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a b s t r a c t

Mesostasis material present in the interstices of volcanic rocks is the main cause of the alkali-aggregate
reaction (AAR) in concretes made with these rock aggregates. Mesostasis often is referred to as volcanic
glass, because it has amorphous features when analyzed by optical microscopy. However, this study dem-
onstrates that mesostasis in the interstitials of volcanic rocks most often consists of micro to cryptocrys-
talline mineral phases of quartz, feldspars, and clays. Mesostasis has been identified as having different
characteristics, and, thus, this new characterization calls for a re-evaluation of their influence on the reac-
tivity of the volcanic rocks. The main purpose of this study is to correlate the characteristics of mesostasis
with the AAR in mortar bars containing basalts and rhyolites.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The alkali-aggregate reaction (AAR) is a chemical reaction be-
tween silica from the concrete aggregates (rocks and sands) and
alkaline hydroxides that form during the hydration process of Port-
land cement concrete. The by-product of this hydration is a hygro-
scopic gel. Water in the concrete promotes gel expansion and
hence internal stresses, leading to cracks and deformation.

Even aggregates from basic rocks (those with a low silica con-
tent such as basalts), have proved highly reactive in accelerated
tests to available aggregate reactivity. Their reactivity is usually as-
cribed to amorphous material (volcanic glass) present on the grains
in the interstices [1–5]. Amorphous, or microcrystalline silica
phases, generally react quickly with alkaline hydroxides because
they dissolve readily [1,3,5–7]. According to Wakizaka [3], the fol-
lowing factors control silica dissolution in concrete aggregates: sil-
ica content, thermodynamic properties, specific surface, and
crystallinity.

However, the material known as volcanic glass in most cases is
not amorphous. Using scanning electron microscopy (SEM) in con-
junction with energy-dispersive spectroscopy analysis (EDS),
Gomes [8] showed the presence of small K–feldspar and quartz
ll rights reserved.
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crystals in this interstitial material. According to the author, the
chemical composition of mesostasis can vary widely. In these
experiments [8], mesostasis of rocks had 47–80% silica (SiO2) con-
tent, the K2O was about 10%, Na2O was 3%, and Al2O3 was 18%.
Gomes [8] also found smaller amounts of MgO, CaO, and FeO.

Mesostasis is a residue from the sudden cooling of volcanic
magma, which is alkali-silica rich and may have different composi-
tion of microcrystalline phases. The influence of the characteristics
of mesostasis on the AAR has yet to be fully addressed. Although
Tiecher [9] evaluated the amount of mesostasis in 14 basalts from
southern region in Brazil, the expansion potential of these basalts
was not determined. Moreover, there are few studies about the
reactivity of volcanic rocks compared with metamorphic and plu-
tonic rocks. Noteworthy are studies by Korkanç and Tuğrul [1],
and Wakizaka [3].

The most frequent lithotypes of volcanic rocks are basalts and
rhyolites. Basalts are usually classified as reactive rocks in acceler-
ated mortar tests, but in concrete tests basalts are often assumed to
be innocuous [10,11]. Rhyolites, in turn, have proved to be reactive
in both tests and also in the field [12–16].

Mineral phases into mesostasis, as well as its degree of crystal-
linity may influence the AAR development in basalts and rhyolites.
This study aims to evaluate the characteristics of mesostasis of
different volcanic rocks and correlate them with reactivity of the
rocks.

http://dx.doi.org/10.1016/j.cemconcomp.2012.07.009
mailto:francieli-tiecher@cientec.rs.gov.br
http://dx.doi.org/10.1016/j.cemconcomp.2012.07.009
http://www.sciencedirect.com/science/journal/09589465
http://www.elsevier.com/locate/cemconcomp


Fig. 1. Micrographs of (a) basalt and (b) rhyolite, obtained under optical micros-
copy with cross polarization, magnification = 25�, in which Pl = plagioclase,
Px = pyroxene, Op = opaque minerals, Q = quartz, K–f = K–feldspar.
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2. Experimental program

2.1. Methods

Mineralogical composition and texture of rocks were performed
through petrographic analysis at transmitted light optical micros-
copy, scanning electron microscopy (SEM), and energy-dispersive
spectroscopy analysis (EDS). Mineral phases and interstitial mate-
rial (mesostasis) were measure by modal quantification on slides
with 30 lm.

X-ray diffractometry was used for mineralogical characteriza-
tion and identification of the crystalline phases. The powder meth-
od was used, passing sample fractions in #200. Clay minerals were
identified through the suspension method in the oriented condi-
tion, according to the technique proposed by Alves [17]. This con-
sists of separating clays from the rocks and then analyzing them
through natural, calcined (500� for 2 h) and glycoled. A Siemens
Bruker-AXS, model D5000 diffractometer with a h–h goniometer,
CuKa (k = 1.5418 ÅA

0

) radiation, and graphite monochromator was
used. Operating conditions of the X-ray tube were 40 kV and
25 mA. Acquisition time was 1 s per point with 0.02� pitch, with
the sweep 2–72� (2h scale) in the samples analyzed using the pow-
der method and 2–28� (2h scale) for the oriented samples. Chemi-
cal composition of rocks was determined by X-ray fluorescence
spectrometry (XRF). Detailed analyses of the characteristics of
mesostasis and its chemical/mineralogical composition were car-
ried out with SEM and EDS. Backscattered images were obtained
with a Jeol–JSM 5800 scanning electron microscope with an accel-
eration current of 20.0 kV. Thin carbon metalized slides were used
for the analyses.

An accelerated mortar bar test—according to Brazilian standard
NBR 15577-4 [18]—was used to characterize the alkali-reactivity of
rock samples; this test is similar to ASTM C 1260 [19] and CSA
A23.2-25A [20]. The three mortar bars were composed of 440 g
of cement and 990 g of specific grain size aggregates that were
mixed together. After molding, test bars (285 � 25 mm) were
deposited in a wet chamber for 24 h and then placed in water at
80 �C for another 24 h. According to ASTM C 1260 [18], the mortar
bars should have been immersed in 1 M NaOH solution at 80 �C for
28 days; however, the test was prolonged for an additional
100 days in order to observe behavior of rocks over the passage
of time. Periodical measurement of the length of the bars was
made during their immersion in alkaline solution. Mortar bars
expansions above 0.19% at 28 days classified the aggregates as
potentially reactive. ASTM C 1260 [18] specifies that 0.20% is the
limit of expansion at 28 days of immersion.

Silica dissolution from rock samples was measured through the
visible spectrophotometric method according to Brazilian Standard
NBR 9848 [21] (the spectrophotometric method is similar to the
method of the ISO 9874:1974 (E) [22]), which specifies the test
method for silica determination in liquid caustic soda. This test is
for determining the resulting color of the silica–molibdic (ammo-
nia molibdate) complex at pH close to 1, which is formed through
visible spectrophotometry. Silica concentration is proportional to
the silica present. In order to perform the test, rock samples be-
tween 0.15 mm and 0.30 mm were submerged in a 1 M NaOH solu-
tion at 80 �C for 3 days. Afterward, the rocks were removed from
the alkaline solutions and analyzed using the spectrophotometric
method.
2.2. Materials

2.2.1. Rocks
The experiments reported herein used two different types of

volcanic rocks—basalt and rhyolite—which have different miner-
alogical compositions. The basalt sample is a porphyritic rock
composed of plagioclase, pyroxene, and phenocrystals of Fe–
Ti oxide in a fine matrix of plagioclase (43.37%), pyroxene
(35.22%), opaque minerals (4.58%), and mesostasis (16.83%), with
traces of apatite and hematite (see Fig. 1a). The rhyolite sample is
composed of K–feldspar (19.92%), quartz (23.72%), plagioclase
(18.22%), pyroxene (7.72%), Ti–magnetite (3.18%), mesostasis
(30.42%), traces of clay minerals, apatite, and hematite (see
Fig. 1b).

The XRD patterns (Figs. 2 and 3) of rock samples do not show
signs of amorphous constituents. Note the presence of quartz in
the XRD pattern of the basalt rock (Fig. 2a), which appears as sub-
microscopic grains, i.e., invisible to optical microscopy. Quartz in
basalt occurs in mesostasis.

Figs. 2b and 3b present XRD patterns of the <2 lm fraction
in the oriented condition identifying the clay minerals. A peak
can be observed at about 15.0 Å, displaced towards to left
(16.5 Å); after being saturated with ethylene–glycol it appears
at 10.0 Å after calcination. This behavior is characteristic of
expansive clay minerals of the smectite group. Previous studies
of these rocks have concluded that clays are saponites [8,23],
which are expansive in nature, possibly contributing to concrete
expansion.

Chemical analyses of the rocks (see Table 1) demonstrated that
the basalt sample had around 54% SiO2, which is compatible with a



Fig. 2. XRD patterns of the basaltic rock (a) and clay minerals (b).
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toleitic nature. An excess of SiO2 in basalt rock forms microcrystal-
line quartz into residue with the fast crystallization of magma
(mesostasis). Rhyolite, however, is composed of 68% SiO2, which
composes quartz crystals in the rock matrix and microcrystalline
quartz into mesostasis.

Various researchers [24–26] have proposed that the Na2O and
K2O present in rock samples could contribute to the AAR. Sodium
in rock samples constitutes the plagioclase and excess crystallized
microcrystalline phases in mesostasis, a similar reaction occurs
with potassium (K) from the K–feldspar in the rhyolite sample.
There are no main potassium minerals in the basalt rock, however,
and the potassium found in basalt is from microcrystalline K–feld-
spars in mesostasis. All the microcrystalline phases in mesostasis
are highly soluble in alkaline environments to their ‘‘unstable’’
condition, thus, they contribute to increase the alkalinity of the
concrete pores, causing greater predisposition to the AAR.



Fig. 3. XRD patterns of the rhyolitic rock (a) and clay minerals (b).
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2.2.2. Cement characterization
Accelerated mortar bar tests were performed on a sample

made with pure Portland cement and classified as CPI according
to Brazilian standard NBR 5732 [27] (which is similar to Type I
according to American standard ASTM C 150 [28]). The cement
used conformed to the standards for accelerated mortar bar
tests: the samples had a total alkali content Na2Oeq = 0.89%;
specific area = 4920 cm2/g; autoclave expansion = 0.02%, and no
additions of any kind.
3. Results

3.1. Characterization of mesostasis

As previously mentioned mesostasis is a residual material, com-
posed of microcrystalline minerals from fast-cooling magma and
are found in volcanic rocks. Under optical microscopy, mesostasis
has features of amorphous material; consequently, it is called vol-
canic glass.



Table 1
Chemical composition of the rocks (% mass).

Compound Basalt Rhyolite

SiO2 54.04 67.98
Al2O3 16.71 11.75
TiO2 0.94 1.15
Fe2O3 (total) 10.33 7.32
MnO 0.18 0.12
MgO 4.81 0.74
CaO 9.22 2.38
Na2O 1.73 1.89
K2O 1.39 4.15
P2O5 0.14 0.18
Loss to fire 0.70 1.015
Total 100.21 98.68

Fig. 4. Micrographs of (a) basalt and (b) rhyolite, obtained in optical microscopy
under natural light, magnification = 25�, in which M = mesostasis.
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Fig. 4 compares the textures of the rock samples, showing the
distribution of mesostasis in both of them. Note that the rhyolite
sample shows sites with large volume of this interstitial material,
which is characterized by radiating texture and dark color and is
not present in the basalt sample. As shown in Table 2, petrographic
analysis showed three different categories of mesostasis, which are
present in basalt and rhyolite: (a) containing microcrystalline grain
(Mn); (b) with better crystallized grains (Mq); and (c) with pre-
dominantly clay minerals (Ma).



Fig. 5. Micrographs of Mm mesostasis, obtained by optical microscopy under natural light (a), cross polarization (b) (magnification = 100�) and SEM through backscatter
electron beam (c) (d) (magnification = 300�; 1000�); EDS spectrum of the quartz (e) and K–feldspar of Mm mesostasis (f); map of Si (g), K (h), Ca (i); Fe (j), in which
Mm = mesostasis with microcrystalline grain, Px = pyroxene, Si = region where silica (quartz) is found, Fe = region where Fe (pyroxene) is found, Ca = region where calcium
(pyroxene and plagioclase) is found, K = region where potassium (K–feldspar) is found.
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Table 3
Free silica component of the rocks, before and after the accelerated expansion test (%).

Type of mesostasis Samples

Basalt Rhyolite

Before test After test Before test After test

Quartz – – 23.7 11.8
Mm mesostasis 7.7 2.0 16.1 3.8
Mq mesostasis 3.6 0.3 6.1 1.0
Ma mesostasis 5.5 5.3 5.0 5.0
Total 16.8 7.6 27.2 9.8

Fig. 6. Micrographs of Mq mesostasis, obtained by optical microscopy under natural li
electron beam (c) (magnification = 400�); EDS spectrum of the quartz (d) and K–feldspa
with finer crystallized grains of quartz and feldspars, Px = pyroxene, Si = region where s
calcium (pyroxene and plagioclase) is found, K = region where potassium (K–feldspar) i
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Different categories of mesostasis were observed by SEM and
analyzed by EDS. It was found that Mm mesostasis transmitted
low light at optical microscopy, where no crystals could be distin-
guished (Fig. 5a and b). The backscattered SEM image shows two
tones of gray Fig. 5c); the darkest is quartz, as shown in Fig. 5d
and e, the lightest is K–feldspar, as shown in Fig. 5d and f. If this
was an amorphous material, the silica would not be decoupled
from alkalis.

The map of elements in Mm mesostasis, (acquisition time
equals 20 min, detection time equals 50 s, acceleration voltage
ght (a), cross polarization (b) (magnification = 100�) and SEM through backscatter
r of Mq mesostasis (e); map of Si (f), K (g), Ca (h); Fe (i), in which Mq = mesostasis
ilica (quartz) is found, Fe = region where Fe (pyroxene) is found, Ca = region where
s found.



Fig. 7. Micrographs of Ma mesostasis, obtained by optical microscopy under natural light (a), cross polarization (b) (magnification = 200�) and SEM through backscatter
electron beam (c) (magnification = 300�); EDS spectrum of the quartz (d) and K–feldspar of Mq mesostasis (e); map of Si (f), K (g), Ca (h); Fe (i), in which Ma = mesostasis with
clay minerals, Px = pyroxene, Si = region where silica (quartz) is found, Fe = region where Fe (pyroxene) is found, Ca = region where calcium (pyroxene and plagioclase) is
found, K = region where potassium (K–feldspar) is found.
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equals 10 kV) showed regions with large Si concentration and the
absence of additional elements (K, Ca and Fe), which indicate the
presence of pure SiO2 micrograins Fig. 5g), i.e., quartz. Other re-
gions have K–feldspar (K mapping – Fig. 5h). In both rocks the
quartz and K–feldspar grains present are smaller than 1 lm for
both basalt and rhyolite’ all regions with Mm mesostasis have
these characteristic. Noteworthy to mention is the quartz and K–
feldspar in basalt occur only in mesostasis and are not part of the
main rock mineralogy.

Mm mesostasis contains irrelevant quantity of clay minerals (in
both rocks), as can be deduced by the absence of Fe and Ca, since
the clays identified in the rocks are saponites (see Section 2.2.1)



Fig. 9. Silica dissolution – visible spectrophotometric method (NBR 9848).
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[8,23]. Fig. 5i and j illustrate the analysis made herein. Regions
with Ca and Fe correspond to pyroxene, and those with Ca without
Fe indicate the presence of plagioclase.

Mq mesostasis, which has better crystallized grains, was ob-
served in both rocks, but was not as prominent in the basalt sample
[see Table 3 (Section 3.2)]. This mesostasis is characterized by the
presence of quartz and K–feldspar grains that can be seen at optical
microscopy, as illustrated in Fig. 6a and b. In SEM with EDS assis-
tance, it was also possible to identify grains constituting Mq mes-
ostasis (Fig. 6c–e). The chemical map in Mq mesostasis (acquisition
time equals 20 min., detection time equals 50 s, and acceleration
voltage equals 10 kV) shows Si and K homogeneously distributed,
with quartz and K–feldspar crystals identified by the higher con-
centration of Si and K, respectively (Fig. 6f and g).

Ma mesostasis is composed of predominantly clay minerals
(more than 50% of the mesostasis) and is greenish under the natu-
ral light of an optical transmission microscope (Fig. 7a)). Under
cross polarization a dark slightly shiny material is observed
(Fig. 7b). The SEM observations show that Ma mesostasis has a
scaly appearance, which is very different from Mm and Mq meso-
stasis. This feature is due to lamellar habit of clay minerals and
their very small size (Fig. 7c). Using EDS, the constituents of the
clays were identified (Na, K, Ca, Al, Mg, and Si), which corroborates
the petrographic analyses that showed main incidence of clay min-
erals instead of quartz and K–feldspars (Fig. 7d). The mapping of
the chemical elements in Ma mesostasis confirmed that the K
and Fe were predominant Fig. 7f and h); however, small pockets
of highly concentrated Si are identified, showing that Ma mesosta-
sis also presents microcrystalline quartz grains, although in less
quantity (Fig. 7e).

3.2. Analysis of the potential development of the AAR

The accelerated mortar bar test was performed according to
Brazilian standard NBR 15577-4 [18] (similar to US standard ASTM
C 1260 [19]) to correlate the characteristics of mesostasis with
expansion due to the AAR from volcanic rocks. Fig. 8 shows the
expansion over time and that both the basalt and rhyolite samples
are potentially reactive according to classification of the NBR
15577-1 [29] testing for Part 4, whereby aggregates are deemed
potentially reactive when their expansions are above 0.19% at
30 days (ASTM C 33 [30] has a similar criterion).

Although both rocks are potentially reactive, Fig. 8 shows that
basalt sample expanded 26% more than rhyolite at 30 days
(basalt = 0.62%; rhyolite = 0.46%). Over time, however, the rate of
the expansion of the basalt sample tended to stabilize. After
50 days, it was almost identical to the rhyolite expansion (ba-
salt = 0.76%; rhyolite = 0.75%). At 100 days the rhyolite sample
Fig. 8. Expansion over time – accelerated test of the mortar bar expansion.
had expanded 65% more than basalt sample (basalt = 0.90%;
rhyolite = 1.49%).

Considering the average expansion rates up to 30 days, the rate
of expansion for the basalt sample was 0.21%, every 10 days, but
from 30 to 100 days it fell to 0.04%. In contrast, the rhyolite sam-
ple’s rate of expansion was linear; about 0.15%. Other researchers
have also noted this phenomena for basalts when subjected to
accelerated expansion tests [9,10,31].

According to results of the spectrophotometric test that evalu-
ated silica dissolution of the rocks (Fig. 9), rhyolite enabled more
silica dissolution than basalt, which explains its higher reactivity
compared to basalt. At 30 days (the age prescribed by the stan-
dards [19,29]), however, the basalt could be considered more
reactive.

Table 1 presents the chemical composition of the rocks, show-
ing that rhyolite contained about 26% more silica than basalt. In
rhyolite, silica is more available to react with other chemicals since
its quartz comes from the matrix and from mesostasis. On the
other hand, the silica found in basalt is from silicates such as pla-
gioclase and pyroxene, which is combined with Ca, Al, Fe among
others elements. Therefore, only a small portion of silica is ‘‘free’’
in basalts and corresponds to interstitial quartz into mesostasis,
as observed at Section 3.1.

Quartz and K–feldspars are part of the main mineralogy of rhy-
olite rocks; therefore, mesostasis in rhyolite are under greater
‘equilibrium’ conditions unlike basalt. This ‘equilibrium’ is demon-
strated by the lower expansion rate for rhyolite than basalt. The
alkaline fluid in contact with rhyolites most likely reacts before
with quartz (crypto-microcrystalline) from mesostasis and, as time
passes, with quartz from the main matrix. Therefore, the rate of
expansion during the accelerated test made with rhyolite remains
identical from the beginning to the end of the test.

Fragments of rock samples immersed in mortars for the acceler-
ated expansion test were analyzed through optical microscopy,
SEM, and EDS. Modal analysis at optical microscopy allowed for
quantifying the presence of quartz and mesostasis that remained
after the accelerated test; note that the modal analysis was made
during the same condition before and after the AAR (i.e., 2000
points per area). Table 3 lists the amounts of quartz and mesostasis
from basalt and rhyolite before and after the accelerated expansion
test.

As shown in Table 3, in the basalt sample 74% of Mm mesosta-
sis and 91.7% of Mq mesostasis had dissolved, i.e., almost all
quartz present in the basalt had dissolved, which explains the
stabilization of expansion rate during the accelerated test
(100 days). At the end of the test, 54.8% of the total mesostasis
in the basalt had dissolved; most of remainder (45.2%) was Ma
mesostasis, which is predominantly clay. Fig. 10 shows a basalt
fragment after the accelerated expansion test, demonstrating



Fig. 10. Micrographs obtained through optical microscopy under natural light (a) (magnification = 50�) and through SEM by backscatter electron beam (b)
(magnification = 80�); EDS spectrum of clay minerals of Ma mesostasis (c), in which Ma = mesostasis with the predominance of clay minerals, Op = opaque minerals, and
Void = void in the interstitial of rock grain.
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the predominance of the clay minerals from Ma mesostasis after
the accelerated test.

According to analysis of the rock fragments after the accelerated
mortar bar test, Ma mesostasis, which is found in smaller propor-
tions in the original rocks matrix, is less sensitive to alkaline attack
and dissolution. The aggressive conditions of the accelerated test
enable dissolution of available silica in both rocks, but quartz from
Ma mesostasis is protected by the clay minerals. In view of the easy
availability of the quartz from other mesostasis, Ma mesostasis are
less ‘important’ in the scale of dissolution, i.e., the clay acts as an ‘‘ar-
mor.’’ Under the continuous aggressive conditions of the accelerated
expansion test, it is assumed that the Ma mesostasis will dissolve.

Microcrystalline grains of quartz and K–feldspar in mesostasis
are not part of the main mineralogy of the basalts. Being unstable,
they are strongly susceptible to alteration by alkaline fluid in the
concrete. Alkaline fluid reacts easily, rapidly, and powerfully with
mesostasis in basalt, but because of amount of available silica is
low (the amount of quartz in basalt is only found in mesostasis),
the expansion due to the AAR soon stabilizes. Results obtained
from the accelerated expansion test and silica dissolution support
this conclusion, which is collaborated by the lack of reports from
the field regarding basalts reactivity.

Table 3 shows that after exposure of the rocks to the alkaline
solution (the accelerated expansion test) just 50.2% of quartz
grains from rhyolite fragments (into mortars) had dissolved, but
Mm and Mq mesostasis had dissolved 76.4% and 83.6%, respec-
tively. Rhyolite had dissolved 64.0% of its total ‘‘free’’ silica, but
around 50.0% of the quartz remained undissolved, and, conse-
quently, the expansion rate of the mortar bars made with
rhyolite did not stabilize, which was only exacerbated because
rhyolite has much more silica available to ‘‘react’’ than the basalt
sample.

4. Conclusions

Generally, the reactivity of volcanic rocks has been attributed to
volcanic glass present in the interstices of the minerals. However,
in this study it was concluded that material called volcanic glass
is mostly composed of crypto-microcrystalline mineral phases:
mesostasis.

Mesostasis has amorphous features when studied with optical
microscopy, but through the use of SEM and EDS it is possible to
identify mineral phases. Mesostasis may have several different
characteristics that might influence the development of the AAR.
Three mesostasis categories were determined in this study; the
most important difference between them was the size of the grain,
as they have same mineralogical composition; although with dif-
ferent amounts: Mm mesostasis has smaller grains than others
mesostasis, and no quartz or feldspar was observed by optical
microscopy; Mq mesostasis has larger grains of quartz and K–feld-
spar that are occasionally identifiable at optical microscopy; and
Ma mesostasis is predominantly clay.

This study concluded that quartz grains from mesostasis are the
main provider of silica dissolution when an alkaline volcanic rock,
such as basalt, is close to an alkaline solution. Previous studies that
have focused on the AAR in basaltic rocks have done so in labora-
tory conditions using accelerated expansion tests to document this
reaction. These test results seem to contradict field reports in the
literature where the AAR in concretes with basaltic aggregates
does not occur. Consequently, it is possible to conclude that
amount of quartz in basalts is not significant enough to promote
the AAR in real situations. Accelerated expansion tests require very
aggressive conditions (high alkalinity and temperature), which
causes rapid dissolution of the microcrystalline quartz from meso-
stasis, as observed by the rapid intense initial expansion and
immediate stabilization.

Acid volcanic rocks such as rhyolites have greater potential to
be more damaging to real concrete structures because the
amount of available silica to promote the AAR is larger. In rhyo-
lites, the silica that dissolves is from both the quartz of the
mesostasis and quartz of the matrix. Therefore it was concluded
that amount of available silica (quartz) in volcanic rocks used
in the production of concrete is critical in order to predict their
reactivity.

Volcanic rocks are very complex. Often they have chemical
composition and mineral compositions similar. Thus a greater
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number of samples are being studied to get more results and in the
future they will be published.
Acknowledgments

The authors of this study wish to thank the Centro de Microsco-
pia Eletrônica (CME) of Universidade Federal do Rio Grande do Sul
(UFRGS), the Conselho Nacional de Desenvolvimento Científico e
Tecnológico (CNPq) and Furnas Centrais Elétricas S.A/ANEEL for
their support to this research.

This publication was based on work supported in part by Award
No. KUS-l1-004021, made by King Abdullah University of Science
and Technology (KAUST).
References
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