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Abstract

Clay–water interactions result in damage and loss of earthen architecture. Natural and artificial additives were traditionally
added to earth in order to increase its water resistance and mechanical strength. More recently, portland cement, ethyl silicates and
synthetic resins have been applied to consolidate earthen structures, however often with limited success. Here, in an effort to design
a more effective procedure for the in situ consolidation of earthen architectural remains, the alkaline reaction of clay-rich earth used
in the construction of the Alhambra (Spain) was studied. Alhambra Formation clays were treated with diluted Ca(OH)2, NaOH and
KOH solutions. The most sensitive smectite fraction was rapidly destroyed after alkaline treatment. Furthermore, NaOH and KOH
treatments resulted in the formation of interstratified illite–smectite, the partial destruction of both expandable and non-expandable
clays, and their transformation into poorly-crystalline alkali aluminosilicates and calcium silicate hydrates, the latter two exhibiting
cementing properties. These preliminary results suggest that alkaline activation might be efficient in stabilizing earthen architecture,
as well as other clay-rich building and ornamental materials by reducing the intracrystalline swelling capacity of smectites, limiting
osmotic swelling of both expandable and non-expandable clays, and producing gel-like silicate cements. However, further research
and field tests will be necessary to study the effectiveness of the treatment in situ.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In industrial or engineering applications such as backfill
for nuclear waste disposal or waste water barrier, the
swelling capacity of clays is a desirable feature (Wilson
et al., 2006). However, in the case of earthen architecture
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clay swelling in the presence of water is one of the most
important factors of deterioration (Houben and Guillaud,
1994). Two types of clay swelling can be distinguished: a)
intracrystalline swelling which only occurs in expandable
clays (e.g., smectite); and b) osmotic or interparticle
swelling which takes place in any clay when water
saturated, andmay eventually lead to total structural failure
(Rodriguez-Navarro et al., 1998).

Man has used earth as a primary building material
since prehistory. As a result, the volume and signifi-
cance of earthen architecture is enormous and includes
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invaluable archaeological remains such as Chan Chan in
Peru or the Alhambra in Spain. Traditionally, natural
and artificial materials such as dung, animal blood, or
slaked lime were added to earth in order to increase its
water resistance and mechanical strength (Lunt, 1980),
and over the last decades many efforts have been
undertaken to develop conservation treatments to
protect, consolidate and strengthen earthen structures
subjected to weathering phenomena. Polyvinyl alcohol,
ethyl silicates, epoxy and acrylic resins and Portland
cement have been used for the in situ consolidation of
earthen architectural remains with often limited success
(Armbrust and Dickerson, 1971; Chiari, 1990; Houben
and Guillaud, 1994). Therefore, the development of an
effective conservation treatment for earthen architecture
is still an important need as has been also indicated by a
recent survey (Palumbo et al., 1999).

Here, in an effort to design an effective procedure for
the in situ consolidation of earthen structures (e.g.,
rammed earth and adobe), mineralogical changes of
clay-rich materials induced by alkaline treatment were
studied. A clay-rich soil used in southern Spain's
earthen architecture (i.e., the Alhambra, Granada) was
selected as a model material for alkaline treatments.

Reaction products of clays or other reactive alumi-
nosilicates treated with highly alkaline solutions, often
referred to as geopolymers, alkali-activated cement or
hydroceramics, have been described as zeolite-like
poorly-crystalline or amorphous alkali aluminosilicates,
with strong cementing properties (Palomo and Glasser,
1992; Davidovits, 1994; Roy, 1999; Palomo et al., 2004;
Provis et al., 2005). Their compositional and structural
similarities with zeolites make these cements very stable
under earth surface conditions (Deer et al., 1963).

NaOH and KOH are commonly used as alkaline
activators. Traditionally, Ca(OH)2 has also been used.
For instance, the superior resistance of Roman cements
is thought to be due to puzzolanic reactions undergone
by brick dust or thermally activated clays in the presence
of lime (Da Silva and Glasser, 1992; Roy, 1999).

However, the reaction of clays with lime solutions at
ambient temperature results in limited formation of
calcium silicate hydrates (CSH) (Eades and Grim, 1960),
imparting little consolidation effect to soils or earthen
materials, as demonstrated by laboratory tests and field
applications (Attoh-Okine, 1995; Roger and Glendin-
ning, 1997; Rajasekaran et al., 1997; Kinuthia et al.,
1999; Mohamed, 2000; Rao et al., 2001).

Although there is considerable evidence regarding
the transformation of clay minerals in highly alkaline
NaOH and/or KOH solutions to form zeolite-like
poorly-crystalline phases (Mosser-Ruck and Catheli-
neau, 2004; Viellard et al. 2004; Ramirez et al. 2005),
such treatments were typically performed at relatively
high T (N50 °C), over a short period of time (Drief et al.,
2002; Mosser-Ruck and Cathelineau, 2004). Thus, little
is known about reactions products formed at low T, a
crucial factor in the treatment of earthen architecture
materials.

We studied the alkaline reactions undergone by clay-
rich soil activated with Ca(OH)2, NaOH and KOH at
room temperature leading to a partial destruction of
clays and the precipitation of new phases including
zeolite-like cements. These results suggest that this
technology could be a method to efficiently stabilize
and, possibly, consolidate earthen architecture in situ.

2. Methodology

2.1. Clay material and alkaline activation

Previous studies on the Alhambra earthen structures
enabled the identification of the earth sources in the nearby
hills (Alhambra Formation; De la Torre et al., 1996). Samples
of this type of earth were collected and carbonates were
eliminated using acetic acid (0.2 N). The fraction Øb2 μm
(i.e., clay fraction) was separated by centrifugation (Kubota
KS-8000). Oriented aggregates (OA) were prepared by
depositing concentrated clay dispersions on glass slides.
Once dried, and prior to X-ray diffraction (XRD) analysis,
OA were submitted to ethylene glycol (EG) and dimethyl
sulfoxide (DMSO) solvation, as well as to thermal treatment
(at 550 °C for 4 h), following standard procedures in clay
mineralogy analysis (Moore and Reynolds, 1989). The bulk
clay fraction was subjected to alkaline activation at room T. 5 g
of clay were added to 100 mL solution of: a) 0.024 M Ca(OH)2
(i.e., saturated solution at room T; Boynton, 1980); b) 0.382 M
NaOH; and c) 0.386 M KOH. Samples of the alkaline-treated
clay suspensions were collected at predetermined time
intervals, i.e., 1, 3, 7, 14, 45, 60, 150, and 360 days, and
deposited on glass slides to prepare OA. Once dry, they were
subjected to further analysis (see below).

2.2. Analysis of clay materials and reaction products

The clay-rich Alhambra Formation soil (whole sample)
was analyzed by means of powder XRD. In the case of the clay
fraction, before and after alkaline activation, oriented
aggregates (OA) were used for analysis. XRD patterns were
collected using a Phillips PW 1547 diffractometer with Cu-Kα
radiation (λ=1.5418 Å); exploration range 3° to 60° 2θ; steps
of 0.028 °2θ; and goniometer speed of 0.01 °2θs−1. Semi-
quantitative XRD analysis of clay minerals was performed
following correction of raw intensity values with reference
intensity ratios determined using the internal-standard method
(Klug and Alexander, 1967). The morphology and composi-
tion of both clay-fraction and reaction products of the alkaline
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treatment were studied by means of field emission scanning
electron microscopy (FESEM; Leo Gemini 1530) coupled
with EDX microanalysis (INCA-200, Oxford). Prior to
FESEM analysis, samples were carbon-coated for composi-
tional (qualitative) analyses and textural studies. Composi-
tional changes were also examined using a transmission
electron microscope (TEM, Philips CM20) equipped with an
EDAX solid-state ultrathin-window energy dispersive X-ray
(EDX) detector. The acceleration voltage of the microscope
was 200 kV and a lens aperture of 40 μm was used as a
compromise between amplitude and phase contrast for the
images. The identification of new phases was facilitated
collecting SAED (selected area electron diffraction) patterns.
Quantitative analytical electron microscopy (AEM) analyses
were performed in scanning TEM mode using a 10 nm
diameter beam and 20×100 nm scanning area. A low-
background condenser aperture and an analytical Be sample
holder were employed to improve spectrum quality. Ms, Ab,
Bt, Sps, Ol, Ttn, KFds and CaSO4-MnSO4 standards were
used to obtain k-factors allowing X-ray intensities to be
corrected by the thin-film method (Lorimer and Cliff, 1976).
Average errors for analyzed elements expressed as a
percentage of atomic proportions are 6 (Na), 3 (Mg), 2 (Al),
4 (K), 4 (Ca), 5 (Ti), 3 (Mn), and 3 (Fe). Errors due to K and Na
loss during AEM analysis were corrected by determining K
and Na at 15–30 and 100 s beam-exposure time and scaling K
and Na concentrations back to zero seconds as described by
Worden et al. (1987). Prior to TEM analysis samples were
dispersed in ethyl alcohol and deposited on Formvar© and
carbon-film coated gold grids instead of copper grids to avoid
overlapping of the K band of Na and the L band of Cu (Drief
et al., 2001). The pH evolution during the alkaline attack was
monitored using a pH-meter Stick Piccolo HI 1280 (Hanna
Instruments).
Fig. 1. XRD patterns of Alhambra Formation clays (OA). Lege
3. Results and discussion

3.1. Mineralogy of the raw material

Powder XRD analysis of the whole sample shows
that the earth from the Alhambra Formation, which was
used for the construction of the Alhambra fortress, is
composed of quartz and phyllosilicates, with small
amounts of feldspars, calcite and iron oxihydroxides
(goethite and, possibly, lepidocrocite). The latter are
responsible for the red colour of the clay and the
Alhambra fortress (al-Hamrá= the red; De la Torre,
1994). XRD analysis of OA shows that the clay fraction
includes about 45% illite (d001=9.98 Å), 30% kaolinite
(d001=7.14 Å), 15% smectites (d001=12.5–14 Å) with
minor amounts (b10%) of paragonite (d001=9.60 Å),
and possibly a small amount of mixed-layer illite/
smectite as evidenced by the shifts of d001 reflections
following EG, DMSO and heat (550 °C) treatments
(Fig. 1).

3.2. Analysis of the treated clays

In all cases, XRD analysis of the clay fraction
evidences the disappearance of smectites after alkaline
treatments for short periods of time (i.e., disappearance
of the 12.5–14 Å broad Bragg peak). No further
significant mineralogical changes were observed after
one year treatment with saturated Ca(OH)2 solution.
FollowingNaOH treatment for 1 year, the intensity of the
kaolinite and illite 001 Bragg peaks was significantly
nd: Il: illite; K: kaolinite; Sm: smectites; Par: paragonite.



Fig. 2. XRD patterns of Alhambra Formation clays (OA) treated with Ca(OH)2, NaOH and KOH for one year.

Fig. 3. FESEM photomicrographs of: a) untreated clays; b) clays treated (one year) with Ca(OH)2; c) newly formed Na-zeolite-like phases after one
year NaOH treatment; and d) newly formed K-Al-silicate phases after one year KOH treatment. Insets show EDX spectra.
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Fig. 4. TEM images of untreated Alhambra Formation clays: a) smectites (Sm) (EDX spectrum in inset); b) kaolinite (K) identified by EDS (inset); c)
illite (Il), identified by SAED (inset, upper-right corner), EDX spectrum (inset, upper-left) and TEM high-resolution lattice-finger image showing
d001=0.1 nm (inset, lower-left); and d) paragonite (Par; see EDX in inset), along with Il, Sm, goethite (α-FeOOH) and rutile (TiO2).
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reduced, evidencing the partial destruction of these
phases. Similar peak intensity reduction upon alkaline
treatment has been reported elsewhere (Ferrage et al.,
2005). In the case of KOH solution, one year treatment
caused an almost complete destruction of the phyllosi-
licates, resulting in a poorly-crystalline material. Al-
though some peaks not corresponding to the clay
minerals were detected, XRD analysis did not allow
unambiguous identification of newly formed phases due
to the high background noise (Fig. 2). Formation of
poorly-crystalline or amorphous phases upon high pH
treatment of clays as indicated by the high background
noise has been reported previously (Drief et al., 2001).
Provis et al. (2005) relate a featureless broad hump at
27–29° 2θ, a characteristic which can be observed in the
case of clays treated with KOH (Fig. 2), to the presence
of nanocrystalline zeolite precursors immersed in an
amorphous aluminosilicate gel phase. The hump at 27–
29 °2θ appears to correspond to short-range order in Si–
Si bonds (ca. 3.2 Å).

FESEM analyses yielded a high magnification
picture of the transformation undergone by the clay
minerals following alkaline treatments for one year
(Fig. 3). Furthermore, EDX microanalyses helped us to
disclose the composition of the newly formed phases
that were not clearly identified by XRD. FESEM
analyses confirmed that Ca(OH)2 produces little mor-
phological or chemical changes in the clays, although a
few granular or flake-like Ca-aluminosilicates were
detected (Fig. 3b). This newly formed phase is assumed
to be a tobermorite-type CSH gel. CSH gels typically
form upon Ca(OH)2 treatment of clays (Diamond et al.,
1964). Traditionally, hydrated lime has been used as an
additive for soils and earthen structures stabilization
(Houben and Guillaud, 1994) for two reasons: a) Ca
(OH)2 carbonation results in the precipitation of CaCO3;



Table 1
Representative structural formulae of clay minerals of the Alhambra Formation calculated from TEM-AEM data

Analysis Si IVAl VIAl Mg Fe Σ Oct. cat. a K Ca Na Σ Int. cha. b

Structural formulae of illite based on 11 oxygens
1 3.01 0.99 1.52 0.17 0.57 2.27 0.57 – – 0.57
2 3.02 0.98 1.79 0.08 0.36 2.24 0.33 – – 0.33
3 3.27 0.74 1.84 0.29 0.04 2.17 0.48 – – 0.48
4 3.13 0.86 1.93 0.15 0.14 2.22 0.42 – – 0.42

Structural formulae of smectite based on 11 oxygens
1 3.60 0.40 1.60 0.17 0.02 2.03 0.13 0.06 – 0.25
2 3.60 0.40 1.57 0.24 – 1.98 0.39 – 0.16 0.55
3 3.83 0.17 1.82 0.12 – 2.06 0.05 – 0.13 0.18
4 3.68 0.32 1.48 0.24 – 2.14 0.29 – – 0.29
5 3.56 0.44 1.52 0.63 – 2.34 0.14 – – 0.14

Structural formulae of paragonite based on 11 oxygens
1 3.17 0.83 1.89 0.12 – 2.10 0.07 – 0.63 0.70
2 3.33 0.67 1.76 0.21 – 2.11 0.07 0.05 0.44 0.61

Structural formulae of kaolinite based on 7 oxygens

Si Al Mg Fe

1 2.02 1.75 – 0.23
2 2.09 1.78 – 0.11
3 2.15 1.65 0.14 0.06
4 2.23 1.60 0.07 0.06
5 2.08 1.78 0.11 0.06
6 2.10 1.59 0.10 0.24
7 1.99 1.94 – 0.06

–Below detection limit.
a Sum of octahedral cations.
b Sum of interlayer charge.
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and b) puzzolanic reactions between clay minerals and
Ca(OH)2 can result in the formation of Ca-silicate
hydrates (Eades and Grim, 1960), both phases having
cementing properties. However, our results show that
puzzolanic reactions are very limited at room temper-
ature. This is most probably due to the very low
solubility of calcium hydroxide (Boynton, 1980) and the
comparatively low pH achieved during treatment (see
below), which may explain why the application of Ca
(OH)2 solutions has a limited effect on the in situ
consolidation of earthen structures or clay-rich soils
(Rao et al., 2001).

NaOH treatment resulted in the formation of Na-
aluminosilicate phases, showing morphologies quite
different from those of untreated clays (Fig. 3c). The
fractal-like porous structure of these newly formed Na-
aluminosilicates closely resembles poorly-crystalline
CSH gels formed after Ca(OH)2 treatment of thermally
activated kaolinite and montmorillonite (Liebig and
Althaus, 1997). Qualitative microanalyses reveals a
chemical similarity with hydroxysodalite (Na6Al6Si6-
O24·H2O). Palomo and Glasser (1992) and Baccouche
et al. (1998) reported hydroxysodalite formation
following NaOH treatment of metakaolin and inter-
stratified illite–smectite, respectively. Hydroxysodalite
has also been detected following NaOH treatment of fly
ashes (Querol et al., 2001).

KOH treatment led to the formation of micronsized
potassium aluminosilicate phases with a spherulitic
morphology (Fig. 3d). It is assumed that such newly
formed phases include K-rich zeolites as well as amor-
phous phases. Potassium aluminosilicates with similar
composition and morphology have been observed in fly
ash samples activated with KOH (Palomo et al., 2004).

TEM analyses confirmed XRD and FESEM results
regarding the mineralogy of the Alhambra Formation
clays. Smectites (Fig. 4a), kaolinite (Fig. 4b), illite
(Fig. 4c) and small amounts of paragonite (Fig. 4d) were
observed. Table 1 shows selected structural formulae
(determined form AEM results) of the main clay
minerals in the Alhambra Formation. Small amounts
of goethite and rutile were also observed (Fig. 4d). In
addition, TEM analyses allowed the identification of
phases formed after one year alkaline treatment (Fig. 5).



Fig. 5. TEM images of clay after 1 year treatment: a) with Ca(OH)2, showing reduction of smectite particles with size b100 nm; b) with NaOH
showing newly formed Na-aluminosilicates composed of fibrous aggregates; c) with NaOH, newly formed crystalline, fibrous phase similar to
foshagite (see SAED in inset showing reflections at: d311=0.27 nm, and d004=0.33 nm); d) detail of (c) showing an oriented aggregate of prismatic
foshagite nanocrystals; e) treated with KOH, newly formed interstratified illite–smectite and a sphere-shaped, poorly-crystalline phase (see SAED in
inset) chemically similar to magnesium smectite; and f) with KOH, sphere-shaped, amorphous phase rich in Si (see diffuse halos in SAED pattern,
inset).
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The Ca(OH)2 treatment caused little changes in clay
mineralogy and the presence of newly formed granular
or flake-like Ca-aluminosilicates detected with FESEM
could not be unambiguously confirmed using TEM.
However, a reduction of the amount of smectite particles
b100 nm could be detected (Fig. 5a).



Table 2
Structural formulae based on 11 oxygens of a newly formed fibrous
phase (similar to foshagite) after NaOH treatment for one year (see Fig.
5c)

Analysis Si Al Mg Ca Na

1 1.13 0.05 0.23 2.95 –
2 1.10 0.05 0.18 3.05 –
3 1.28 0.03 0.15 2.74 –
4 1.07 0.04 0.30 2.98 –
5 0.96 0.03 0.11 3.29 0.28

– Below detection limit.

Fig. 6. pH evolution during alkaline treatments.
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In the case of the NaOH treatment, several newly
formed fibrous phases were observed with the TEM.
Fig. 5b shows a Na-aluminosilicate composed of fibrous
aggregates. Textural and compositional similarities with
the newly formed phase observed using FESEM (Fig. 5c)
are evident. SAED patterns (see inset in Fig. 5c) and AEM
microanalyses (Table 2) enabled the identification of
another fibrous phase as CSH, with a Ca/Si ratio similar to
that of foshagite (Ca5Si3O11·3H2O). A detail (Fig. 5d) of
this fibrous phase revealed a palisade structure formed by
an aggregate of isooriented nanoparticles. Formation of
micronsized crystals by oriented aggregation of nanopar-
ticles (Penn and Banfield, 1998) appears to be a dominant
growth mechanism in colloidal systems (Penn et al., 1991)
as well as in microbial biomineralization (Rodriguez-
Navarro et al., 2007). Such a mechanism is an efficient
alternative for classical crystal growth which takes place
via incorporation of grow units (atoms or molecules) on
crystal faces. In contrast, in far-from-equilibrium highly
supersaturated systems, a high nucleation density may
result in the formation of numerous nanocrystals that
eventually may aggregate in an oriented fashion (Penn
et al., 1991; Rodriguez-Navarro et al., 2007), as observed
here. Recently, Davis et al. (2006) have shown that zeolite
phases can form via oriented aggregation of nanosized
aluminosilicate precursors.
Table 3
Structural formulae based on 11 oxygens of newly formed phase
(similar to interstratified illite-smectite) after KOH treatment for one
year (see Fig. 5e)

Analysis Si IVAl VIAl Mg Fe ΣOct.
cat. a

K Na Σ Int.
cha. b

1 3.55 0.45 1.51 0.25 0.30 1.77 0.47 0.23 0.70
2 3.59 0.41 1.74 0.12 0.23 2.09 0.33 0.09 0.42
3 3.45 0.55 1.59 0.20 0.28 2.07 0.58 0.09 0.67
4 3.26 0.74 1.30 0.16 0.58 2.04 0.72 0.20 0.92

– Bellow detection limit.
a Sum of octahedral cation.
b Sum of interlayer charge.
TEM analyses also showed that the KOH treatment
caused important mineralogical changes in the clay
fraction. A massive presence of K-aluminosilicates of
planar shape was detected (Fig. 5e). Their structural
formula calculated using AEM data (Table 3) show that
they have a composition similar to that of mixed-layer
illite–smectite observed by Drief et al. (2002) after
KOH treatment of smectite. Illitization of smectites
treated with KOH solution has also been reported by
other authors (Bauer and Velde, 1999). Together with
the interstratified clays, a spherical-shaped phase rich in
Si and Mg with small amounts of K, Al and Fe was
observed. Compositionally, this phase is similar to
saponite, ((Mg, Al, Fe)3(Al, Si)4O10(OH)2), but with an
excess in potassium. This newly formed phase is poorly
crystalline (see SAED inset in Fig. 5e) and has been
described as well by Ramirez et al. (2002) in the case of
alkaline treated bentonite. Finally, another spherical-
shapes phase, rich in Si and of amorphous structure
(Fig. 5f) has been detected after KOH treatment. The
composition of the amorphous structures seems to
depend on the elements in solution that have not been
incorporated into the surrounding crystalline phases
(e.g. mixed-layer illite–smectite) after the alkaline
attack. They are precipitation products of a gel formed
after the dissolution of the most reactive phyllosilicates
(e.g., smectites) in the clay fraction of the Alhambra
Formation.

The pH evolution (Fig. 6) shows a similar trend for
all three alkaline treatments. In the case of Ca(OH)2,
however, the pH dropped from 12 to about 10 after only
4 weeks, and further decreased to 9.5 after 2 months of
treatment. NaOH and KOH solutions had a significantly
higher starting pH of ∼13, that was maintained over the
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first 4 weeks and remained above pH 10 after 2 months.
The degree of alteration caused in the clay fraction of the
Alhambra Formation seems to be directly related to the
pH, solutions with higher pH resulting in more
significant mineralogical changes. Our results are in
agreement with findings by Ramirez et al. (2005) who
did not observe significant changes in Callovo-Oxfor-
dian clay treated with Ca(OH)2, NaOH and KOH at pH
below 12.

With respect to the pH decrease in the alkaline
solutions over time, the same behaviour has been de-
scribed by numerous researchers (Martinez-Ramirez et al.,
1996; Ramirez et al., 2002;Mosser-Ruck andCathelineau,
2004). It can be concluded that the alkaline solutions
induce the hydrolysis and partial dissolution of clay
minerals, resulting in the release of Si, Al, Mg and Fe. The
increase in Al and Si concentration in solution leads to the
formation of aluminol and silanol groups and thus to the
acidification of the solution (Martinez-Ramirez et al.,
1996; Taubald et al., 2000; Mosser-Ruck and Cathelineau,
2004; Rozalén Astudillo, 2006). Such drop in pH might
lead to the eventual stop of the alkaline attack of the clay
minerals.

4. Conclusions

Our results show that the clays from the Alhambra
Formation undergo significant mineralogical and textur-
al changes following long-term treatment with diluted
alkaline solutions at room temperature. All treatments
resulted in the early destruction of the expandable clays
(smectites). However, NaOH and KOH solutions were
more efficient than Ca(OH)2 solution in promoting the
destruction of other clay minerals such as kaolinite, illite
and paragonite. The higher efficiency can be explained
by the pH dependency of these reactions; the solubility
of Si and Al being higher as pH increases (Nagy, 1995).

The higher resistance towards alkaline attack of illite
compared with kaolinite and smectite has been observed
by other researchers as well (Mashal et al., 2004; Ramirez
et al., 2005), and has its origin in differences in the
chemical composition, the nature of the surface atoms
(mainly oxygen and hydrogen), the extent and type of
defect sites, the layer charge and the type of exchangeable
cations (Schoonheydt and Johnston, 2006). It should also
be noted that the reactivity of clay particles is inversely
proportional to their size (i.e., proportional to their surface
area). Being the smectites the smallest phyllosilicates in
the clay fraction of the Alhambra Formation, their fast and
quite extensive destruction is not unexpected.

It should be emphasized that the generally low
crystallinity of the newly formed phases complicates
their study by standard crystallographic techniques such
as XRD (Provis et al., 2005). This explains why, in
general, newly formed phases were not unambiguously
detected by XRD in our experiments, while FESEM and
TEM analyses enabled the recognition of newly formed
aluminosilicates.

These preliminary results serve as a basis for further
research where alkaline solutions will be applied on actual
rammed earth samples by immersion in the laboratory, and
later on, in situ, on earthen architectural remains by spray-
ing or brushing. This will allow us to evaluate whether the
alkaline treatment could be a feasible way to stabilize the
most water-sensitive components of earthen structures
(i.e., the clay minerals) and to increase cementation. The
laboratory results showed that all treatments led to the early
destruction of the expandable clays (smectites), that are
recognized to be a major contributor to the decay of
earthen materials subjected to wetting/drying cycles
(Houben and Guillaud, 1994). The alkaline treatments
also contributed to the partial transformation of non-
expandable clays. While the here proposed treatment
might thus be effective in reducing damage due to
intracrystalline swelling, osmotic swelling might still
occur unless complete destruction/transformation of all
clays (expandable and non-expandable) is achieved.
Therefore, additional strategies such as sheltering or
capping with a sacrificial layer to prevent water infiltra-
tionswill be required in conservation interventions (Chiari,
1990).

Our tests showed that Ca(OH)2 solution had a very
limited effectiveness, most probably due to the low
solubility of Ca(OH)2 and the resulting relatively low
pH. Conversely, NaOH and KOH treatments seem to be
more efficient in transforming clays into stable poorly-
crystalline alkali aluminosilicates, calcium silicate
hydrates or interstratified illite–smectite. The well
documented cementing properties of zeolite-like phases
and CSH precipitated as secondary phases in our
laboratory experiments are thought to contribute to the
stabilization of earthen structures (Liebig and Althaus,
1997; Van Jaarsveld et al., 1997). Such treatments might
also be effective to stabilize clay-rich stones prone to
decay under wet/dry cycles (Rodriguez-Navarro et al.,
1998). Nonetheless, further research and field tests will
be necessary to study not only the effectiveness but also
possible interactions between alkaline solutions and
other minerals in earthen architectural remains (e.g.,
carbonates, gypsum), as well as the practicality of the
treatment (i.e., penetration capacity or adverse effects of
the aqueous alkaline solution). Research should also be
performed to evaluate potential drawbacks of the
alkaline treatment due to uncompleted reaction of the
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alkali activators and/or formation of detrimental soluble
salts such as alkali carbonates or sulfates (e.g., in
polluted environments), before actual implementation of
such technology in the conservation of earthen struc-
tures or ornamental stone.
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