B1) in PPL and BSE image (C2) 

showing the points of analysis. 

BRAZ-F1. 

 

 

 

 

 

 

 

 

 

Oxides (%) 1 2 3 
SiO2  54.86 53.32 54.36 
TiO2 - 0.14 0.15 
Al2O3 8.25 5.40 6.12 
FeO 20.76 21.19 19.85 
MnO - 0.11 0.12 
MgO 4.76 4.97 5.30 
CaO 1.96 1.06 1.27 
Na2O b.d.l. b.d.l. 0.05 
K2O 1.73 5.99 5.57 
Total 92.31 92.19 92.83 

b.d.l. = below detection limit 

32

1
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Figure 5.100. Sample BRAZ-F2 (Basalt). Photomicrograph (A) in PPL and BSE image (B) with 

respective points of analysis. 
 
 
 
 

BRAZ-F2. 

 
 
 

Oxides (%) 1 2 
SiO2  54.43 53.89 
TiO2 b.d.l. b.d.l. 
Al2O3 2.56 2.56 
FeO 20.99 20.09 
MnO b.d.l. 0.02 
MgO 5.79 6.23 
CaO 0.38 0.36 
Na2O b.d.l. b.d.l. 
K2O 8.89 9.01 
Total 92.98 92.14 

b.d.l. = below detection limit 

1 

2 
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Figure 5.101. Basalt in BRAZ-F2. Photomicrograph (A1, B1) in PPL and BSE image (A2, B2) and 

respective points of analysis. 
 

BRAZ-F2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 

Oxides (%) 1 2 3 
SiO2  54.06 53.03 97.68 
TiO2 - 0.12 - 
Al2O3 3.95 4.76 0.55 
FeO 23.93 23.36 0.29 
MnO b.d.l. b.d.l. - 
MgO 3.92 3.78 - 
CaO 0.28 0.34 0.06 
Na2O b.d.l. b.d.l. 0.19 
K2O 8.11 7.90 0.08 
Total 94.26 93.32 98.80 

b.d.l. = below detection limit 

1 
2 

  

3 
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Canada 
From the macroscopic point of view, CAN crushed aggregate is aphanitic with some 

surfaces showing reddish or greenish tones (Figure 5.102). The particles show angular to 

subangular forms, some have elongated shape. The aggregate particles are massive, only 

punctuated by white small crystals filling vesicles or by white veinlets. The aggregate samples 

were separated by fractions based on texture and colour.  

 
Figure 5.102. Macroscopic photos of the CAN aggregate with different fractions: A) General view; B) 

detail of one of the fractions containing white minerals. 

 

In thin section, CAN sample shows intergranular and subophitic textures and is mainly 

composed of altered plagioclase and clinopyroxene (e.g. augite) minerals (Figure 5.103A). In 

one of the particles, the groundmass contains dendritic fans of clinopyroxene and some 

skeletal plagioclase. Glomeroporphyritic clusters of plagioclase and clinopyroxene are also 

observed. The plagioclase appears in subhedral crystals with some degree of alteration while 

augite does not seem to be altered or is less altered (Figure 5.103B). The plagioclase 

phenocrysts are being replaced by chlorite and calcite, which are present either replacing other 

minerals or filling vesicles (Figure 5.103C and D).  Calcite occurs also in some veins in the 

rock (Figure 5.103E) or at the border of the aggregate particles. Opaque minerals are 

ubiquitous in the rock. Volcanic glass was also observed filling vesicles (Figure 5.103F).  
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Further analysis was done by EPMA, in order to identify some of the minerals and the 

volcanic glass. Green volcanic glass was identified filling vesicles (Figures 5.104 and Figure 

5.105) and confirmed by the chemical composition in Tables 5.35 and 5.36. In Figure 5.104 

A1 and A2, pyroxene could only be identified by the chemical composition obtained in Table 

5.35.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.113. Photomicrographs of NOR sample: B, C, D and F in XPL, A and E in PPL. A) and B)  

 

 

 

 

 

 

 

 

Figure 5.103. Microphotographs of CAN sample. Photo A, C, D and E in XPL. Photos B and F in PPL. 

A) Subophitic texture; B) Plagioclase being altered in green chlorite; C) vesicle with chlorite; D) Vesicle 

filled with calcite; E) Vein of calcite; F) Green volcanic glass in vesicles. 
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Figure 5.104. Basalt in CAN-F1 (Basalt). Photomicrographs (A1, A2 and B1) in PPL and BSE image 

(B2), with indication of the points of analysis. 
 
 
 

Oxides (%) 1 2 3 4 5 
SiO2  54.14 53.18 45.58 53.12 54.62 
TiO2 0.13 b.d.l. 3.32 0.11 b.d.l. 
Al2O3 10.45 14.47 4.86 12.00 14.11 
FeO 18.08 15.71 19.46 16.89 14.66 
MnO b.d.l. b.d.l. 0.46 b.d.l. b.d.l. 
MgO 4.08 3.84 9.90 3.86 4.18 
CaO 0.26 0.31 16.04 0.28 0.30 
Na2O 0.12 0.15 0.33 0.16 0.11 
K2O 8.36 8.43 b.d.l. 8.42 8.56 
Total 95.64 96.13 99.99 94.84 96.55 

b.d.l. = below detection limit 

1 
2 

3 

4 
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Figure 5.105. Basalt in CAN-F1. Photomicrographs (A1, B) in PPL, BSE image (A2) and respective 

points of analysis. 

 

 

 

 
 
 
 
 
 
 
 

Oxides (%) 1 2 3 4 
SiO2  53.88 53.32 53.87 52.48 
TiO2 b.d.l. b.d.l. b.d.l. b.d.l. 
Al2O3 13.46 10.09 8.00 14.30 
FeO 15.62 17.23 20.01 15.13 
MnO b.d.l. b.d.l. 0.11 b.d.l. 
MgO 3.93 4.80 3.82 3.75 
CaO 0.34 0.25 0.21 0.31 
Na2O 0.11 b.d.l 0.17 0.16 
K2O 8.35 8.09 8.01 8.40 
Total 95.67 93.81 94.26 94.55 

b.d.l. = below detection limit 
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Mozambique 
Macroscopically, the MOZ aggregate rock is aphyric, displaying a pinkish-red colour with 

the majority of the particles exhibiting fine white bands. A part of the aggregate particles shows 

a whitish to orange tonality in one of the surfaces of the particles. The rock is mainly massive 

and the particles show angular to subangular shapes, some particles display elongated shape. 

The aggregate samples were separated by fractions based on texture and colour (Figure 5.106 

A and B). 

 
Figure 5.106. Macroscopic photos of the MOZ aggregate with different fractions: A) General view; B) 

detail of one of the fractions with white and orange surfaces. 

 

In thin section, MOZ sample shows darker and lighter areas. The lighter areas are 

composed of small grains of quartz, tridymite and possibly feldspars. However, it is difficult to 

distinguish feldspars without twinning from the silica minerals. The darker areas have a 

brownish colour and are formed by glass with cryptocrystalline texture (Figure 5.107A and B). 

Some amphibole, biotite and iron oxides are present.  

 
 
Figure 5.107. Photomicrographs of MOZ rhyolite. B in XPL, A in PPL. A) Brownish area corresponds 

to volcanic glass; B) Presence of tridymite with a wedge habit. 
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Some investigation was done by EPMA that revealed that the brownish areas in the 

photomicrograph (Figure 5.108A1) and the points analysed in Figure 5.108A2 are composed 

of volcanic glass. The chemical composition is given in Table 5.37. 

 

 

 
 

 

 

 

 

 

 
 
Figure 5.108. Rhyolite in MOZ. Photomicrograph (A1) in PPL, BSE image (A2) and respective points 

of analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Norway 
Macroscopically, NOR aggregate sample is aphanitic displaying a grey colour (Figure 

5.109). The particles show angular to subangular forms. The aggregate particles are massive 

with some dark phenocrysts and others show whitish material filling the vesicles. The 

aggregate samples were separated by fractions based on texture and colour. 

Oxides (%) 1 2 3 4 
SiO2  68.19 71.04 66.13 64.01 
TiO2 b.d.l. 0.10 b.d.l. 0.29 
Al2O3 18.21 15.32 18.85 14.95 
FeO 0.26 0.29 0.31 5.69 
MnO b.d.l. b.d.l. b.d.l. b.d.l. 
MgO b.d.l. b.d.l. b.d.l. 0.27 
CaO 0.40 0.27 0.45 0.22 
Na2O 4.56 1.69 4.52 2.74 
K2O 8.17 8.00 8.84 7.88 
Total 99.80 97.31 99.12 96.09 

b.d.l. = below detection limit 

1 

2 
3 

4 

1 
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Figure 5.109. Macroscopic photos of the NOR aggregate with different fractions: A) General view; B) 

detail of one of the fractions with white areas (red arrow). 

 
 

Under the microscope, NOR sample shows a high degree of alteration. It is composed 

mainly of phenocrysts of altered plagioclase and amphibole set in a dark groundmass 

containing opaque minerals, calcite, chlorite, altered plagioclase and brownish material 

(probably clay minerals). Quartz can also be found in the groundmass.  

Plagioclase crystals are being replaced by calcite, chlorite and epidote (Figure 5.110A and 

B).  

Pyroxene is altered to amphibole (Figure 5.110C) with the presence of serpentine and 

chlorite in some of the phenocrysts.  

Calcite exhibits polysynthetic twining, the chlorites show a yellow green colour with weak 

birefringence and the epidote crystals are distinguished by the green and yellow colour and 

display high birefringence colours.  

There are also a number of vesicles throughout the rock that are filled with chlorite, calcite, 

quartz, micro to cryptocrystalline quartz, epidote and serpentine, in some cases (Figure 

5.110D, E and F). 

Further analysis done by EPMA confirmed the presence of epidote (Figures 5.111A1, A2 

and B; Figures 5.112A and B; Tables 5.38 and 5.39) as well as silica minerals (Figures 5.112A 

and B; Table 5.39) in some of the vesicles.  
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Figure 5.110. Photomicrographs of NOR sample: B, C, D and F in XPL, A and E in PPL. A) and B) 

Plagioclase with epidotes and chlorite; C) Amphibole after pyroxene; D) Vesicles filled with chlorite 

and rimmed by cryptocrystalline quartz; E) and F) Vesicles filled with calcite, epidote and chlorite. 

ep 
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Figure 5.111. Basalt in NOR sample. Photomicrograph (A1, B) in PPL, BSE image (A2) and 

respective points of analysis. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Oxides (%) 1 2 3 
SiO2  37.27 37.39 37.18 
TiO2 0.15 b.d.l. b.d.l. 
Al2O3 21.68 21.91 19.89 
FeO 14.34 13.86 16.39 
MnO 0.27 0.35 0.17 
MgO 0.12 0.10 b.d.l. 
CaO 22.81 22.90 22.98 
Na2O b.d.l. b.d.l. b.d.l. 
K2O b.d.l. b.d.l. b.d.l. 
Total 96.65 96.53 96.62 

b.d.l. = below detection limit 

1 
2 

3
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Figure 5.112. Basalt in NOR sample. Photomicrograph (A) in PPL, BSE image (B) and respective 

points of analysis. 

 
 

 
 
 
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Turkey 

Macroscopically, the rock sample from Turkey is aphanitic, mainly with a grey colour; 

however, some aggregate particles show a greenish tone (Figure 5.113). Half of the aggregate 

particles show a beige or red colour material on one of the surfaces, and seem to be 

punctuated by white minerals. Elongated vitreous crystals are visible in different particles. The 

samples are massive in texture with angular to subangular forms. The aggregate samples were 

separated by fractions based on texture and colour. 

 

Oxides (%) 1 2 
SiO2  37.02 97.77 
TiO2 0.17 b.d.l. 
Al2O3 20.34 0.47 
FeO 15.96 0.47 
MnO 0.21 b.d.l. 
MgO b.d.l. 0.69 
CaO 22.89 0.34 
Na2O b.d.l. b.d.l. 
K2O b.d.l. b.d.l. 
Total 96.59 99.76 

b.d.l. = below detection limit 

1 

2 
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Figure 5.113. Macroscopic photos of the TK aggregate with different fractions: A) General view; B) 

detail of one of the fractions with white dots and the surfaces lined by a beige or red colour material. 

 
 

In thin section, the andesitic sample is porphyritic in texture with phenocrysts, mainly of 

plagioclase, clinopyroxene (pigeonite-augite) and orthopyroxene (hypersthene), set in a fine 

glassy groundmass.  

The plagioclase occurs in euhedral to subhedral crystals displaying concentric 

compositional zoning. They form sometimes glomeroporphyritic clusters either alone or 

together with pyroxenes. Volcanic glass inclusions are frequent and there is some degree of 

alteration along the cracks and cleavages (Figure 5.114A).   

Some reaction rims are visible in some plagioclase crystals. Plagioclase and pyroxene 

occur mainly in subhedral crystals. Augite sometimes appears twinned and in euhedral 

crystals. Olivine is, in some particles, highly altered into a red brown material that looks like 

iddingsite, maintaining the euhedral habit (Figure 5.114B). Carbonates are scattered irregularly 

throughout the rock forming pseudomorphs (Figure 5.114C) or, less commonly, filling vesicles 

(Figure 5.114D).  

Opaque minerals are accessory minerals and occur associated with pyroxene or dispersed 

throughout the rock. Small number of xenoliths are present in this rock containing plagioclase 

and clinopyroxenes phenocrysts together with opaque minerals (Figure 5.114E).  

The groundmass is hyalopilitic with a brownish colour, isotropic in XPL, and it contains 

microlites of plagioclase, augite and hypersthene (Figure 5.114F).    
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Figure 5.114. Photomicrographs of the Turkey sample: C, D and E in XPL, A, B and F in PPL. A) 

Plagioclase phenocryst with glass inclusions; B) Olivine crystals completely replaced by iddingsite; C) 

Calcite pseudomorph; D) Calcite filling a vesicle; E) Xenolith containing plagioclase, clinopyroxene 

and opaque minerals; F) Groundmass containing abundant brown volcanic glass. 

 

EDS analysis was used to identify an isotropic yellowish material filling a crack (Figures 

5.115A and B). EPMA were used to identify some of the components. Volcanic glass inclusions 

in plagioclase phenocrysts contain more than 70% in SiO2 (Figures 5.116 and 5.117; Table 
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5.40 and 5.41). The volcanic glass in the groundmass was also analysed by EPMA containing 

more than 70% of SiO2 (Figures 5.117 and 5.118; Tables 5.41 and 5.42). 

 
Figure 5.115A. TK andesite. Photomicrograph (A) in PPL and BSE image (B) with locations of the 

EDS spectra of volcanic glass (E132-E134). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 5.115B. TK andesite: EDS spectra of volcanic glass (E132-E134). 
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Figure 5.116. TK andesite. Photomicrograph (A) in PPL and BSE image (B) and respective points of 

analysis. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Oxides (%) 1 2 3 
SiO2  72.30 72.49 72.47 
TiO2 0.43 0.43 0.34 
Al2O3 11.89 12.01 12.36 
FeO 2.67 2.53 2.65 
MnO b.d.l. b.d.l. b.d.l. 
MgO 0.40 0.38 0.37 
CaO 1.20 1.23 1.15 
Na2O 0.45 0.29 0.37 
K2O 3.22 3.22 3.25 
Total 92.93 92.92 93.34 

1 2 

3 
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Figure 5.117. TK andesite. Photomicrograph (A) in PPL and BSE images (B1 and B2) and respective 

points of analysis. 

 

 

 

 
 
 

Oxides (%) 1 2 3 4 5 6 7 8 9 
SiO2 72.94 71.21 71.57 71.22 73.11 70.87 71.19 70.97 70.53 
TiO2 0.75 0.77 0.70 0.75 0.77 0.70 0.71 0.71 0.74 
Al2O3 12.43 12.17 12.09 12.32 12.48 12.08 11.98 11.95 11.75 
FeO 2.53 2.41 2.44 2.32 2.51 2.97 2.60 2.89 3.01 
MnO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 
MgO 0.32 0.26 0.26 0.24 0.35 0.45 0.41 0.38 0.40 
CaO 0.98 0.93 0.94 1.11 0.88 1.01 0.94 1.01 1.03 
Na2O 0.26 0.48 0.49 0.63 0.23 0.49 0.41 0.59 0.63 
K2O 2.66 4.97 4.72 4.38 2.60 4.51 4.44 4.79 4.83 
Total 93.35 93.67 93.69 93.40 93.50 93.57 93.15 93.67 93.47 

b.d.l. = below detection limit 

5

6 
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Figure 5.118. TK andesite. Photomicrograph (A) in PPL and BSE image (B) showing the points of 

analysis. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.2.2. Mortar studies 

5.2.2.1. Expansion tests - Accelerated mortar-bar test at 80ºC (CSA A23.2-
25A/ASTM C 1260) 

A number of accelerated mortar bar tests were performed as part of the present study. From 

the thirty mixes prepared at Université Laval, in Québec, Canada, six mixes were 

manufactured with aggregates from Continental regions (BRAZ, CAN, MOZ, NOR and TK). 

Spratt and GBS sand were used as reference in each graph. The characteristics of the mortars 

are the same as the ones presented in Table 4.13 in Chapter 4. The AMBT method is described 

by the CSA A23.2-25A (2019), ASTM C 1260 and RILEM AAR-2 (2016) but the limits are 

Oxides (%) 1 2 3 4 
SiO2 73.15 72.39 71.58 71.76 
TiO2 0.90 0.95 0.90 0.90 
Al2O3 12.58 11.73 12.17 11.70 
FeO 2.50 2.52 1.99 2.47 
MnO b.d.l. b.d.l. b.d.l. b.d.l. 
MgO 0.22 0.21 0.14 0.21 
CaO 0.91 0.82 0.69 0.80 
Na2O 0.25 0.49 0.47 0.40 
K2O 2.44 4.58 5.14 4.31 
Total 93.52 93.56 93.59 93.02 

b.d.l. = below detection limit 

1 

2 

3 

4 
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provided by the CSA Standard Practice A23.2-27A (2019), ASTM C 1778 (2020) and RILEM 

AAR-0 (2016). 

 
 
Brazil 

The results of the AMBT for the Brazilian aggregate show that the 14-day expansion is 

0.48% and continues to increase until the end testing, reaching an expansion 0.55% at 28 

days. But after the 14 days, the expansion started to level off (Figure 5.119). 

Figure 5.119. Expansion results of the AMBT (CSA A23.2-25A) concerning the BRAZ aggregate. 

 

According to ASTM C 1778 (2020) standard and recommendation RILEM AAR-0 (2016), 

this aggregate is considered potentially reactive and according to the CSA A23.2-27A (2019), 

it is classified as extremely reactive. 
 

 

Canada 
The mortar bars manufactured with aggregate CAN present very low expansion, i.e.  0.02% 

at 14 days and 0.03% at the end of 28 days of testing.  

According to all standards (ASTM C 1778; CSA 23.2-27A) and recommendations (RILEM 

AAR-0, 2016), CAN aggregate is considered non-reactive. 
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The results for the accelerated mortar-bar method for the Canadian aggregate CAN are 

shown in Figure 5.120. 

 
Figure 5.120. Expansion results of the AMBT (CSA A23.2-25A) concerning the CAN aggregate. 

 
 

Mozambique 
The mortar bars incorporating MOZ aggregate present some expansion. At 14 days, MOZ 

showed expansion values of 0.22%, which reached 0,36% at the end of 28 days of testing. 

There is a slight tendency for stabilization with time, mainly after 18 days of testing. 

According to ASTM C 1778 (2020) standard and recommendation RILEM AAR-0 (2016), 

this aggregate is considered potentially reactive; it is highly reactive according to CSA 

Standard Practice A23.2-27A (2019).  

The results for the accelerated mortar-bar method of the Mozambique aggregate are shown 

in Figure 5.121. 
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Figure 5.121. Expansion results of the AMBT (CSA A23.2-25A) concerning the MOZ aggregate. 

 
 
Norway 

The mortar bars made with NOR aggregate show low expansion. At 14 days, the expansion 

is of 0.07% and it reaches 0.17% at the end of 28 days of testing.  

The main increase in the rate of expansion occurs between day 10 and 21, constant 

expansive rate until the end of the test period. Although the value is near the limit, all standards 

(ASTM C 1778, 2020; CSA A23.2-27A, 2019) and recommendations (RILEM AAR-0, 2016), 

consider this aggregate as non-reactive. 

The results for the accelerated mortar bar test with the NOR aggregate are shown in Figure 

5.122. 
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Figure 5.122. Expansion results of the AMBT (CSA A23.2-25A) concerning the NOR aggregate. 

 

 
Turkey 

The results of the AMBT for the TK aggregate show that at 14 days, the expansion value is 

0.98% and continues to increase even at 28 days of testing, where it reaches an expansion of 

1.62%. At the end of testing, the TK aggregate does not show any signs of stabilization. 

According to the ASTM C 1778 (2020) standard and recommendation RILEM AAR-0 

(2016), this aggregate is considered potentially reactive and according to Standard Practice 

CSA A23.2-27A (2019), it is classified as extremely reactive.  

The results for the accelerated mortar-bar method for the TK aggregate are shown in Figure 

5.123. 
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Figure 5.123. Expansion results of the AMBT (CSA A23.2-25A) of the TK aggregate. 

 
 

5.2.2.2. Post-mortem mortar petrography 
Brazil 

The mortar bars from BRAZ were manufactured with basaltic crushed rocks. The texture 

and mineralogy of the aggregate particles are the same as described in section 5.2.2. 

In general, there are several thin cracks in the cement matrix, part of them with isotropic 

brownish gel. There are a number of aggregate particles with cracks containing gel that extend 

into the cement paste (Figure 5.124A and B); in other cases, the cracks with gel are limited to 

the aggregate particles (Figure 5.124C and D). The cracks with gel frequently connect 

aggregate particles by crossing or outlining them and sometimes connect with pores.  

Most of the voids are completely filled with gel (Figure 5.124E); others are just lined by gel 

together with acicular crystals of ettringite (Figure 5.124F).  

There are evidences for an ongoing ASR that involves some of the basaltic particles in the 

mortar bar. 
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Figure 5.124. Photomicrographs of BRAZ mortar bar. All photos in PPL. A) Crack with brownish gel 

within a basaltic aggregate particle that extends to the cement paste; B) Crack with brownish gel 

within another basaltic aggregate particle that extends into the cement paste; C) Crack with volcanic 

glass inside the aggregate particle; D) Crack with gel limited to another aggregate particle and a void 

also containing gel; E) Void partially filled with brownish gel; F) Pore lined by ettringite crystals. 

 
 

 

 



Volcanic aggregates and alkali-silica reactions in the world: a comparative study with Azores aiming to enhance concrete 
durability on volcanic oceanic islands  

_________________________________________________________________________________ 

_________________________________________________________________________________
321 

 

Canada 
In the mortar bar containing the CAN basaltic crushed rocks, the texture and mineralogy of 

the aggregate particles are the same as described in section 5.2.2. However, there are some 

aggregate particles formed just by calcite or plagioclase and some particles show darker 

colours than the ones identified in the thin sections of the aggregate. 

In general, there are very few cracks in the cement paste (Figure 5.125A). Some aggregate 

particles are cracked but the cracks are empty or filled with calcite (e.g. veins) and do not 

extend into the cement paste (Figure 5.125B).  

The voids are usually empty, but some appear lined or completely filled with a brown 

material that could be polishing material (Figure 5.125C). 

There is no evidence for an ongoing ASR in the CAN mortar. 

 
Figure 5.125. Photomicrographs of CAN mortar bar. All photos in PPL. A) Cracks in the cement paste; 

B) Crack within a basaltic aggregate particle, empty and extending into the cement paste; C) Cracks 

and a void filled with brownish material (red arrow). 

 

 

The Spratt mortar bar, used as reference in the laboratory tests, contains crushed siliceous 

limestone aggregate. The various aggregate particles show different features. Some 
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aggregate particles contain carbonate and siliceous bioclasts, while others are manly 

composed of calcite and others contain a reddish brown material (probably clay minerals and 

limonite). The mortar bars petrographic analysis shows that there are several cracks in the 

aggregate particles, some being quite large (Figure 5.126A). These cracks extend into the 

cement paste and connect to other aggregate particles, some of them being partly filled with 

gel (Figure 5.126B). Some of the voids are filled or partly filled by a brownish material that 

could be secondary products. 

There is evidence for an ongoing ASR in the Spratt mortar. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.126. Photomicrographs of Spratt (siliceous limestone) mortar bar, used as reference in the 

laboratory tests. All photos in PPL. A) Crack crossing an aggregate particle and extending into the 

cement paste, lined by gel; B) Crack with gel crossing the cement paste and an aggregate particle. 

 
 
Mozambique 

The texture and mineralogy of the rhyolitic aggregate used in the manufacture of the mortar 

bars are the same as described in section 5.22. 

The MOZ mortar shows several minor cracks in the cement paste (Figure 5.127A) and also 

some wide and long cracks filled with brownish gel. These cracks begin inside the rhyolite 

particles and extend into the cement paste crossing several other particles (Figure 5.127B, C 

and D). Sometimes, they connect with voids (Figure 5.127E). The majority of the voids are 

partly filled or lined by brownish gel (Figure 5.127F). 

There is a strong evidence for an ongoing ASR that involves the rhyolite aggregate particles 

in the mortar. 
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Figure 5.127. Photomicrographs of MOZ mortar. All photos in PPL. A) Very fine cracks in the cement 

paste; B) Crack filled with gel within the rhyolite particle that extends into the cement paste, where it is 

lined by gel; C) The extension of the same crack shown in B), crossing the cement paste and cutting 

some aggregate particles; D) Another crack within the rhyolite particle with gel that extends into the 

cement paste and crosses another aggregate particle; E) Cracks, one extending to the pore and 

another crossing an aggregate particle, both containing gel; F) Pore connected with a rhyolite particle 

by a crack. 
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Norway 

The NOR mortar contains basaltic crushed aggregates. The texture and mineralogy are the 

same as described in section 5.22. 

The NOR mortar presents very few and minor cracks in the cement paste (Figure 5.128A). 

In some aggregate particles, isotropic brown material was observed filling cracks inside 

aggregate particles but usually do not extend into the cement paste (Figure 5.128B), except 

for one of the cracks (Figure 5.128C). 

The majority of the small voids are filled or lined by brownish material that could be polishing 

material or secondary products (Figure 5.128D). There is no evidence for an ongoing ASR in 

the mortar.  

 

.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.128. Photomicrographs of NOR mortar. All photos in PPL. A) Minor cracks in the cement 

paste; B) Crack with a brownish material within a basaltic particle; C) Cracks with a brownish material 

within a basaltic particle that extended into the cement paste); D) two pores filled with brownish 

material. 
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Turkey 

The TK mortar was manufactured with andesitic crushed aggregate. The texture and 

mineralogy are described in section 5.22. 

The TK mortar shows several cracks in the aggregate particles (Figure 5.129A and B), some 

are quite wide and partly filled with gel. These cracks have continuity to the cement paste and 

connect to other aggregate particles by crossing them (Figure 5.129C, D and E). Some 

particles are outlined by gel, filling the interface with the cement paste (Figure 5.129F). Some 

voids are lined by gel or ettringite.  

There is a strong evidence for an ongoing ASR in the mortar bar, where several andesitic 

aggregate particles are responsible for the reaction, with formation of alkali-silica gel.  

Figure 5.129. Photomicrographs of TK mortar. All photos in PPL. A) Large crack within the aggregate 

particle partly filled with gel; B), C), D) Cracks with gel within the aggregate particles extending into the 

cement paste and connecting to other particles. 
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Figure 5.129. (continued). Photomicrographs of TK mortar. All photos in PPL. E) Cracks with gel 

within the aggregate particles extending into the cement paste and connecting to other particles; F) 

Gel in the interface of the aggregate particle with the cement paste, with continuity into the cement 

paste. 

 

 

5.2.3. Concrete studies 
5.2.3.1. Expansion tests - Concrete prism test at 38ºC (CSA A23.2-14A, 2015) 

A number of concrete prism tests were performed. Thirty-one mixes were prepared at the 

Université Laval, in Québec, Canada. The mixes that contain the aggregates from Continental 

regions (BRAZ, CAN, MOZ, NOR and TK) are the same as for the AMBT. Spratt and also GBS 

sand are used as references in each figure. The characteristics of the concrete are the same 

as presented in Table 4.13 in chapter 4. The CPT method is described by the CSA A23.2-14A 

(2015), ASTM C 1293 (2020) and RILEM AAR-3 (2016) but the limits are provided by the CSA 

Standard Practice A23.2-27A (2019), ASTM C 1778 (2020) and RILEM AAR-0 (2016). 

 
Brazil 

The results of the CPT for BRAZ aggregate show only negative expansion, not reaching the 

limit values.   

According to the limits of expansion indicated in the different standards (CSA 23.2-27A, 

2019; ASTM C 1778, 2020) and RILEM recommendations, this aggregate is considered non-

reactive. The results for the CPT method for the BRAZ aggregate are shown in Figure 5.130. 
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Figure 5.130. Expansion results of the CPT method test at 38ºC (CSA A23.2-14A, 2015) 

concerning the BRAZ aggregate. 

 
Canada 

The concrete prisms made with aggregate CAN show very low expansion. At the end of 

one year of testing, the expansion value is only 0.006%. The expansion presented always 

negative values but at week 39 the value passed to positive numbers, still maintaining very 

low expansions and not reaching the threshold.   

The results obtained classify this aggregate as non-reactive, in accordance to the expansion 

limits for the American and Canadian standards (< 0.040%) and for the RILEM 

recommendations (< 0.05%).  

The results for the CPT method for the aggregate CAN are shown in Figure 5.131. 
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Figure 5.131. Expansion results of the CPT method test at 38ºC (CSA A23.2-14A, 2015) 

concerning the CAN aggregate. 
 
 
 
Mozambique 

The aggregate MOZ shows very low expansion in the CPT. At the end of one year of testing, 

the expansion value is only 0.004%. The expansion values showed some variations between 

negative values and zero expansion. The expansion started to increase only at week 39 with 

0.003% but still maintained very low level and not reaching the limit values.   

The results obtained classify this aggregate as non-reactive, in accordance to the expansion 

limits for the American and Canadian standards (< 0.040%) and for the RILEM 

recommendations (< 0.05%).  

The results for the CPT method for the aggregate from MOZ are shown in Figure 5.132. 
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Figure 5.132. Expansion results of the CPT method test at 38ºC (CSA A23.2-14A, 2015) 

concerning the MOZ aggregate. 
 
 
Norway 

The concrete prisms containing the aggregate NOR show very low expansion. At the end 

of one year of testing, the expansion value is 0.002%. The values showed some variations 

between positive and negative expansion. The measure done at the 1st week of testing showed 

that the expansion increased to 0.003%. After the 2nd week, the values were negative until 

week 39 where expansion increased to 0.001%. After that, the expansion only increased 

0.001% between week 39 and week 52. Overall, the prisms maintained very low expansion 

not reaching the threshold.   

The results obtained classify the aggregate as non-reactive, in accordance to the expansion 

limits for the American and Canadian standards (< 0.040%) and for the RILEM 

recommendations (< 0.05%). 

The results for the CPT method for the aggregate from NOR are shown in Figure 5.133. 
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Figure 5.133. Expansion results of the CPT method test at 35ºC (CSA A23.2-14A, 2015) 

concerning the NOR aggregate. 
 
 
Turkey 

The concrete prisms prepared with the TK aggregate show moderate expansion. At the end 

of one year of testing the expansion value is 0.144%. The expansion started to increase around 

week 4. And at week 18 some tendency for stabilization was noticed, although expansion 

continued to increase until the end of the testing. The result obtained for this aggregate 

classifies it as highly reactive, in accordance to the expansion limits for the American standard 

(≥0.12%-<0.24%), and for the Canadian standards (≥0.120%-<0.260%) and for the RILEM 

recommendations (> 0.10%) it is considered an expansive material. 

The results for the CPT method for the aggregate from TK are shown in Figure 5.134. 
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Figure 5.134. Expansion results of the CPT method test at 38ºC (CSA A23.2-14A, 2015) 

concerning the TK aggregate. 

 
 
 
Spratt (Canada) 

The concrete prism prepared with the Spratt aggregate show high expansion. The graph 

shows that at week 4 the expansion started to increase. At week 18 some stabilization is 

observed although the expansion continued to increase until the end of the testing. The 

expansion value obtained for one year of testing is of 0.168%; this is within the range of what 

is expected with that reference aggregate at about 0.16% at one year. Accordingly, it is 

classified as highly reactive according to CSA A23.2-27A. 

The results for the CPT method for the aggregate from TK are shown in Figure 5.135. 
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Figure 5.135. Expansion results of the CPT method test at 38ºC (CSA A23.2-14A, 2015) 

concerning the SPRATT aggregate. 

 
 
 

5.2.3.2. Gel Pat Test 

The Gel Pat Test was performed for all concrete prisms from Continental regions. The 

procedure was done in the same way as for the concrete from the Ocean Islands. The test 

was performed during 19 weeks and photos obtained at 2, 4, 9 and 19 weeks. The quantity of 

gel produced in each concrete slab and at different periods of time allows to classify the ASR 

intensity into different categories: 0 = no gel, 1 = traces, 2 = some, 3 = fair, 4 = large and 5 = 

very large.  

The results of GPT are presented in Table 5.43. 

Figures 5.136 (A-F) and 5.137 (A-F) show the aspect of the different polished concrete 

sections at week 19 in general view and in detail.  

The polished concrete section with BRAZ aggregate shows the presence of gel, with several 

aggregate particles showing small white deposits of gel (Figure 5.136A and B).  

The concrete section from CAN aggregate shows no gel on the aggregate particles but 

some white dots are present in the cement paste (Figure 5.136C and D).  
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The reference concrete with Spratt aggregate shows a fine white film covering all the section 

(Figure 5.136E); in the aggregate particles, white deposits aligned along cracks are visible 

(Figure 5.136F) and gel is present on several aggregate particles. 

The concrete with MOZ aggregate is covered by a whitish film (Figure 5.137A) and also 

white spots of gel are observed in different parts of many aggregate particles (Figure 5.137B). 

The concrete section containing NOR aggregate does not show a white film and there is no 

gel (Figure 5.137C), however there are very few white deposits in the cement paste (Figure 

5.137C and D).  

The TK concrete section shows a whitish film covering the surface; several aggregate 

particles show abundant white dots (Figure 5.137E and F). 

 
Table 5.43. Results of the GPT after 19 weeks of testing 

 
 
 

Figure 5.136. GPT performed in different polished concrete sections at week 19. A) concrete section 

with BRAZ aggregate; B) Detail of one aggregate particle (BRAZ). 
 

Samples GPT (19 w) Description 
BRAZ 3 With gel 
CAN 0 No gel 
MOZ 5 Gel on many particles; whitish film 

NOR 0 No gel 
TK 5 Gel on many particles; whitish film 

Spratt 2.5 Gel on several particles, often with deposits aligned along cracks; 
+/- whitish film 

GBS 2 Gel on several particles of the sand fraction; no whitish film 

0=no gel; 1=traces; 2=some; 3=fair; 4=large; 5=very large 
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Figure 5.136 (continued). GPT performed in different polished concrete sections at week 19. C) 

Concrete section with CAN aggregate; D) Detail of the cement paste (CAN); E) Concrete section with 

Spratt aggregate; F) Detail of the concrete (Spratt). 

 

 
Figure 5.137. GPT performed on different polished concrete sections at week 19. A) concrete section 

with MOZ aggregate; B) Detail of some aggregate particles (MOZ) with deposits of gel 
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Figure 5.137 (continued). GPT performed on different polished concrete sections at week 19. C) 

Concrete section with NOR aggregate; D) Detail of the cement paste (NOR); E) Concrete section with 

TK aggregate; F) Detail of the concrete (TK) with extensive deposits of gel on one of the aggregate 

particles. 

 
 

5.2.3.3. Petrographic examination - Damage Rating Index (DRI) 

The DRI was performed on concrete polished sections incorporating the BRAZ, Spratt, MOZ 

and TK concrete prisms. It was chosen not to perform the DRI on the CAN and NOR concrete 

prisms due to the low expansion obtained in the CPT method and also because of the GPT 

results. The DRI results are shown in Tables 5.44 and 5.45. 

The DRI method showed that the concrete with TK aggregate, when compared to the other 

concretes from Continental regions, with the exception of Spratt, was the one with more closed 

and opened cracks in the aggregate particles, more reaction products in opened cracks, more 

debonded aggregate particles and more cracks in the cement paste filled, or not, with reaction 

products. It was noticed that the majority of the cracks within the aggregates were concentrated 

near the border of the particles. According to Table 5.45, the degree of ASR is severe to very 
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severe with severe signs of deterioration. Figures 5.138A, B, C and D show some deterioration 

features of TK concrete.  

 

Table 5.44. Detailed results (number of counts multiplied by the weighing factors) of reaction features 

for each sample at the end of one year of testing. 

 

 

 

 

 

 
 

Table 5.45. Concrete condition and degree of deterioration based on the DRI results based on 

Villeneuve, (2011); Villeneuve et al. (2012); Fournier et al. (2015). Spratt and GBS area reference 

aggregates. 

 
 

The concrete with BRAZ aggregate shows very few cracks in the cement paste but, in 

contrast, presents a high number of open cracks within the aggregate particles; however, those 

cracks are largely empty (i.e. no reaction products) (Figure 5.139A and B). 

The concrete containing MOZ aggregate was the one showing the least petrographic 

features of deterioration. Some closed (Figure 5.140A) and open cracks (Figure 5.140B) in the 

aggregate particles were observed, with only a few containing reaction products and very few 

cracks in the cement paste, with no reaction products.  

The concrete prepared with the Spratt aggregate shows a number of petrographic features 

of deterioration. These features include mainly open cracks with or without reaction products 

within the aggregate particles and cracks in the cement paste with reaction products (Figure 

5.141A and B). Some voids are also filled with withish reaction products, ASR gel (Figure 

5.141C). In some cases, aggregate particles are debonded (Figure 5.141D). 

 

 

Samples CCA OCA CA+RP Deb RAP CCP CCP+RP DRI 
BRAZ 3 263 0 1 2 14 0 284 

MOZ 16 12 3 0 0 6 0 37 

TK 30 492 87 66 9 139 81 903 

Spratt 67 761 215 17 9 28 172 1270 
GBS 151 166 34 9 6 69 30 449 

Samples DRI Degree of deterioration 
BRAZ 284 Fair to moderate – Concrete generally in good condition 

MOZ 37 Trace – Concrete in good conditions 

TK 903 Severe to very severe - Concrete with severe signs of deterioration  

Spratt 1270 Severe to very severe - Concrete with severe signs of deterioration  
GBS 449 Moderate to severe - Concrete with moderate signs of deterioration  
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Figure 5.138. Photographs of TK concrete prisms observed under the stereobinocular microscope. 

A) Open crack with some gel in an aggregate particle, extending into the cement paste; B) Open crack 

in an aggregate particle with reaction product and outlining the particle (red arrows); C) an aggregate 

particle with a rim of gel filling the interfacial zone with the cement paste; D) cracks in the cement 

paste and in one of the aggregate particles. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.139. Photographs of BRAZ concrete prism. A) Open crack within the aggregate particle (red 

arrows); B) Open crack within another aggregate particle. 
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Figure 5.140. Photographs of MOZ concrete prism. A) Closed crack within the aggregate particle (red 

arrows); B) Open and closed crack (red arrow in the right) within the aggregate particle. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.141. Photographs of Spratt concrete prisms. A) Several cracks within an aggregate particle 

that extend into the cement paste, containing reaction product in both places (red arrows); B) Crack 

with reaction product within an aggregate particle that continues to the cement paste and connects to 

a void filled with ASR gel; C) different voids with ASR gel; D) Debonded aggregate particle and crack 

inside the particle (red arrows). 
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5.2.3.4. Post-mortem petrography 

All the concrete aggregates from Continental regions correspond to crushed rocks. The 

sand used was the same for all aggregates and consists of a non-reactive natural sand 

incorporating feldspar (alkali feldspar and plagioclase) with intergrowth (perthite) and reaction 

textures (myrmekite), some grains of microcline, quartz, clinopyroxene (aegirine-augite), 

opaque minerals and biotite. Also, some of the grains of the sand fraction are formed by 

microcrystalline quartz. For all the concrete prisms, the cement paste is homogeneous. The 

concrete petrography was not done for the CAN and NOR aggregates due to the low expansion 

obtained in the CPT and the results obtained in the GPT. 

 
Brazil 

The BRAZ basalt aggregate shows the same mineralogy and texture described in 5.22.  

In general, there are some cracks in the cement matrix that connect the aggregate particles, 

either cross or surround some grains of the sand fraction (Figure 5.142A and B) and connect 

to air voids. Although most of them are empty, it was observed some dark material filling partly 

the cracks in small different sections of the aggregate particles or surrounding them (Figure 

5.142C and D, E, E and F). In the aggregate particles, there are very few cracks and usually 

they are filled with calcite. The majority of the voids are empty and very few are lined with a 

brownish secondary product that is thought to correspond to gel. 

There is a slight evidence for an ongoing ASR in the concrete prism, although there are 

very few fine cracks in the aggregate particles. The brownish secondary product that is thought 

to correspond to gel appears only in some cracks in the cement paste. 

 
Figure 5.142. Photomicrographs of BRAZ concrete prism. All photos in PPL. A) and B) Cracks in the 

cement matrix connecting some grains of the sand fraction. 
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Figure 5.142 (continued). Photomicrographs of BRAZ concrete prism. All photos in PPL. C), D), E) 

and F) tiny cracks with brownish material (gel?) in the interfacial zone between the aggregate particles 

and the cement paste and extending into the cement paste. 
 

 

Spratt (from Canada) 
Spratt is composed of siliceous limestone. Some aggregate particles contain carbonate and 

siliceous bioclasts, while others are mainly formed by calcite and others contain a reddish-

brown material (probably clay minerals and limonite) in the rock matrix. 

The concrete thin section revealed the presence of several cracks in the cement paste 

(Figure 5.143A, B), some of which are long and others are thin and short. The cracks often 

surround the grains of the sand fraction. The presence of a brownish material is noticed filling 

partly the cracks in the cement paste (Figure 5.143C) and sometimes outlining the aggregate 

particles. Small voids are partly or filled with brownish material (gel?) (Figure 5.143D). 
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There is some evidence for an ongoing ASR in the present concrete, where the siliceous 

limestone particles are responsible.  

Figure 5.143. Photomicrographs of Spratt reference concrete prism. All photos are in PPL. A) and B) 

Cracks in the cement matrix connecting some grains of the sand fraction; C) Cracks with brownish 

material in the cement matrix; D) Void partly filled with brownish material (gel?). 

 

 

Mozambique 
The aggregate is a rhyolite, as described in 5.22.  

In general, there are several cracks in the cement paste but they are not filled with gel 

(Figure 5.144A and B). Some cracks are outlining the aggregate particles (Figure 5.144C). 

There are no cracks in the aggregate particles and the voids are empty (Figure 5.144D). 

There is no evidence for an ongoing ASR in the present concrete. 
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Figure 5.144. Photomicrographs of MOZ concrete prism. All photos are in PPL. A) and B) Cracks in 

the cement matrix connecting some grains of the sand fraction; C) Cracks in the interface zone 

between an aggregate particle and the cement matrix; D) Very fine cracks in the cement paste and an 

empty void. 

 
 
Turkey 

The aggregate is composed of andesites that have the same mineralogy and texture as 

described in 5.22.  

In general, most of the aggregate particles are surrounded by brownish material (Figure 

5.145A). There are some cracks in the cement paste connecting the aggregate particles that 

are also crossing or surrounding some particles of the sand fraction (Figure 5.145B) or linking 

to air voids. Within the aggregate particles, the cracks are located near the border of the 

particle (Figure 5.145C).  In one of the aggregate particles, there is a cracked yellow-brownish 

material located at the boundary between the particle and cement paste. Some parts are 

isotropic, others maintain the yellow-brownish colour (Figure 5.145D, E and F). Some of the 

air voids are lined with a brownish material. 
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Figure 5.145. Photomicrographs of the TK concrete prism. All photos are in PPL. A) Brownish material 

in a crack outlining an aggregate particle; B) Cracks in the cement matrix connecting some grains of 

the sand fraction and a void; C) Cracks within the aggregate particle; D), E) and F) Cracked yellow-

brownish material located in different locations of an aggregate particle at the boundary between 

particle and cement paste. 

 
There is an evidence for an ongoing ASR in the present concrete, where the andesitic 

aggregate particles are responsible.  

 
















































































































































