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� The potential reactivity of marbles from Córdoba (Argentina) was studied.
� Low expansions due to ASR rather than to non-expansive dedolomitization were recorded.
� Relict strained quartz and possibly fine-grained phlogopite acted as silica sources.
� The extent of dedolomitization was controlled by the content of dolomite.
� Dedolomitization in marbles and sedimentary carbonates seems to have acted similarly.
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a b s t r a c t

Marbles from the province of Córdoba (Argentina) have been used as aggregates in concrete; however,
there is little information about their potential reactivity and interaction with the cement paste. Recently,
the alkali-carbonate reactivity of dolomitic to calcitic marbles from this province was determined by
standardized methods (ASTM C1293, ASTM C586, CSA A23.2-26A) and a modification of the Chinese
Accelerated Mortar Bar Method (M-CAMBT) using a single aggregate size fraction (2.5–5.0 mm). Although
all samples behaved as non-reactive some expansion was recorded, especially in the M-CAMBT method.
In this work microstructural and chemical studies were carried out by stereomicroscopy, polarizing
microscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM) and electron probe microanal-
ysis (EPMA) on mortar bars tested by the M-CAMBT method. Dedolomitization was detected in all dolo-
mitic and calc-dolomitic marbles being more accentuated in the samples with more dolomite. This
process is characterized by the development of different zones in the cement–aggregate interface that
differ in texture and chemical composition and are similar to the zones described by other authors in
dolomitic limestones typically associated with the so-called alkali–carbonate reaction. Therefore, the
presence and distribution of dedolomitization appears not to be related to the texture of the aggregates
but to the amount of dolomite in the rock. The low expansions recorded were associated with relict
strained quartz and possibly with fine-grained phlogopite in the matrix of the rocks, which have acted
as silica sources for the development of secondary silicates of variable composition (±Ca ± Na ± K ± M-
g ± Al) and microfissures as a result of the alkali–silica reaction rather than the non-expansive dedolom-
itization process.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction
The reactivity of carbonatic rocks in concrete has been exten-
sively studied since 1957 when this process was first described
in Canada by Swenson [1]. Thereafter, many cases of structures af-
fected by the so-called alkali-carbonate reaction (ACR) were re-
ported in other countries (e.g. the United States [2–5], China
[6,7], Austria [8]). Katayama [9–12] restudied some Austrian and
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Canadian carbonatic aggregates and although dedolomitization
was observed, the expansive behaviour was attributed to the reac-
tivity of cryptocrystalline quartz present in the microstructure of
those rocks, which induced alkali-silica reactions (ASRs). Similar
considerations have been done in recent work on field and labora-
tory specimens where Canadian and Chinese aggregates were
restudied [13–16].

The mechanisms that lead to concrete deterioration due to the
so-called ACR are, therefore, a matter of current debate (e.g. [17]
and references cited therein); however, recent studies point out
that two main processes can occur separately or simultaneously
depending on the mineral composition of the aggregates involved
in the process: (a) dedolomitization of dolomite crystals in carbo-
natic aggregates and (b) ASR caused by silica minerals in the carbo-
natic aggregates, the first one being non-expansive and the second
one expansive and the cause of concrete deterioration (e.g. [9–
12,18,19]).

In 1961, Hadley [2] proposed the dedolomitization model to ex-
plain the reaction process between carbonatic aggregates and the
alkalis present in the concrete pore solution, the so-called alkali-
carbonate reaction. Currently, the basis of this model is widely ac-
cepted worldwide and can be described as follows.

In alkaline conditions, the dolomite present in dolomitic lime-
stones interacts with the alkali hydroxides from the concrete pore
solution causing a fine intergrowth of calcite and brucite. This pro-
cess releases CO2�

3 from sodium carbonate, which migrates to the
cement paste dissolving the portlandite phase and releasing Ca2+

ions that will react to form a carbonate halo around the aggregate
and will keep the solution alkalinity high due to the regeneration
of the alkali hydroxide [2].

In Argentina, this subject has been investigated since 1991, but
so far no structures in service affected by the so-called ACR have
been reported. Laboratory tests have been conducted on some car-
bonatic aggregates such as dolomites from Olavarría (province of
Buenos Aires), dolomites from Valcheta (province of Río Negro)
and dolomitic marbles from Alta Gracia (province of Córdoba)
(e.g. [20–23]) in order to evaluate their potential reactivity.
According to the authors, the three aggregates showed evidence
of dedolomitization, but only the dolomite from Valcheta was clas-
sified as potentially reactive owing to its expansive behaviour [24].
In the latter work, the authors concluded that the dolomite aggre-
gate from Valcheta reacts deleteriously with concrete alkalis fol-
lowing a mechanism similar to that of ACR. Furthermore, they
claimed that it was not possible to deny that ASR could take a part
in the expansive reaction, considering the potentially reactive
components of the insoluble residue of the rock (in this rock the
insoluble residue varies between 10% and 20% and it is composed
of quartz, feldspar, fragments of rhyolitic volcanic rocks, illite,
smectite and sepiolite).

In the province of Córdoba (Argentina) metamorphic carbonatic
rocks (dolomitic to calcitic marbles) are incorporated in the con-
crete as coarse aggregates, but generally as part of a mixture of
rocks of variable composition, gneisses being the main lithology
exploited. Locati et al. [25] studied a highway in Córdoba that
shows evidence of deterioration due to the ASR. The aggregates uti-
lized in the structure were biotitic gneisses, migmatites, marbles,
amphibolites, and granitic to tonalitic rocks, affected by deforma-
tion processes of variable intensity. The authors concluded that
metamorphic quartz-bearing aggregates that present internal
deformation microstructures played an important role in the dete-
rioration producing slow/late expansions. However, no deteriora-
tion linked with marbles was observed.

Although the characteristics of these rocks differ from those of
the sedimentary carbonatic rocks associated with the so-called
ACR (argillaceous dolomitic limestones with dolomite rhombs
scattered in the fine-grained matrix), in other parts of the world
there are some records about the reactivity of carbonatic rocks that
differ from the traditional ones ([26] and references cited therein).
According to Katayama [9] ‘‘...it is recommended that concrete
petrographers make a careful examination of the carbonate aggre-
gates without prejudice, not only focusing on the well-known type
of reactive argillaceous dolomitic limestone, but also covering the
whole range of the carbonate rocks found in the concrete...’’.

Considering that there are laboratory records about dedolomiti-
zation processes in marbles from Alta Gracia in the province of Cór-
doba (Argentina) [20] and besides, that these aggregates (and other
marbles from this province) can contain accessory minerals in var-
iable proportions (such as strained quartz), the reactivity of four
marbles from Córdoba has recently been assessed [27] by stan-
dardized methods such as ASTM C1293 [28], ASTM C586 [29]
and CSA A23.2-26A [30]. The samples were also tested by a modi-
fication of the Chinese accelerated mortar bar method (M-CAMBT)
after Lu et al. [31] using a single aggregate size fraction (2.5–
5.0 mm), which is a modified version of the method to evaluate
ASR proposed by Xu et al. [32]. According to the authors [31], this
is a quick and reliable test to evaluate both potential alkali-silica
and alkali-carbonate reactivity of concrete aggregates.

All samples studied behaved as non-reactive in all tests,
although some expansion was recorded (always below the accep-
tance limit), especially in the M-CAMBT method. In addition, preli-
minary observations under polarizing microscopy in mortar bars
after being tested showed the development of both empty and par-
tially filled microfissures in the cement paste and brownish rims
around some dolomite-bearing aggregates.

In this work microstructural and chemical studies by stereomi-
croscopy, polarizing microscopy, XRD, SEM and EPMA were carried
out on mortar samples after being tested by the M-CAMBT method
in order to determine the presence of dedolomitization and ASR
processes in the marbles from the province of Córdoba (Argentina)
and to evaluate their influence on the low expansions recorded.
2. Materials and methods

2.1. Materials

Mortar bars were studied after being tested by the M-CAMBT method [31]. This
test consists in making three short-fat bars (40 � 40 � 160 mm), at fixed cement–
aggregate ratio of 1:1 and water-cement ratio of 0.33. The moulds are covered with
a plastic sheet and stored in a fog room at 23 �C for 24 ± 2 h. The bars are then de-
moulded and immersed in water in sealed plastic containers and placed in an oven
at 80 �C for 24 ± 2 h. Then the initial length measurement is taken and the bars are
transferred to containers filled with 1 N NaOH solution at 80 �C, which are returned
to the oven maintained at 80 �C. The lengths of the bars are periodically measured.
An acceptance limit of 0.093% at 14 days is taken to evaluate alkali-silica reactive
aggregates and 0.1% at 28 days to evaluate alkali-carbonate reactive aggregates.

A normal portland cement with compressive strength P40 MPa at 28 days,
denominated CPN40 [33], similar to ASTM Type I [34], of low-alkali content was
used (0.35% Na2Oeq). The Na2Oeq was adjusted to 1.5% by adding KOH to the mixing
water. The aggregate samples were crushed to obtain a 4.75–2.36 mm single size
fraction determined by standardized sieves in accordance with Argentine standards
[35], the 2.36–4.75 mm range being similar to the 2.5–5 mm range proposed by Lu
et al. [31]. The results of the M-CAMBT method can be seen in Fig. 1.

The aggregates tested come from the province of Córdoba (Argentina). Three of
the samples are monolithologic (DM, MM and CDM) and one is polylithologic (PL).
Mineralogy was determined by petrography and XRD on natural samples and on the
insoluble residue. Mineral abbreviations after Whitney and Evans [36] were
adopted.

DM (Figs. 2a and 3a): Dolomitic marble (Dol >> Cal ± Srp ± Tlc ± Chl ± Phl ± Di)
with granoblastic texture (grains 68 mm) and evidence of recrystallization in grain
boundaries (recrystallized grains 60.1 mm). The rock contains �5% phlogopite, talc
and serpentine.

MM (Figs. 2b and 3d): Mylonitic marble (Cal ± Di ± Qz ± Tr ± Pl ± Ttn, without
Dol) with porphyroclastic texture due to shear deformation. The matrix is com-
posed of small oriented and partially recrystallized calcite grains (�20 lm). Por-
phyroclasts (�10% of the rock) are composed of calcite (individual or multiple
grains), diopside ± tremolite aggregates, gneissic aggregates, and titanite, quartz,
plagioclase individual grains (68 mm). Quartz (<5%) shows undulatory extinction
and scarce small subgrains (�50 lm).



Fig. 1. Expansion of mortar bars after the M-CAMBT method [31]. Dashed lines
indicate acceptance limits for ASR (1) at 14 days (0.093%) and ACR (2) at 28 days
(0.01%).
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CDM (Figs. 2c and 3b): Calc-dolomitic marble (Dol > Cal ± Phl ± Srp ± Qz ± S-
pl ± Ol ± Opq) with granoblastic texture (grains 63 mm). The rock is composed of
�5% phlogopite and �15% serpentine. Quartz is scarce (<1%) and shows no evidence
of deformation.
Fig. 2. Photomicrographs (cross-polarized light). (a) Sample DM: dolomitic marble (Do
Sample MM: mylonitized marble (without Dol) with a calcitic matrix. (c) Sample CDM: se
Biotitic paragneiss from sample PL. (f) Tonalitic intrusive from sample PL showing quart
PL (Figs. 2d–f and 3c): This sample was extracted from a stockpile of aggregates
for construction in a quarry and is composed of aggregates of variable composition
(polylithologic sample). Calc-dolomitic marble (Cal > Dol ± Phl ± Di ± Srp ± Tr ± Ol)
prevails (�50%, Fig. 3c). It has granoblastic texture (Fig. 2d) with grains �1 mm,
but variable, and �40% accessory minerals. The other �50% of the mixture is com-
posed of tonalitic intrusive rocks, biotitic paragneisses containing garnet and
orthogneisses rich in clinopyroxene and amphibole in variable proportions (parag-
neisses being dominant, Fig. 2e). Both gneisses and tonalitic intrusives contain
quartz (grains 61 mm) with marked undulatory extinction and showing the devel-
opment of deformation bands �40 lm wide (Fig. 2f).
2.2. Methods

2.2.1. Characterization of the aggregates tested
Petrographic descriptions on thin sections (�20 lm thick) of the aggregates uti-

lized in the mortar bars (Section 2.1 and Fig. 2) were performed using a Leica DM EP
polarizing microscope (magnification of 500�) in plane-polarized light (PPL) and
cross-polarized light (XPL). The percentage of insoluble residue (Fig. 3) was deter-
mined by ASTM D3042 standard [37]. Mineralogical characterization (Section 2.1
and Fig. 3) was complemented by XRD studies on natural samples and on the insol-
uble residue fraction with a Rigaku D-Max III-C diffractometer, working at 35 kV
and 15 mA, using Cu Ka1,2 radiation (k = 1.541840 Å) filtered with a graphite mono-
chromator in the diffracted-beam, between 3 and 60� 2h. Polished plates (abrasive
size up to 9 lm) of marble samples were stained by Alizarine Red S (0.3 g of alizar-
ine in 100 ml of 1.5% HCl solution) adapting the procedure after Hutchison [38] for
thin sections. Images of stained plates were obtained and transformed into binary
images (Fig. 3). Then, calcite percentage was determined by ImageJ software [39]
on the 2D section. Additionally, quantification of mass fractions of the mineral
phases identified by XRD on natural calcareous samples was done by X’Pert High-
l >> Cal) with evidence of recrystallization in grain boundaries (white arrows). (b)
rpentinic marble (Dol>Cal). (d) Calc-dolomitic marble (Cal>Dol) from sample PL. (e)

z grains with marked undulatory extinction and deformation bands (white arrows).



Fig. 3. Diffraction patterns of natural marble samples DM (a), CDM (b), PL (c) and MM (d). Polished rock plates stained by Alizarine Red S and binary image of the stained rock
plates DM (e,f), CDM (g,h), PL (i,j) and MM (k,l). ST(%Cal): Calcite determined by staining technique, IR (%): Insoluble residue, RIR (%): Semi-quantitative percentages estimated
by the Reference Intensity Ratio. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Score software (PANalytical) using the scale factor and Reference Intensity Ratio
(RIR) values from database ICDD (International Centre for Diffraction Data). The
analysis of the program is semi-quantitative and uses the RIR method proposed
by Chung [40].
2.2.2. Studies performed on tested mortar bars
2.2.2.1. Stereomicroscopy and polarizing microscopy. Tested bars were studied by a
stereomicroscope (magnification of 40�) in order to detect cracks, changes in col-
oration in the cement paste or in the cement–aggregate interfaces and the forma-
tion of secondary products. For this purpose, broken surfaces of the mortar bars
and polished mortar slabs (4.5 � 2.5 � 0.5 mm, abrasive size up to 9 lm) were stud-
ied. Secondary products were separated, if possible, from the mortar bars with a
stainless-steel needle for their study. Petrographic analyses on thin sections were
also performed focusing on cement–aggregate interfaces and microfissures using
the aforementioned microscope (Section 2.2.1).
2.2.2.2. XRD. In order to identify the crystalline phases present in the rim zone of the
calcareous aggregates after the test, the material was carefully scraped off a thin
section with a stainless-steel needle under the polarizing microscope and was
placed directly on a single-crystal silicon sample holder. The crystalline phases
were identified with a PANalytical X’Pert PRO diffractometer, working at 40 kV
and 40 mA, using Cu Ka1,2 radiation (k = 1.541840 Å) filtered with a graphite mono-
chromator in the diffracted beam. Due to the small amount of material collected, a
relatively slow scanning from 5� to 55� 2h with increments of 0.02� 2h and a count-
ing time of 20 s per step was performed.
2.2.2.3. SEM. The reaction products separated under the stereomicroscope were
analysed with a LEO 1450VP microscope equipped with an energy dispersive X-
ray spectrometer (EDS) for semi-quantitative analyses, working at 15 kV. Addition-
ally, complementary textural and chemical studies on carbon-coated polished thin
sections (abrasive size up to 1 lm) were performed using a Carl Zeiss FE (Field
Emission)-SEM Rigma microscope of high resolution equipped with an EDS. Com-
positional maps (Mg, Ca, Si, Al, Na and K) were obtained working at 8 kV. The peak
intensity of carbon (at �0.3–0.4 keV) in EDS spectra is very variable and it was not
considered in the analysis because it corresponds to a sum of energies from carbon
in the sample, carbon from the coating, calcium L lines, etc. Secondary electron (SE)
images and backscattered electron (BSE) images were obtained.
2.2.2.4. EPMA. Compositional maps (Mg, Ca, Si, Al, Na and K) of the cement–aggre-
gate interface after the test were obtained using a JEOL JXA 8230 microscope
equipped with two wavelength dispersive spectrometers (WDS) and one integrated
EDS. Analytical conditions used for mapping were 15 kV, 20 nA, beam diame-
ter = 1 lm and counting time per pixel = 50 ms. A carbon-coated polished thin sec-
tion (abrasive size up to 1 lm) was utilized. BSE images were obtained.
3. Results

3.1. Macroscopic observations

At macroscopic level, mortar bars are in good condition. Some
carbonatic aggregates (dolomitic to calc-dolomitic marbles) show
the development of a discontinuous white rim zone (�320 lm
wide) in contact with the cement paste that is also found on both
sides of original internal microcracks in the carbonatic aggregates.
The cement paste becomes clearer (an area �50 lm wide) in con-
tact with the white zones but not where this discontinuous rim is
absent. Some microfissures associated with carbonatic and non-
carbonatic aggregates are detected in the paste or in the cement–
aggregate interface (Fig. 4a–c). In localized areas, reaction products
partially filling cavities were detected. Massive transparent and
opaque white materials were separated for their study. The trans-
parent material is flexible and does not break when it is pressed
with a steel needle, while the white material is rigid and breaks
easily.
3.2. Petrographic observations

At microscopic level, the cement paste is in good condition,
although some microfissures (5–30 lm wide) in the paste or in
the cement–aggregate interface can be seen (Fig. 5), its abundance
being in relation to the expansion measured in the M-CAMBT



Fig. 4. Macroscopic observations. (a) Sample DM showing discontinuous white rims and internal microcracks with white material on both sides. (b) Detail of the white rim.
(c) Microfissure in the cement paste associated with the dolomitic aggregate. A: aggregate, CP: cement paste, AV: air void, 1: white reaction rim, 2: carbonated cement paste,
3: non-carbonated cement paste, 4: white reaction material on both sides of an internal microcrack, 5: microfissure in the cement paste.

Fig. 5. Photomicrographs (a, c, e – PPL, b, d, f – XPL). (a and b) Material of low interference colour (white arrow) extruded from a gneissic aggregate (sample PL). (c and d)
Microfissure (�40 lm wide) in the cement–aggregate interface (white arrow) filled with a cracked material of low interference colour (sample PL). Square a: sector studied by
SEM-EDS in Fig. 7c–e. (e and f) Microfissure in the cement paste associated with a dolomitic aggregate containing phlogopite (sample DM). A: aggregate, CP: cement paste, M:
microfissure.
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(PL > MM > DM > CDM). Some of them are filled with ‘‘gel’’ of low
interference colour (Fig. 5b and d) and are mostly linked to gneis-
ses or tonalitic intrusives containing strained quartz in the bars
made with sample PL (Fig. 5a–d), to porphyroblasts with quartz
in the bars made with sample MM or to marbles containing
fine-grained phlogopite (6100 lm) in the bars made with samples
DM and CDM (Fig. 5e and f).

Some carbonatic aggregates (dolomitic to calc-dolomitic mar-
bles) showed the development of discontinuous dark brownish
rims recognizable in PPL (Fig. 6a, d and e). These brownish rims



Fig. 6. Photomicrographs (a, d–f – PPL, b – XPL, c – XPL and gypsum plate added). (a–c) Brownish material in DM sample boundaries with optical continuity with the original
crystals of dolomite (white circles). Square b: sector studied by EPMA in Fig. 8. (d) Brownish material in sample CDM. (e) Brownish material in dolomitic aggregate (sample
PL). (f) Mylonitic marble (MM) showing no development of a brownish rim. A: carbonatic aggregate, TA: tonalitic aggregate, CP: cement paste, AV: air void, 1: dark brownish
rim, 2: carbonated cement paste, 3: non-carbonated cement paste, 4: dark brownish material on both sides of an internal microcrack. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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are poorly identified in XPL (Fig. 6b), unless a gypsum plate is
added (Fig. 6e). These zones (6300 lm wide) show optical continu-
ity with the original crystals of dolomite (white circles, Fig. 6b and
c). Their abundance (DM > CDM > PL) is in relation to the propor-
tion of dolomite present in the aggregates (Fig. 3). Bars made with
sample MM show no evidence of this process (Fig. 6f). The cement
paste associated with brownish zones is highly carbonated (areas
with high interference colour, 690 lm wide), whereas the cement
paste associated with non-reacted areas is non-carbonated (cf. 2
and 3 in Fig. 6b and c). Sometimes this darkening of the aggregate
is also found on both sides of the original internal microcracks of
the aggregates (Fig. 6b and e).

3.3. XRD, SEM-EDS and EPMA

The massive transparent and opaque white materials separated
from the mortar bars made with sample DM were studied by SEM-
EDS. They correspond to silicates that have a composition typical of
ASR gel. At higher magnification, the massive transparent material
shows irregular morphology with undefined habit (Fig. 7a) and
according to the EDS spectrum, it is a sodium silicate with low
potassium content (uncarbonated gel). The massive opaque white
material consists of a set of irregular agglutinated spheres that
have a sponge-like appearance (Fig. 7b). According to the EDS spec-
trum, it is a calcium and sodium silicate with low potassium
content (carbonated gel).

ASR gel filling microfissures in the cement paste, in the cement–
aggregate interface and inside the aggregates, especially in mortar
bars made with samples MM and PL, were also detected. Fig. 7c
shows the development of a cracked silicate in the cement–aggre-
gate interface of a gneissic aggregate of the mortar made with sam-
ple PL (sector a in Fig. 5c). This material shows undefined
morphology and variable chemical composition (different grey
tones in the backscattered electron image). According to the EDS
spectra, it corresponds to a silicate and/or aluminosilicate with so-
dium, potassium, calcium and magnesium in variable proportions.
A microfissure (�5 lm wide) filled with this silicate is also ob-
served inside the gneissic aggregate at the top of Fig. 7c. A similar
scenario was observed in the mortar bars made with sample MM.

EPMA studies on the cement–aggregate interface of a dolomite-
rich aggregate in a mortar bar made with sample DM (Fig. 8a) al-
lowed identifying different compositional zones (Fig. 8b). Zone 0
corresponds to the relict dolomitic aggregate, i.e. the interior of
the aggregate that was not altered by chemical attack. A relatively



Fig. 7. SEM-EDS analyses. (a) Massive transparent material (SE image) and EDS spectrum determined in point 1. (b) Massive opaque white material (SE image) and EDS
spectrum in point 2. (c) BSE image of sector a in Fig. 5c obtained by FE-SEM. (d, e) EDS spectra determined in points 1 and 2, respectively. CP: cement paste, A: aggregate, G:
ASR gel.
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homogeneous distribution of Ca and Mg is observed (Fig. 8c and d).
Zone 1, which comprises the brownish area in the rim zone of the
dolomitic aggregate, shows Ca and Mg enrichment. This enrich-
ment is not homogeneous as zones enriched in Ca and depleted
in Mg (>Ca, <Mg) and zones enriched in Mg and depleted in Ca
(>Mg, <Ca) can be differentiated (Fig. 8c and d). Zone 2 (defined
as the carbonated cement paste zone by petrography) is divided
into three subzones. Zone 20 is a fine layer of material (5–10 lm
thick), rich in Mg, Al and with minor amounts of Si and Ca
(Fig. 8c–f). Zone 20 0 is an irregular band (10 to 50 lm thick) with
very high Ca content (Fig. 8d). Zone 20 0 0 (�50 lm thick) is an irreg-
ular band enriched in Si with minor amounts of Mg, Ca, Al, Na and
K (Fig. 8c–h). Na and K are more concentrated near zone 20 0 and
their contents decrease towards zone 3. Finally, zone 3 corresponds
to the hydrated cement paste where Ca, Si and Al prevail (Fig. 8d–
f).

Although these zones were identified in a mortar bar made with
sample DM, the same zones were recognized in samples that
showed similar cement–aggregate interfaces (samples CDM and
PL).

A more detailed study of zones 1 and 2 (20, 20 0, 20 0 0) in the ‘‘sector
c’’ of Fig. 8b was performed by FE-SEM (Fig. 9a–d). At this scale,
zones 20, 20 0 and 20 0 0 are well differentiated. Zone 20 is a thin sector
at the aggregate boundary showing regular limits towards zone 20 0

and irregular limits towards zone 1 (Fig. 9a). According to the EDS
spectrum (Fig. 9b), it corresponds to a material rich in Mg with
minor amounts of Al and Si (Ca is variable and sometimes can be
determined but in general it is under the detection limit of the
EDS). Zone 20 0 is a thicker sector in the cement paste, next to the
aggregate boundary composed of calcium carbonate (Fig. 9c). Zone
20 0 0 is an irregular band and according to the EDS spectrum it cor-
responds to a silicate with minor (but variable) amounts of Mg,
Ca, Al, Na and K (Fig. 9d).

Zone 1 at the aggregate boundary (the brownish material)
shows a very particular texture of black and light grey material
intergrowth resembling the graphic texture of K-feldspar and
quartz in igneous rocks (e.g. [41]). This texture was previously re-
ported as ‘‘mottled’’ (e.g. [9,10,18]) or ‘‘myrmekitic’’ (e.g. [9,19]).
Because both ‘‘graphic’’ and ‘‘myrmekitic’’ textures have petrolog-
ical connotations, in this case the term ‘‘mottled’’ is preferred. In
this zone two grain sizes can be differentiated, one ranging from
10 to 5 lm and the other 63 lm. In order to determine the crystal-
line phases present in this zone, an XRD study was performed. Due
to the small amount of the material collected for the analysis, a de-
tailed scanning (total scan time, �14 h) was performed (see Sec-
tion 2.2.2.2). Although high intensity was not achieved in the
reflections observed, calcite and brucite were identified as the con-
stituent phases (Fig. 9e). Textural relationships between both
phases were studied by backscattered electron image and compo-
sitional maps of Ca and Mg were determined by FE-SEM in a dolo-
mitic sector of a calc-dolomitic aggregate from a mortar bar made
with sample PL (Fig. 9f–h). Platy crystals of brucite (white circles)
intergrown with calcite (white squares) were observed. The limit
between zones 1 and 0 (relict dolomite) is irregular.
4. Discussion

The ACR is still a matter of current debate. However, in some
cases the lack of detailed studies could be the cause of misinterpre-
tations and, therefore, of arriving at erroneous conclusions. For this
reason, detailed studies and the combination of analytical tech-
niques (e.g. stereomicroscopy, polarizing microscopy, XRD, SEM-
EDS, EPMA) are highly recommended.

The texture of the marbles studied in this work, as well as their
geological history, significantly differs from that of sedimentary
carbonates studied worldwide, and although aggregates show no
deleterious behaviour, some expansion was recorded. Combined
studies carried out on these samples confirmed that the so-called
ACR is a combination of expansive ASR and harmless dedolomitiza-
tion, as was concluded by Katayama and other authors (e.g. [9–
12,18,19]).



Fig. 8. (a) Photomicrograph of sector b in Fig. 6a (PPL). CP: cement paste, A: aggregate, 1: dark brownish rim, 2: carbonated cement paste. (b) Same sector obtained by EPMA
(BSE image). Square c: sector studied by FE-SEM-EDS in Fig. 9a–d. (c–h) Compositional maps of Mg (c), Ca (d), Si (e), Al (f), Na (g) and K (h) of the same sector determined by
EPMA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Calcite and brucite intergrowths with mottled texture (dedo-
lomitization) were determined in the dolomite crystal boundaries
that were in contact with the cement paste or on both sides of
pre-existing microcracks in the carbonatic aggregates. The inter-
growths replace dolomite leaving pseudomorphs of this mineral
phase as proposed by Katayama [9–12], which is evidenced in this
study by the optical continuity of the original host dolomite crys-
tals that enclose small inclusions of the new calcite and brucite
intergrowths (e.g. see optical continuity of dolomite twins in
Fig. 6b and c).

The degree of dedolomitization was proportional to the content
of dolomite determined in the rocks (DM > CDM > PL), as proposed
by Katayama [9], and not related to the texture of the aggregates.
The mortar bars made with sample MM showed no evidence of
dedolomitization because the calcareous aggregates are calcitic in
composition, ruling out the possibility of dedolomitization
processes. However, the presence of strained quartz porphyro-
clasts would have contributed to the development of microfissures
filled with neoformation products.

The expansions of the mortar bars tested were not related to the
content of dolomite in the rocks but to the presence of microfis-
sures in the cement paste and in the cement–aggregate interface
(PL > MM > DM > CDM). According to microscopic observations,
these microfissures were associated with gneisses or tonalitic
intrusives containing strained quartz, porphyroblasts with strained
quartz or marbles containing fine-grained phlogopite (6100 lm).

It is well known that quartz with microstructures associated
with deformation processes (such as undulatory extinction, defor-
mation bands and subgrains) as constituent of concrete aggregates
can contribute to expansions due to the ASR (e.g. [42]). In addition,
ASR gel with variable amounts of Na, K, Ca, Al and Mg was mainly
detected in contact with those aggregates. Then, ASR was inter-



Fig. 9. (a) Sector c in Fig. 8b obtained by FE-SEM (BSE image). (b) EDS spectrum of zone 20 . (c) EDS spectrum of zone 20 0 . (d) EDS spectrum of zone 20 0 0 . (e) Diffraction pattern of
the brownish material in zone 1. (f) BSE image of the brownish zone in a dolomite-rich sector of sample PL obtained by FE-SEM. (g) Compositional map of Ca. (h)
Compositional map of Mg. 0: relict dolomite-rich sector. 1: brownish rim (calcite + brucite). White circle: platy crystals of brucite. White square: calcite. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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preted as the main cause of the expansions measured on the mor-
tar tested.

The bars made with sample DM (without quartz) showed the
development of microfissures associated with aggregates with
fine-grained phlogopite (6100 lm). In addition, although the rock
has no quartz, scarce neoformation silicates with variable amounts
of Na, K and Ca filling cavities were detected. It is known that
phlogopite can dissolve in alkaline solution [43] releasing potas-
sium to the concrete pore solution [44]. According to Lagerblad
[45], biotite dissolves at high pH and the rate of dissolution in-
creases with pH. This process breaks the silicate structure releasing
not only potassium but aluminium and silicate complexes (and
possibly other ions such as Mg and Fe) that could form part of
the concrete pore solution. Therefore, phlogopite could be the
source of the development of the scarce neoformation silicates
identified in this sample. However, more studies are needed to
confirm this interpretation.

The formation of a thin sector at the aggregate boundary next to
the dedolomitized zone (zone 20 in Figs. 8 and 9) rich in Mg, Al and
Si was already recognized in other studies (e.g. [9–
12,15,18,19,46]). Some authors [9,10,15] recognized a Mg-silicate
gel (with minor Al, Ca, Na, K, Fe, S) next to the dedolomitized zone,
attributing its formation to the interaction between brucite (prod-
uct of the dedolomitization process) and an early formed ASR-gel.
According to the authors, this silicate would be less expansive than
the typical silicates associated with the ASR. According to
Katayama [12], in aged ACR-affected concrete from near Kingston,
Ontario, Mg-silicate gel tends to be more or less crystalline, having
compositions of sepiolite and antigorite.The occurrence of this
phase and the mechanisms involved in its formation were criti-
cized by Xiaoming et al. [47]. However, a similar material (Mg–
Si–Al phase) was recently recognized and described by Prinčič
et al. [18] and Štukovnik et al. [19] proposing a chemical reaction
between Si and Al ions from the cement binder and the dedolom-
itized aggregate as the forming mechanism. Katayama and his co-
workers reported the formation of a Mg–Al phase (hydrotalcite) on
the periphery of reacted dolomite crystals in concrete, where Al
came from portland cement [46] and high-alumina cement [16].

In addition, Štukovnik et al. [19] evaluated the expansion pro-
cess in some carbonatic aggregates from Slovenia and detected
an increase in the compressive strength of dolomite aggregates
compared to limestone aggregates. That gain in strength of rocks
with a large amount of dolomite was already observed by Batic
et al. [48] and linked with the dedolomitization products that im-
proved mortar-rock bond in calcitic dolostone from Olavarría
(Argentina). According to Štukovnik et al. [19], the explanation
for this behaviour was a better interlocking between the portland
cement binder and grains, due to the formation of a new Mg–Si–
Al phase both in the interfacial transition zone and along pre-exist-
ing cracks in the aggregate grains and denser binder along the
edges of the dedolomitized grains due to the formation of second-
ary calcite.
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Next to zone 20 a sector rich in calcium (zone 20 0 in Figs. 8 and 9)
was detected and defined as the well-known carbonate halo [9].
This supports the theory of migration of the CO2�

3 released during
the dedolomitization reaction towards the cement paste, dissolv-
ing the portlandite phase (and possibly other calcium silicates) to
produce Ca2+ ions. Finally, calcite is deposited at the cement–
aggregate interface (of greater porosity) forming the carbonate
halo.

According to Katayama [10], in the carbonation of the cement
paste, the C–S–H gel may decompose to calcite and an alkali sili-
cate that may be soluble in water and diffuse towards the pores
present in the cement paste around the carbonate halo. This sili-
cate can recombine with calcium ions to regenerate C–S–H gel
through a harmless pozzolanic reaction [10,49], leaving an alkali-
rich halo in the contact area, as was observed in zone 20 0 0 (Figs. 8
and 9).

Finally, zone 3 (Figs. 8 and 9) corresponds to the hydrated ce-
ment paste that was not affected by the dedolomitization process.
In this zone, calcium hydroxides, silicates, aluminates and alumi-
nosilicates, which are the traditional hydration products of hy-
drated cement, are abundant.

It is evident that more studies on the so-called ACR are needed.
However, as Katayama pointed out [9–11], the term ACR should be
used carefully because there is no strong evidence in this work or
in the literature of deleterious expansions related to one of the
main processes associated with this reaction, dedolomitization.
5. Conclusions

Marbles have been used worldwide for construction purposes;
however, no detailed microstructural and chemical information
about their behaviour in alkaline conditions and their interaction
with the cement paste is available. This paper addresses such
behaviour in dolomitic to calcitic marbles from the province of Cór-
doba (Argentina). From the results obtained in this work, the fol-
lowing major conclusions can be drawn:

– Although none of the mortar bars made with the studied aggre-
gates exceeded the limits established by the M-CAMBT method,
low expansions were detected. Detailed studies allowed corre-
lating those expansions with microfissures and neoformation
products related to the ASR rather than to dedolomitization.
Therefore, ACR is a term that should be avoided or used care-
fully because it is a combination of the expansive alkali-silica
reaction due to reactive silica minerals in the texture of the
rocks and non-expansive dedolomitization (if the rock has dolo-
mite), as Katayama clarified and re-defined [9–12].

– The relict strained quartz and possibly the fine-grained phlogo-
pite (6100 lm) in the marbles have acted as silica sources for
the development of neoformation silicates of variable composi-
tion (±Ca ± Na ± K ± Mg ± Al) recognized in cavities and micro-
fissures as result of the ASR.

– In accordance with recent studies the dedolomitization process
is characterized by different zones. These zones can be
described as follows (from the aggregate to the cement paste):
a. A brownish rim (under polarizing microscope) in the dolo-

mitic aggregates consisting of a calcite and brucite inter-
growth with mottled texture that replaces original
dolomite crystals leaving pseudomorphs of this mineral;

b. a thin zone (5–10 lm thick) rich in Mg, Si and Al, recognized
by other authors as a Mg–Si–Al phase or a Mg-silicate gel
that could contain other elements in variable proportions
(e.g. Ca, Na, K, Fe, S);

c. an irregular carbonate halo (calcite) and;
d. an alkali-rich halo in the cement paste.
However, further chemical and microstructural detailed studies
on zones b and d (zones 20 and 20 0 0 in this study) are needed in order
to advance in the characterization of these materials and the pro-
cesses involved in their formation.

– The dedolomitization process was observed in all mortar bars
tested except in those made with sample MM due to its non-
dolomitic composition. In the other samples, the degree of
dedolomitization was proportional to the content of dolomite
determined in the rocks (DM > CDM > PL).

– The metamorphic rocks studied in this work have textures
(medium to coarse grain size with a densely packed texture)
that differ from that of sedimentary carbonates studied world-
wide and typically associated with the so-called ACR (argilla-
ceous dolomitic limestones with dolomite rhombs scattered in
the fine-grained matrix). Therefore, the presence and distribu-
tion of the dedolomitization process appears not to be related
to the texture of the aggregates (or the clay content) but to
the amount of dolomite in the rock.

– In summary, although dolomitic and calc-dolomitic marbles can
develop dedolomitization, they can be used as aggregates for
concrete because there is no evidence of deterioration associ-
ated with this process (provided they are physically and
mechanically suitable for their specific use). However, care
must be taken in those samples where strained quartz or
another kind of reactive phase can act as silica source for ASR.
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