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Abstract

Volcanic tuffs and sandstones have been used as natural building stones in the construction of monuments and buildings over
the millennia of human history. Progressive weathering over time (e.g., temperature fluctuations, moisture uptake, variations
in humidity, precipitation, the input of modern-day pollutants or salt crystallization) lead to damages in the internal structure
of the stone. Scaling and layer-parallel flaking of rock fragments result from these types of damage-causing processes, espe-
cially when swellable clay minerals are present that lead to the generation of stresses in the rock fabric. Tuff and sandstone
samples that exemplify these types of damages are investigated in this study, which were used in the construction of cultural
heritage sites in Armenia, Mexico, Germany and Switzerland. Comparisons are made between these rock types considering
that they show strong variations in fabric heterogeneity, grain sizes, mineralogical composition (e.g., swellable clay- and
zeolite-bearing minerals), and visible macroscopic features such as depositional layering. Comprehensive investigations
have been carried out that include detailed petrographic analyses, XRD analyses for the determination of the swellable and
non-swellable clay fraction and minerals of the zeolite group, the cation exchange capacity (CEC), detailed SEM surveys for
determining the type and localization of clays and zeolites in the rock fabric, as well as defining the petrophysical proper-
ties (e.g., porosity, capillary water uptake, water absorption, hydric expansion and mechanical properties). Moreover, this
study explores the possible interaction between swellable clay minerals and zeolites (mordenite, heulandite/clinoptilolite)
by conducting swelling experiments with salts and solvents and fluid-exchange experiments with and without the presence
of zeolites. To explain the damages caused by the expansion in the tuffs and sandstones, two principle modes of moisture
expansion are discussed when swellable clay minerals are present in the rock. These are dominantly inner or intracrystal-
line swelling, and secondarily, intercrystalline or osmotic swelling. When no swellable clay minerals are present, the study
explains the damages in tuffs and sandstones as the result of disjoining pressure, where a high percentage of microporosity
plays a pivotal role.

Keywords Moisture expansion - Volcanic tuffs and sandstones - Clay and zeolite mineralogy - Petrophysical properties -
Modes of swelling
Introduction

Volcanic tuffs and sandstones, like all natural stones used
on buildings, are subjected to physical, chemical and bio-
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2018a; Siegesmund and Snethlage 2014). Moisture transport
and moisture balance in the rock is controlled via the con-
nected pore space. The moisture content in the pore space
and its distribution also affect the deposition and accumula-
tion of contaminants. Crystallization processes of salt and
ice in the pore space as well as hygrothermal strains caused
by moisture and temperature changes are considered to be
crucial damage factors.

Under the permanent influence of external factors such as
moisture, temperature changes and pollutant input, zones of
increased moisture and/or salt stress develop in the porous
natural stone fabric, whereby the fabrics are subjected to par-
ticularly high stresses (Snethlage and Wendler 1997). Such
zones are often linked to primary fabric heterogeneities in
the natural stone, e.g., clay pebbles, clay mineral rich layers
(Grassegger 1998; Ruedrich et al. 2011), bedding joints, and
the alternation between porous matrix and dense, cemented
fabric domains (Siedel 1998). In the buildup of stresses lead-
ing to mechanical destruction, moisture-related dilatation
processes in particular play a decisive role in the porous
fabric, as well as the additional effects of salts (Steiger
et al. 2011). The evaluation of certain sub-processes for the
destruction of natural stone fabrics is still controversial (see
Nigele et al. 1992; Kocher 2005; Wangler and Scherer 2008,
Potzl et al. 2018a; Elert and Rodriguez-Navarro 2022).

Moisture expansion is a deformation phenomenon and
is known in the literature as hygric (in the range of 0 and
95% relative humidity) and hydric (when in contact with
water or immersed) expansion and contraction due to mois-
ture exchange. In this study, the moisture expansion was
investigated by immersing the samples in a tray of water,
which demonstrates hydric expansion. Moreover, we also
compared our results with the literature, where references
are made to hygric expansion. The term hygric- and hydric
expansion is not strongly differentiated in the literature. Both
terms are interchangeably used. In most cases, hygric is used
for moisture expansion.

Of great importance regarding the weathering of vol-
canic rocks and sandstones is the hygric swelling process
(Kocher 2005; Snethlage et al. 1995; Benavente et al 2008,
Sebastian et al. 2008). Especially in connection with temper-
ature-induced stresses, the swelling and shrinking of rocks
leads to a permanent stress in the rock fabric. Thus, scaling
and layer-parallel flaking of rock fragments are attributed
to these types of damage processes, which are evident in
important cultural heritage sites, for example in Armenia,
Mexico, Switzerland and Germany (Figs. 1, 2). Numerous
authors thereby assume that the hygric strain can essentially
be attributed to the hydration of the interlayer cations of
very fine-grained (<2 um) layered and expandable 2:1 alu-
minosilicate (clay minerals), which are part of the miner-
alogical composition of the rock (De la Calle and Suquet
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Fig.1 Cultural heritage sites constructed using tuffs and sand-
stones and the types of damages caused by weathering. A Funerary
monument with two inscribed stelae constructed using the very fine-
grained tuff variety Blue Sevan at the Odzun Church (Lori Province,
Armenia), B close-up of the right stelae showing extensive damages
caused by layer-parallel flaking, C the laminated Loseros tuff used
for the facade of the central building of the University of Guanajuato
(Guanajuato, Mexico), D typical scaling feature of the Loseros tuff
showing strong damages on the facade ashlars (red arrow), E present-
day photo of the City Hall building erected with the Villarlod molasse
sandstone in Fribourg, Switzerland. Many of the peeling sandstone
scales have been removed. F Earlier photo showing a close-up of
some of the peeling sandstone scales
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Fig.2 Exemplary damage A
features in some of the inves-
tigated tuffs and sandstones.

A Columns constructed from
Blanca Pachuca tuff showing
layer-parallel peeling of the
stone (white arrow), B extensive
flaking damage of Cantera
Verde used for doorway lintels
similar to the Armenian Blue
Sevan tuff, C massive damage
(white arrow) to the Schleerieth
sandstone which lacks swellable
clay minerals, D close-up of
scaling damage in the Loseros
tuff, E example of the type
scaling into rock fragments in
the Mexican Cantera Rosa tuff,
and F detail of the weather-

ing damage in the Baumberger
calcareous sandstone

1988; Dixon and Weed 1989; Moore and Reynolds Jr 1989;
Graf v Reichenbach and Beyer 1995; Kocher 2005). Other
authors attribute the essential importance to the formation
of a hydrate shell around the minerals that are connected
with the presence of micropores (Stockhausen 1981). The
decisive factor for progressive damage is not only the hygric
swelling dimension, but also the speed and relative move-
ment of the associated solutions, which are controlled by
the capillarity and the water vapor diffusion resistance of
the materials.

Two principle modes of swelling are discussed when clay
minerals are present in a natural building stone: (1) inner-
or intracrystalline swelling which occurs in the interlayer

region of expandable clay minerals and (2) intercrystal-
line or osmotic swelling which acts between clay particles.
Movement of water by osmotic forces may cause non-equi-
librium swelling processes in clay-rich media (Mitchell
1993). Redistribution of porewater is driven by thermody-
namic equilibria based on chemico-osmotic and capillary
forces (Bock et al. 2010). The selected rocks differ mainly
in their pore space properties and the type, amount and loca-
tion of the clay minerals they contain. These factors are of
crucial importance, because the investigated hydric swell-
ing processes are either caused by swelling clay minerals
or a disjoining pressure, triggered by the interaction of sur-
face forces with a high micropore fraction in the nanometer
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range (Ruedrich et al. 2011). Potzl et al. (2018a) could show
that especially the Hilbersdorf tuff variety (HR), which has
been shown to lack swelling clay minerals, has the strong-
est hydric strain. Consequently, swelling associated with the
presence of expandable clay minerals can be excluded for
the Hilbersdorf sample. When analyzing the pore radius dis-
tribution, it becomes evident that the variety HR has pores
in the range of < 2 nm. This is the basis for the effect known
as disjoining pressure originally defined by Derjaguin and
Kusakov (1936). Therefore, micropores are of special impor-
tance because the disjoining pressure can only develop in
these smaller pores.

An active proof of the primary swelling mechanism in
the presence of swellable clay minerals in tuff rocks used as
building stones, however, was provided by e.g. Pétzl et al.
(2018a). By selectively exchanging the interlayer cations in
the clay minerals and subsequently changing the swelling
behavior of the rocks, it was demonstrated that the intracrys-
talline swelling mechanism is the predominant mechanism
for swelling in the investigated tuffs that contain swellable
clay minerals. Confirmation of the intracrystalline swelling
process is achieved by selectively blocking the hydration
of the clay mineral interlayers, and thereby suppressing
their expansion. A second swelling experiment, in which
fluid exchange served to verify intercrystalline or osmotic
swelling, confirmed the almost insignificant contribution
of osmotic swelling to the overall swelling process. These
results were verified in the earlier work of Wangler and
Scherer (2008).

Numerous damage phenomena observed in sandstones as
well as volcanic tuffs used as building stones are attributed
to the effect of salt loads (see examples in Fig. 2). Thus, sur-
face-parallel scaling can be explained by salt accumulation
and the resulting differences in hygric swelling behavior due
to the formation of quasi-stationary moisture fronts (Wend-
ler 1991; Ruedrich and Siegesmund 2006), by the reduction
of pore spaces in the near-surface rock zone (later scales),
and the blockage of fluid transport by gypsum precipitation
(Siedel 1998), or by the impregnation with consolidation
agents (Siedel 1994; Bosbach and Hochella 1996; Bosbach
et al. 1996; Pina et al. 1998; Rodriquez-Navarro and Doehne
1999; Potzl et al. 2022a).

Various volcanic tuffs and sandstones were selected for
the following investigations (Figs. 1, 2, 3). Sandstones and
tuffs can reach length changes of up to 25%. The phenom-
enon of hygric length change in almost all porous building
materials is always discussed in connection with the clay
mineral content in the natural stone materials. For the selec-
tion of the investigated rocks, care was taken to ensure that
various clay minerals existed. Some of the volcanic tuffs
(Blanca Pachuca and Cantera Verde from Mexico and Noy-
emberyan, Armenia) also contain minerals of the zeolite
group (mordenite, heulandite, and clinoptilolite) that may
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possibly interact with clay minerals in terms of mechanical
swelling. Various German sandstones, such as the Schleeri-
eth, Sander, Baumberger and the molasse sandstone from
Villarlod (Switzerland) complete our selected samples for
investigation. All rocks were analyzed in great detail with
respect to their mineralogical composition, with emphasis
also on clay mineral analysis and zeolite determination.
Scanning electron microscopy was used not only for min-
eralogical analysis but also for the characterization of the
corresponding minerals in the rock fabric. The determination
of the cation exchange capacity (CEC) was also of particular
importance. It is generally assumed that a high CEC value
indicates an increased amount of expandable clay minerals,
and thus, an increased swelling capacity. Depending on the
method of CEC determination, this correlation may be ques-
tionable if the rocks contain a significant amount of zeolites,
which even have larger CEC values than expandable clay
minerals (for details see the section on zeolites).

In addition, the petrophysical properties were deter-
mined on the sample set, which included density, porosity,
pore radius distribution, water absorption, capillary water
absorption, and rock strength properties such as the Young's
modulus. Hygric strain was analyzed for all samples. All
samples were also pre-treated with different salt solutions
(NaCl, KCl, CsCl) and also tetramethylammonium (TMA)
in order to identify the swelling mode, e.g. short-range,
ordered intracrystalline swelling and long-range, continu-
ous osmotic swelling (e.g., Wangler and Scherer 2008; Potzl
et al. 2018a). From preliminary experiments and theoreti-
cal assumptions based on the individual cation exchange
behavior of zeolites, e.g. (Barrer and Klinowski 1972) and
clay minerals (van Bemmelen 1888), it was expected that a
complex cation exchange interaction between clay minerals
and zeolites could possibly exist. Thus, artificially produced
model samples of different clay and zeolite compositions
were also included in the sample set. These model samples
were also subjected to salt loading to better understand the
swelling mode.

Petrography, clay mineral determination
and petrophysical properties

Microscopic analyses were done on the selected rocks utiliz-
ing a Zeiss Axio Imager.A2M petrographic microscope with
an attached Axiocam 305 color digital camera. Standard
thin section 30 um in thickness were used. Moreover, all the
samples were analyzed by the scanning electron microscope
(SEM) at the Federal Institute for Geosciences and Natu-
ral Resources (BGR) to characterize the type and location
of clay minerals and zeolites. A Zeiss Sigma 300 VP FEG
scanning electron microscope operating at 10 kV was used
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Fig. 3 Macroscopic fabrics of
selected tuffs and sandstones.
A Very fine-grained greenish
Blue Sevan (also known as the
Haghartsin Green, Armenia),
B tuff variety known as the
Golden Armenia Fine con-
taining numerous volcanic
lithoclasts, C white to grayish
Noyemberyan tuff (Armenia)
containing various volcanic
lithoclasts, D light grayish
Blanca Pachuca tuff from
Mexico with numerous volcanic
lithoclasts, E Cantera Verde
tuff (Mexico), a somewhat
mottled greenish stone contain-
ing different colored volcanic
lithoclasts, F the finer grained,
laminated volcaniclastic variety
of the Loseros tuff (Mexico),
G fine-grained, light yellowish
gray calcareous Baumberger
sandstone (Germany), H fine- to
medium-grained, olive green
sandstone known as Sander
(Germany), I grayish to green-
ish medium-grained Schleeri-
eth sandstone from Germany,
and J medium-grained yellow
greenish sandstone known

as the variety Villarlod jaune
(Switzerland)

to evaluate non-coated samples at the micro scale using the
low vacuum mode.

For the mineralogical and geochemical characterization,
X-ray diffraction (XRD) of whole rock samples and ori-
ented slides of the clay fraction <2 pm were used as well
as X-ray fluorescence (XRF). Plausibility checks of the
clay minerals by separation of clay fractions <2 pm was
performed for all but three samples with a very low CEC,
where insignificant amounts of expandable clay minerals
can be expected.

Oriented mounts were prepared to identify swelling clay
minerals. A 1.5 ml sample suspension was deposited on
circular (diameter =2.4 cm) ceramic tiles. The suspension
was filtered through the tile using a vacuum filter apparatus.
After drying, XRD patterns of the oriented mounts were

recorded. Furthermore, the specimens were stored overnight
in an ethylene glycol (EG) atmosphere at 60 °C. The clay
films are measured again after cooling to room temperature,
representing EG conditions.

The three zeolite-rich tuffs were checked with the Riet-
veld refinement of the XRD powder pattern instead, using
the disorder models of Ufer et al. (2012a, b). The so-called
Rietveld method allows for the refinement of crystal-struc-
ture parameters (Rietveld 1969), and the refinement of indi-
vidual scale factors for a phase mixture that can be used
for quantification (e.g. Kleeberg et al. 2008) after careful
plausibility checks. The Rietveld method is described by
Monecke et al. (2001) as follows: “The method is based on
a least-squares fit between step-scan data of a measured dif-
fraction pattern and a simulated X-ray-diffraction pattern.

@ Springer



146 Page 6 0f38

Environmental Earth Sciences (2023) 82:146

The simulated XRD pattern is calculated from a large num-
ber of parameters, including crystal-structure parameters of
each component phase, a scale factor for each constituent
phase to adjust the relative intensities of the reflections,
parameters describing the peak profile and the background,
and parameters simulating the instrumental aberrations as
well as effects resulting from size-related strain, preferred
orientation, and particle size.

A key feature of the quantitative analysis of phase propor-
tions by the Rietveld method is that the phase abundances
of the constituent phases can be directly calculated from
the refined scale-factors.” Quantification using the software
Profex as a graphical user interface of BGMN (Doebelin and
Kleeberg 2015) was performed for three zeolite-rich tuffs:
Noyemberyan, Blanca Pachuca, and Cantera Verde. By XRD
usually muscovite/illite were identified as micas, however,
the presence of glauconite and biotite as observed by optical
microscopy cannot be verified by XRD powder or from an
oriented specimen of such mixtures.

The cation-exchange capacity (CEC) was determined
after the copper(Il) triethylenetetramine method of Dohr-
mann and Kaufhold (2009), modified from Meier and Kahr
(1999). High CEC values indicate an increased amount of
expandable clay minerals, and thus, an increased swelling
capacity.

The moisture expansion of the samples was measured on
cylindrical samples (diameter 15 mm and length 50 mm,
respectively, 100 mm) under conditions of complete immer-
sion in distilled water following the DIN 13009 (2000). The
linear expansion was measured as a function of time by a
displacement transducer with a resolution of 0.1 pm. Addi-
tional swelling experiments were performed with salts and
solvents obtained from Fisher Scientific. Cationic pre-treat-
ments were performed by soaking the sample in an approxi-
mately 3 M solution of chloride salt and subsequent washing
in distilled water for several times.

To characterize the open (effective) porosity, hydro-
static weighing was performed on cubic samples
(65 x 65 x 65 mm) after the DIN 772-4 (1998). To calculate
the porosity, the water-saturated mass and the buoyancy
mass of the vacuum water-saturated sample as well as the
dry sample mass were used. Thus, directionally dependent
measurements on the water uptake are done on the same
sample (65X 65X 65 mm). Specimens were set with the bot-
tom plane into 0.3 cm water and the weight increase over
time was measured. The saturation degree (S-value) was
determined by the quotient of unforced (atmospheric con-
ditions) and forced (vacuum) water saturation (Hirschwald
1912).

Mercury intrusion porosimetry was used to acquire the
pore radii distribution according to the DIN 66133 (1993).
This was done by using the low (PASCAL 140) and high
pressure (PASCAL 440) porosimeter units from Thermo
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Fisher Scientific. The water vapor diffusion resistance (p
value) was measured using the wet-cup method on samples
with a diameter of 4 mm and a thickness of 10 mm (DIN EN
ISO 12572 2017).

Results
Petrography and mineralogy
Blue Sevan (BS)

The Cretaceous Armenian tuff with the trade name Blue
Sevan (BS) is characterized by a distinctive green color;
although lighter zones appearing layer-like are also vis-
ible (Fig. 3A; see also Fig. 1B). These cut across a layering
(discernible in thin section) and are defined by irregularly
shaped dark green fragments disseminated throughout the
stone. The fragments, which are altered to chlorite, range in
size from the micrometer to the millimeter scale. Potzl et al.
(2018b) classified this tuff as a rhyolite using the system
of Le Bas et al. (1986), a crystal tuff according to Schmidt
(1981) and as an ash tuff by Fisher (1966).

The fabric is dominated by a cryptocrystalline matrix
that comprises around 80% of the rock (Fig. 4A). Minor

Armenian Tuffs

Fig.4 Representative thin section fabrics of the Armenian tuffs. A
Ash-rich matrix and opaque devitrified glass shards in Blue Sevan, B
fabric in Golden Armenia Fine. Visible are deteriorated plagioclase
phenocrysts embedded in an ash-rich matrix. Brownish zones may be
corrensite, C large, zoned plagioclase phenocryst in Noyemberyan
with fine-grained quartz in the ash matrix, and D fabric of the Noy-
emberyan tuff showing volcanic lithic clasts, plagioclase and small
crystal feldspar laths embedded in an ash-rich matrix
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amounts of quartz mono- and polycrystals occur as well as
fine-grained K-feldspar phenocrysts embedded in the cryp-
tocrystalline matrix. Trace amounts of weathered plagio-
clase is present showing polysynthetic twinning, which also
show a coating with clay minerals under the SEM. Elongated
phyllosilicate minerals are aligned parallel to the deposi-
tional ash layering. These show a greenish pleochroism and
are interpreted to be chlorite. Idiomorphic apatite is present
(identified by SEM and EDX) as well as muscovite. Relic
glass shards appearing opaque in thin section are visible in
the groundmass and show devitrification by the presence of
extremely fine-grained crystals along the rims (yellow arrow
in Fig. 4A). Minor amounts of analcime were detected by
XRD (Table 1).

Throughout the entire fabric of the rock extremely fine-
grained clay minerals (indicated by their higher birefrin-
gence in thin section) are aligned parallel to the layering
in the cryptocrystalline matrix, which has also been con-
firmed by the SEM investigation. These are located at the
grain contacts between the quartz and feldspar grains and
are clay minerals with frayed edges. Moreover, thin sec-
tions were analyzed in the X, Y and Z plane, where in the
X-plane round patches are visible that have a diameter of
greater than 100 ym. These may represent possible spher-
ules that have altered to clay minerals. XRD indicated that
the clays consist of swellable interstratified smectitic (mixed
layer) clay minerals, muscovite-illite, and minor kaolinite;
CEC=9 meq/100 g (Table 1).

Golden Armenia Fine (GAF)

The pyroclastic rock Golden Armenia Fine (GAF, Creta-
ceous in age) exhibits a light brownish yellow to yellowish-
golden matrix. Embedded in this matrix is a wide range of
volcanic lithic clasts that show reddish, white, light yellow,
beige, light green, dark brown and black colors (Fig. 3B).
These clasts range in size from <1 mm to almost 1 cm.
The shapes of clasts can be in some instances elongated
with rounded edges to more angular fragments. A slight
depositional layering can be discerned as indicated by ori-
ented clasts. According to Potzl et al. (2018b), the Golden
Armenia Fine has the highest potassium contents and lesser
sodium than the other tuffs in this study. Using the system
of Le Bas et al. (1986), the GAF stone is a rock of rhyolitic
composition, and in the system of Schmid (1981) a crystal
tuff and lapilli tuff by Fisher (1966).

Compositionally, around 40% of Golden Armenia Fine
(GAF) consists of a glass-rich matrix exhibiting high
amounts of volcanic clasts and feldspar relics (Fig. 4B).
Vitric fragments make up around 5%. K-feldspar phe-
nocrysts are quite weathered, often showing alteration to
sericite along the crystal edges. Deterioration of K-feld-
spar also takes the form of a pitted structure. Traces of

plagioclase shows polysynthetic twinning. Opaque miner-
als occur in trace amounts and can be found as inclusions
in K-feldspar. Somewhat rounded polycrystalline quartz
clasts are also observable. Rare biotite can be observed in
thin section, prismatic apatites are visible under the SEM,
and traces of augite have been detected by XRD (Table 1).

Clay minerals are concentrated in the groundmass
as evident by the devitrification visible in thin section
(Fig. 4B) and observable under the SEM with frayed
edges. XRD identified two types of clay minerals con-
sisting of minor illite/muscovite and a major occur-
rence of the expandable clay mineral corrensite with
CEC=3 meq/100 g (Table 1). Corrensite is a regular 1:1
interstratification of trioctahedral chlorite with either tri-
octahedral 2:1 layers consisting of smectite or vermiculite.
The layering in corrensite (named after Prof. Carl W. Cor-
rens formerly from the University of Gottingen) yields a
super structure of a repeating chlorite-swelling layer upon
a chlorite-swelling layer, etc.

Noyemberyan (NB)

Noyemberyan (NB) is a very light gray to whitish and
slightly greenish Cretaceous tuff (Fig. 3C). Elongated
white and gray lithic fragments define a weak lamination
within a very fine grained ash-rich matrix. Some of the
gray lithic fragments are rimmed by slightly orange to red-
dish margins and only few of these fragments can attain
a size of approximately one centimeter. Based on Le Bas
et al. (1986), Noyemberyan plots in the rhyolite composi-
tional field. Using Schmid (1981) and Fisher (1966), this
tuff can be classified as a crystal tuff or an ash-rich rock,
respectively.

The fabric of this tuff consists of an ash-rich matrix
making up 70% of the stone. Under polarized light the
ash matrix is essentially opaque. Embedded in this fab-
ric and making up around 30% of the tuff are numerous
plagioclase and K-feldspar phenocrysts, and smaller,
rounded quartz fragments. Some of the plagioclase phe-
nocrysts show compositional zoning, polysynthetic twin-
ning and are broken or fractured (Fig. 4C). Cryptocrystal-
line volcanic clasts are rounded or show irregular shapes
(Fig. 4D). Calcite occurs associated with some highly
broken feldspar crystals and minor muscovite can reach
dimensions of 300 um. Rare apatite and augite are also
observable. Under the SEM large amounts of fibrous mor-
denite (confirmed by XRD), a mineral of the zeolite group,
occurs as clusters along with clay minerals showing frayed
edges. Intracrystalline swellable smectitic mixed layers
(illite—smectite) were identified by XRD on separated clay
fractions along with muscovite/illite; CEC=9 meq /100 g
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(Table 1). In contrast to the other Armenian or Mexican
tuffs, barite was also detected by SEM and EDX.

Blanca Pachuca (BP)

The Pliocene tuff, known as Blanca Pachuca, is a light
grayish rock containing dark gray lithic fragments and
some reddish and black vesicular cinder clasts (Fig. 3D;
see also Fig. 2A). Weathered pumice occurs as flattened,
subrounded and angular clasts. Their size ranges from a
few mm to> 1 cm. All these clasts are matrix supported in
a very fine-grained ash-rich groundmass. Blanca Pachuca
can be classified as a rhyolitic tuff (Le Bas et al. 1986)
and as a crystal-rich ash using Schmidt (1981) and Fisher
(1966).

Quartz is a major phase with minor twinned plagio-
clase and K-feldspar, which occurs as anhedral to subhe-
dral crystals embedded in a cryptocrystalline ash matrix
(Fig. 5A). Some of the quartz crystals also show numerous
inclusions. Traces of biotite are also present. Zeolite min-
erals, consisting of considerable amounts of heulandite/
clinoptilolite, and clusters of needle-like mordenite along
with swellable clay minerals (smectite) were identified by
XRD; CEC=12 meq/100 g (Table 1). These represent the

Mexican Tuffs
Blanc Pachuca BP)

Cantera Verde (CV)
'B 8

Fig.5 Characteristic thin section fabrics and microstructures of the
selected Mexican tuffs. A Cryptocrystalline matrix in the Blanca
Pachuca tuff with quartz phenocrysts, weathered feldspar crystals and
rounded lithic clasts, B well-preserved relic glass shards under trans-
mitted light showing devitrification on the rims in the Cantera Verde
tuff. Broken feldspar and lithic fragment also observable, and C the
Loseros tuff exhibiting the ash-rich fabric. Also visible is an altered
biotite

alteration of the former glassy matrix, which shows exten-
sive devitrification.

Cantera Verde (CV)

Macroscopically, the massive tuff Cantera Verde (Miocene
in age) exhibits various shades of green from light to dark.
This gives the stone a slightly mottled appearance. Con-
siderable volcanic clasts ranging in size from less than a
few mm to>1 cm are embedded in a fine-grained ash-rich
matrix (Fig. 3E; see also Fig. 2B). These consist of dark
lithic fragments and altered and flattened pumice clasts
showing a greenish coloration. White clay lenses occur that
disperse in contact with water. The TAS system of Le Bas
et al. (1986) places this stone in the compositional field of
rhyolites. It can also be classified as a vitric ash tuff or a
lapilli tuff using the systems of Schmid (1981) and Fisher
(1966), respectively.

The overall fabric of Cantera Verde can be defined as an
ash-rich hypocrystalline tuff (Fig. 5B). Crystals are strongly
weathered and the glassy matrix strongly altered to zeolites
and clay minerals. Approximately 7% of the crystals are
matrix supported. The strong vitric component in this ash-
rich stone makes it essentially opaque under polarized light.
Under transmitted light the glass shards are easily observa-
ble. Individual shards are rimmed by extremely fine-grained
crystals that represent the devitrification process (yellow
arrows in Fig. 5B). The dominant mineral constituents as
determined by XRD are cristobalite, K-feldspar, and the zeo-
lite mineral heulandite. K-feldspars are subhedral to euhe-
dral and are in part fractured without no discernible orienta-
tion. Mordenite, heulandite, smectite, muscovite/illite and
chlorite have been detected by XRD; CEC =6 meq/100 g
(Table 1). In thin section, a 0.1 mm altered muscovite flake
was observed. The lithic fragments are almost opaque in
polarized light, with the exception of very fine-grained
twinned plagioclase inclusions.

Loseros tuff (Los)

The Loseros tuff (Oligocene in age) is a well-sorted and fine-
grained volcanoclastic rock. The characteristic feature of this
stone is its distinctive laminated structure (Fig. 3F; see also
Fig. 2D). These laminations show different thicknesses, dis-
playing colors ranging from different shades of green, red-
dish brown, and lighter gray zones, sometimes purple and
whitish. Distinct thin layers or bands are also visible show-
ing greenish and reddish-brown laminations. Disseminated
throughout the rock are numerous dark detrital clasts (black
to reddish-brown) and millimeter-sized phenocrysts. These
are embedded in a fine-grained ash-rich matrix containing
abundant calcite. Lopez-Doncel et al. (2013) identified two
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distinct types, a fine-grained and a coarse-grained variety.
Compositionally, the Loseros tuff plots in the dacite field of
the TAS diagram. Utilizing the system of Schmid (1981)
and Fisher (1966), this stone classifies as a lithic tuff or as
an ash tuff, respectively.

Under transmitted and polarized light, the laminations are
clearly visible, which are associated with the reddish-brown
layers. These are essentially opaque zones of the ash-rich
matrix. Quartz, K-feldspar, plagioclase, calcite and lithic
fragments are the main mineral constituents. Both feldspars
are angular to subhedral, whereas quartz only occurs as
angular crystals. Trace amounts of biotite occur exhibiting
considerable alteration. Opaques comprise around 10% of
the stone. In thin section, the groundmass is made up of
extremely fine-grained crystals representing the devitrifi-
cation of the glassy components in the ash matrix. A low
amount of relic glass shards remains, and the fabric can be
defined as hypocrystalline to holohyaline (Fig. 5C). Individ-
ual grains are cemented with a calcitic and clay matrix. The
SEM and XRD investigation (Table 1) has revealed consid-
erable swellable clay minerals (smectite plus interstratified
illite—smectite) and minor kaolinite; CEC =5 meq/100 g.

Baumberger sandstone (BB)

The upper Cretaceous (Campanian) Baumberger calcareous
sandstone is a fossil-rich, fine-grained, yellowish gray to
creamy-colored sedimentary rock (Fig. 3G; see also Fig. 2F).
Rust colored streaks are probably due to the weathering of
the mineral glauconite, which leads to the formation of the
iron hydroxide mineral goethite. Moreover, surface oxida-
tion of glauconite may contribute to the yellowish stone col-
oration. Macroscopically, glauconite is evenly distributed
throughout the stone as evidenced by the dark, fine-grained
minerals (Fig. 3G). No macroscopic layering is visible in
hand specimen.

The most dominant framework mineral is calcite and
makes up around 70% of the stone. This is differentiated
into carbonate clasts, micritic calcite cement, fossil frag-
ments and coarser calcite, probably due to solution-pre-
cipitation processes. The overall fabric of the Baumberger
sandstone is shown in Fig. 6A. Quartz appears as angular
detrital grains that show little rounding and ranges in size
from around 50-300 pum. It comprises around 16% of the
stone. Glauconite shows both green to brown colors in
transmitted light, suggesting a degree of alteration. In this
particular sample, glauconite has been estimated to make
up around 5%, although lower to higher amounts have been
reported (Grimm 2018; Siegesmund et al. 2010). Minor
detrital rock fragments occur consisting of feldspar, poly-
crystalline quartz and quartzite. The types of fossils that
make up the carbonate component of the stone consists
of fragments of foraminifera, echinoderms, ostracodes,
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Fig.6 Thin section fabrics of the selected sandstones. A Calcareous
Baumberger sandstone—overall fabric consisting of fragmented fos-
sils, micritic carbonate, coarser calcite grains and a muscovite flake,
B well-preserved foraminifera fossil in the Baumberger sandstone, C
the Sander fabric showing a sedimentary layering consisting of elon-
gated quartz, phyllosilicates, altered feldspars and lithic fragments,
D fabric of the Schleerieth sandstone, E transmitted light image of
Villarlod jaune sandstone. Glauconite crystals are easily visible, and
F same image under polarized light with abundant quartz, feldspar,
calcite, fine-grained calcite cement and glauconite

bryozoans and fish scales (Grimm 2018). An example of
a well-preserved foraminifera fossil is shown in Fig. 6B.
By XRD the major clay mineral was identified as smectite
with minor amounts of muscovite/illite, kaolinite was not
identified; CEC =4 meq/100 g (Table 1). Traces of large
muscovite flakes have also been observed in thin section
(Fig. 6A).

Given the high percentage of carbonate material, the
rock can be classified as a calcareous sandstone of low
maturity. Pore spaces of 0.2 mm in diameter or less, but
mostly averaging 0.06 mm have been reported (Sieges-
mund et al. 2010). Because of the high carbonate composi-
tion, the weathering resistance is moderate to poor, which
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results in dissolution features, breakouts of particle com-
ponents, exfoliation and gypsum efflorescence (Fig. 2F).

Sander (SA)

Sander is an olive green, fine- to medium- grained sandstone
with an age of Triassic Middle Keuper (Fig. 3H). Hematite
coats many grains giving the stone a slightly faint rust col-
oration. It is a moderately to poorly sorted sandstone of low
maturity and classified as a feldspathic litharenite (McBride
1963). Fabric analyses by Ruedrich et al. (2011) have shown
that Sander has a relatively weak anisotropy, a median grain
size of 0.098 mm and a sphericity in the XZ-plane of 0.859.

An overview of the grain supported fabric in thin section
is shown in Fig. 6C, where a discernible sedimentary layer-
ing and grain orientation is visible as defined by the phyl-
losilicate minerals and elongated quartz grains. The main
framework grain is quartz, which makes up around 60% of
the rock. Not all quartz grains are elongated, but also sub-
angular and slightly subrounded grains occur. Grain contacts
are mostly located at points or elongated (Ruedrich et al.
(2011). Some quartz grains are broken and show undulatory
extinction. The SEM investigation also revealed an intensive
intergrowth between chlorite and quartz. Feldspars consist of
plagioclase and K-feldspar, showing alteration by secondary
sericite. Twenty percent of the rock consists of lithic frag-
ments identified as squeezed claystone by Demarco et al.
(2007), but also traces of metamorphic rock fragments,
shale and polycrystalline quartz. Phyllosilicates in decreas-
ing amounts consist of chlorite (Fe-rich as determined by
EDX), altered biotite and minor muscovite. Accessory min-
erals consist of apatite, rutile, tourmaline and opaques. The
intergranular binding material comprises siliceous cement
(quartz), minor feldspar, and combined clay-chlorite as an
indirect cementing agent. Rarely calcite is observable.

XRD analyses as reported by Stiick et al. (2013) indi-
cated a large chlorite and illite content, swellable inter-
stratified (illite—smectite) clay minerals and minor kaolin-
ite; CEC=3 meq/100 g (Table 1). SEM shows illite as long
needle-like laths.

Schleerieth (SR)

Schleerieth is a light grayish green, medium-grained,
moderately well-sorted sandstone with an age of Triassic-
Lower Keuper (Fig. 31; see also Fig. 2C). The grain size
can be defined as coarse silt to fine sand and is classified as
a litharenite of low maturity. According to Ruedrich et al.
(2011), this sandstone has a strong anisotropy, a median
grain size of 0.094 mm, and a sphericity of 0.833 in the XZ
plane.

The Schleerieth sandstone fabric is grain supported,
where the dominant mineral is quartz (around 80%) showing
a subangular to subrounded grain shape (Fig. 6D). The grain
contacts are located at points, but also elongated contacts
are observable. Lithic fragments consist of volcanic and
sedimentary rocks and amount to around 15% of the rock.
Alteration of volcanic rock fragments is evident by their
chloritization. Feldspars are strongly sericitized and make
up about 3% of the stone. Muscovite, chlorite, tourmaline,
apatite, zircon and opaque minerals are the main accessories.
The binding cement occurs as periodic patches of calcite,
syntaxial quartz and pseudo matrix. Clay aggregates produce
a pseudo matrix and may be associated with altered clasts.
These are found packed between quartz grains and results
from the compaction processes (Demarco et al. 2008).

The XRD investigation indicated illite and traces of
kaolinite, whereas swellable clay minerals are absent;
CEC=2 meq/100 g (Table 1). Under the SEM Fe-rich chlo-
rite (chamosite) was detected and identified by EDX. These
fill pore spaces and also occur as star-like spherical struc-
tures growing in open pore spaces.

Villarlod (VL))

The Molasse de Villarlod is a fine- to medium-grained
Miocene sandstone that occurs in three different varieties.
These are the blue molasse, molassic sandstone and the yel-
low molasse. In this study, the Villarlod jaune (VLj; yellow
molasse) was selected for comparison with the other sand-
stones in this investigation. Villarlod jaune is a brownish
yellow to greenish stone with a visible porosity (Fig. 3J; see
also Fig. 1F).

In thin section, the main phase is angular to subangu-
lar quartz, which makes up around 50-60% of the stone
(Fig. 6E, F). Some quartz grains show sutured grain bound-
aries and extremely fine inclusions. Quartz can also be
found in a polycrystalline form. Feldspars show alteration
as indicated by the presence of sericite and comprise around
10-15% of the rock. K-feldspar is more abundant than pla-
gioclase, which is also twinned. Calcite occurs in the grain
fabric as individual twinned grains and as very fine-grained
lime cement comprising 20-30% of the stone. The phyl-
losilicate, which contributes to the greenish and yellowish
coloration is the mineral glauconite. It forms abundant indi-
vidual grains in the fabric (as visible in transmitted light,
Fig. 6E) and has similar grain sizes as the detrital silicate
minerals. Chlorite occurs as a minor detrital component as
well as traces of biotite and epidote.

The XRD analysis of the clay fraction identified smec-
tite, and lessor amounts of muscovite/illite and chlorite;
CEC=4 meq/100 g (Table 1).
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Petrophysical properties

Determining the petrophysical properties of natural stones
is a prerequisite in assessing the quality of a building stone.
Given the great diversity of volcanic rocks and sandstones
with respect to their heterogeneity, origin, composition,
fabric etc., 10 samples were collected to investigate their
petrophysical properties. The data compiled in this study are
listed in Table 2. The investigated rocks are mainly charac-
terized as middle to highly porous, with porosities ranging
from 14.9 to 29.5 vol%. The respective bulk densities range
from 1.54 to 2.50 g/cm?.

The pore size distribution of the Blanca Pachuca, Noy-
emberyan, Villarlod and Baumberger show a unimodal pore
radii distribution (see Figs. 7, 8, 9). All other samples are
characterized by a second maximum and can be described
as bimodal. The values vary between 0.08 and 0.18 pm. The
variation of the calculated mean pore radii distribution does
not show a larger difference, which is in accordance with the

observed lower variation in the porosity values. Micropores
and capillary pores were evaluated in greater detail. BP, CV,
Los and BS exhibit more than 79% of micropores. GAF, SA
and SR have less than 50% micropores, while the remaining
samples show consequently higher values of capillary pores
(Table 2).

The capillary water absorption coefficient [kg/m>* \/ h] is
given in Table 2. The w value is given for two directions, as
well as the water absorption in weight percent. The w value
can be used to classify rocks into three types: (1) slightly
absorbing [w<0.5 (kg/m?* \/ h), (2) medium absorbing (w
0.5-3.0 kg/m?* \/h), and (3) highly absorbing [w> 3.0 (kg/
m>* \/ h)]. According to this classification, most of the ana-
lyzed varieties are medium absorbing. Only the samples of
Noyemberyan, Villarlod and Baumberger show a higher w
value of >3.30 [kg/m?* \/ h] in the X-direction. Regardless
of the samples, it should be noted that the capillary water
uptake occurs relatively fast and is finished within the first
60-180 min. The saturation coefficient S describes how

Table 2 Petrophysical

. . . Sample BP CV LOS BS NB GAF VLj BB SA SR

properties of the investigated

tuffs and sandstones Porosity ([vol%) 149 295 168 149 257 215 195 243 154 150
Bulk density (g/cm®) 1.85 154 2.07 206 173 204 217 203 227 230
Matrix density (g/cm?®) 2.17 218 249 242 234 260 2.69 2.68 2.68 2.70
Water absorption (wt%) 7 16 7 6 13 7 9 6 6 5
Saturation coefficient S 0.86 0.85 0.81 0.83 0.87 0.64 0.71 0.73 0.76 0.79
Micropores (%) 79 88 85 90 37 47 12 28 41 47
Capillary pores (%) 21 12 15 10 63 53 88 72 59 53
Mean pore radius (um) 0.05 0.04 0.04 003 0.14 0.11 0.08 0.03 0.18 0.11
Pore radii distribution uni  bi bi bi uni  bi uni uni bi bi
SSA (m?/g) 17 26 12 8 3 6 2 7 3 2
CEC (meqg/100 g) 12 6 5 9 9 3 4 4 3 2
w-value (kg/m? \/ h)
X 08 28 08 08 39 26 10.7% 33 19 19
Z 08 26 07 05 38 27 8.43 32 20 1.8
p-value 144+ 25%%
X 119 92 279 144 144 145 - - 226 223
Z 11.1 10.1 134 142 145 145 - - 279 262
Sorption 95% RH (wt%) 45 79 29 29 35 13 1.0+ - 14 15
Hydric exp. (mm/m)
X 071 139 058 035 067 039 1.70 060 05 05
z 096 1.68 122 157 076 0.59 1.21 015 1.0 12
Mean 0.83 153 090 096 0.71 049 145 037 075 0.85
Dyn. Young’s Modulus (Gpa)
X 20 11 28 31 17 15 144+ + 19 33 33
Z 19 10 16 20 18 15 1324+ + - 32 32

uni unimodal, bi bimodal, BP Blanca Pachuca, CV Cantera Verde, LOS Loseros, BS Blue Sevan, NB Noy-
emberyan, GAF Golden Armenia Fine, VLj Villarlod jaune, BB Baumberger, SA Sander, SR Schleerieth

*w-value determined by Tiennot et al. (2016); **u-value for Baumberger determined by Visser and Mir-
wald (1998); + u-value and sorption determined by Rousset and Blduer (2009); + +dyn. Young’s Modulus
values determined by Tiennot et al. (2019)
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much of the total pore space is accessible to water absorp-
tion and helps to determine the frost resistance. Siegesmund
and Diirrast (2014) describe that for metamorphic rocks, the
saturation coefficient has limited significance due to the very
small water absorption values under atmospheric and under
vacuum conditions. They are influenced by the measure-
ment procedure, the standard deviation of different samples,
and the resolution limit. According to the classification of
Hirschwald (1912), S values below 0.75 stand for a weather

and frost resistant rock, while values below 0.9 indicate a
rock which is not frost and weather resistant. From the ana-
lyzed samples, only Golden Armenia Fine, Villarlod and
the Baumberger show values below 0.75, while all other
samples exhibit higher S-values (Table 2).

The expansion measurements determined for Blue
Sevan, Schleerieth and Sander in the Z-direction differ due
to the heterogeneity of the rock material (see Figs. 10,
11, 12, 13 and 14). The hygric swelling and shrinkage
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Fig. 11 Hydric expansion of Blue Sevan in the Z direction and X direction, treated and untreated specimens
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Fluid Exchange Experiments: Rocks with Zeolites
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Fig. 12 Fluid exchange experiments in tuff samples from Armenia (NB) and Mexico (BP, CV) containing zeolites

behavior is related to the hygric properties of the rocks.
The swelling values obtained on representative samples
were investigated as a function of time and are given in
Table 2. The Cantera Verde and the Villarlod show the
highest values for hygric expansion with > 1.65 mm/m
(Table 2). The expansion over time is different for each
rock.

In a rock sample, the amount of extension differs between
the different directions and the previous treatment of the
samples. The hydric strain of Blanca Pachuca (Fig. 10), for
example, is characterized by a moderate strain rate com-
pared to the other samples, as well as an overall strain of

about 1.00 mm/m in the Z direction and 0.68 mm/m in the X
direction (Table 2). Blue Sevan shows a clearly anisotropic
swelling behavior with strain amounts of 1.35 mm/m in the
Z direction and 0.31 mm/m in the X direction (Table 2 and
Fig. 11).

Overall, the determined swelling values for all samples
(Table 2) vary between 0.35 mm/m for the Blue Sevan in
the direction perpendicular to the layering (X direction) and
1.68 mm/m for the Cantera Verde in the Z direction. For
almost all samples the values in the Z direction are signifi-
cantly higher.
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Swelling after cation pretreatment

To identify the mechanisms active during the hydric expan-
sion, different swelling experiments were performed that
proved to be useful for the identification of the primary
swelling mode in clay-bearing sandstones (Wangler and
Scherer 2008; Potzl et al. 2018a). Figures 12, 13 and 14
shows the influence of impregnation with different salt solu-
tions on the specimens. In almost all samples, hydric elonga-
tion is increased or decreased compared to the initial state.
A clear trend with respect to the effect of the impregnation

can only be seen with sodium chloride, as long as no zeo-
lites are present. All samples impregnated with CsCIl show
reduced expansion compared to the initial condition. Both
magnesium and potassium chloride have no consistent effect
on the rocks.

The Blue Sevan, Loseros and Golden Armenia Fine
samples (being free of zeolites) behaved largely as expected
(Fig. 13A-F). While magnesium causes almost no change,
the potassium leads to reduced swelling behavior (in Loseros
only in the X direction). The fluid exchange confirms the
effect of potassium. As described in Wangler and Scherer

Fluid Exchange Experiments: Rocks without Zeolites
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Fluid Exchange Experiments: Rocks without Zeolites
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Fig. 14 Impregnation tests using KCL, CsCl and TMA in the investigated sandstones
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(2008), the change from H,O to potassium chloride solu-
tion (1 M) reduces the expansion by replacing water mol-
ecules with potassium cations in the clay mineral interlay-
ers. This causes contraction of the specimens, which begins
immediately after the fluid exchange. The samples Blanca
Pachuca, Cantera Verde and Noyemberyan, all containing
zeolites, behave in opposite ways regarding the influence of
potassium (Fig. 12A-F). Cesium leads in both directions in
Blanca Pachuca to a decrease of the extension, potassium to
an increase. Magnesium leads perpendicular to the layering
to a decrease of the expansion, whereas parallel to the layer-
ing an increase (Table 2; Fig. 12A, B). The fluid exchange
after 24 h causes an expansion of about 0.4 mm/m with a
slow expansion rate (Fig. 12).

Potassium causes increased expansion in these samples
compared to the untreated samples. Fluid exchange con-
firms this behavior. Immediately after fluid exchange, the
specimens begin to expand. In the case of the Noyemberyan
tuff (Fig. 12E, F), even with higher, additional amounts of
expansion was observed within 24 h. Moreover, the swell-
ing behavior was not yet completed even 24 h after fluid
exchange. In contrast, the main phase of contraction for the
aforementioned specimens takes place immediately after
fluid exchange and comes to a complete stop after 10 h at
the latest. What becomes noticeable is that, in contrast to
samples with small amounts of swellable clay minerals (a
few wt%), the zeolitic samples contain approximately 30-50
wt%. So half of these tuffs are dominated by minerals of the
zeolite group being able to significantly react on salt solu-
tions by cation exchange.

The TMA shows a similar behavior in almost all speci-
mens, i.e. there are no changes due to the addition of the
TMA. Only for the Baumberger sandstone and the Vil-
larlod is a slight reduction of the hygric strain observable
(Fig. 14E-H). A comparable observation can be seen with
the addition of CsCl (Cs* is larger than Na™t). Only in the
rocks containing zeolites is there a slight increase in hygric
strain due to the addition of the CsCl.

The hydric strain of the untreated specimens was first
measured in distilled water for 24 h in these tests. Then,
while the measurement was running, the water was
exchanged for a one-molar salt solution. After 24 h with
the salt solution, the measurement was terminated after a
total of 48 h.

The difference in the behavior of the zeolite-free and
zeolite containing samples with respect to a treatment
with potassium can be explained on the basis of the unit
cell volumes of the zeolites containing different cati-
ons. For that purpose, additional experiments have been
performed on pure zeolite samples. The effect of ion
exchange on the unit cell volume of two zeolite samples
mordenite, Nay 4[Siyg 4Al; (Ogs] * X H,O and clinoptilo-
lite, Nay 6K §Mgy 4Ca, 5[Sig 3Al6,Fe) 507,] * X H,y0, were
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analyzed using aqueous solutions of NaCl, KCI, MgCl, and
CaCl,. One gram of sample was stirred at 60 °C in 100 ml of
a 1 molar salt solution. After 1 h the solution was removed
and fresh salt solution added. In total, this was repeated
six times. Subsequently, the samples were washed three
times with distilled water and dried in open vessels at room
temperature. XRD powder diffraction data were recorded
using a Panalytical Empyrean powder diffractometer in
Bragg—Brentano geometry and using Cu K-alpha radiation.
Silicon powder was used as an internal standard. The unit
cell volumes before and after the ion exchange were deter-
mined by Rietveld refinement.

The compilation of data in Table 3 shows that potassium
can be completely exchanged for Na™ in the case of mor-
denite and can be exchanged for Na* and Ca®* to a very high
extent in the case of heulandite. Potassium is a cation which
is preferred over the other cations by the zeolites tested here.
In contrast, sodium, magnesium and calcium can only partly
replace the cations which are present in the original zeolites
(synthetic Na-mordenite and natural heulandite).

Considering the differences in unit cell volume, the Ca*
exchange leads to a slight shrinkage of the unit cell while
the exchange using Na* or Mg”" containing solutions has
hardly any influence on the unit cell volume. The exchange
with KT cations, however, leads to a considerable expan-
sion of the zeolites. The observed expansion of rock samples
by a treatment with K* containing solutions as presented
in Fig. 12A-F can be explained by the above mentioned
change of the unit cell volumes of the two zeolites. The
zeolite content determined using the Rietveld refinement is
approximately 30-50% in the samples Blanca Pachuca, Can-
tera Verde and Noyemberyan, with the highest mordenite
concentration in NB (30 wt%), followed by BP (10 wt%) and
CV (5-10 wt%). A hydric expansion of about 0.6—1.3 mm/m
when treated with potassium containing solutions can be
assigned predominantly to the expanding zeolites in the
samples.

Although it is likely that the layered silicates, as well,
exchange their cations to a certain extent, it seems that an
ion exchange of the fully expanded layered silicates (after
24 h of exposure to distilled water) only leads to a slight
change in volume. This becomes apparent when looking at
the expansion curves of the zeolite-free samples displayed
in Figs. 13A-F and 14A-H.

Discussion

To identify the primary cause of the moisture expansion
due to swelling, swelling experiments were performed and
discussed with respect to the mineralogical composition, the
rock fabrics and additional petrophysical properties. Clay
minerals and zeolites that expand due to the influence of a
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Table 3 Relation between chemical composition and unit cell dimensions of different mordenite (MOR) and different clinoptilolite/heulandite (HEU) samples

Chemical composition as determined by XRF measurements [wt %] Formula Unit cell

Zeolite

Volume [A3]

Difference

Chemical composition per unit cell

K,0 MgO CaO Fe,0; SO, ALO, H,0

Na,O

related to Na

form

2778.6(2)

Naj ¢ [Siso4 Al Ogsl * x H,O

3.1

2

9.6
9.8

61.4

0.1

0.0
0.0

0.0
9.5

5.9
0.0

2.0

Synth. Na-MOR
K-MOR

+0.84 %
+0.03 %
-0.24 %

2801.9(3)

15.1 K6 [Sisog Al7s Ol * x H,O

65.1

0.1

2779.4(3)

Na, s Mg, g Cag, [Sig g Al; 5 Oggl * x H,O
Na, , Ca, ¢ [Siyg7 Aly 3 Ogel * x HO

23.7

9.4
9.5

62.2

0.3 0.1

1.9
0.0
0.5

0.0
0.0
2.9

Mg-MOR
Ca-MOR

2772.03)

22.6

62.4

0.1

3.7
24

0.7

1.8
0.6

Nay s K, g Mgo 4 Cay 4 [Siyg7Al5307,] * x HO
Nay o K, Mgy 3 Cayy [Sizg 5Als507,] * x H,O

25.7
3

10.2
9.3

56.4

1.3
1.0

0.9

Natural HEU
Na-HEU
K-HEU

2104.4(4)

2.9

50.1

0.3

1.5
6.4

23

4.0

+041 %
-0.01 %
-0.09 %

2113.1(3)

Cay 5 [Siyg 9Alg ;07,1 * x HO

Nay, K g Mg, 4 Ca, , [Siyg 4Al 07,1 * x H,O
Nay 4 K, Mgy 4 Cay 3 [Siyg 3Al6 ;07,1 * x H,O

454 Na, 3K,

6.8

39.7

0.4

0.0
1.5
0.4

0.2

2104.1(3)

1.1 48.6 9.2 34.8
0.8 8.4

1.8
32

0.2

Mg-HEU
Ca-HEU

2102.6(4)

423

429

1.3

0.3

The estimated errors related to the XRF measurements are + 0.3 wt % for SiO2 and A1203 and + 0.1 [wt %] for Na20, K20, MgO, CaO and Fe203. The chemical composition per unit cell is
rescaled to the number of oxygen atoms of the silicate framework. The amount of water is calculated as a difference (but also covers a varying adsorption of the X-ray beam due to different sam-

ple densities). The low iron content of the natural heulandite sample which obviously cannot be exchanged is due to an impurity.

high relative humidity or uptake of moisture play a signifi-
cant and decisive role in the damage and deterioration of
natural stones such as volcanic tuffs and sandstones. These
damages can be expressed in a number of different ways
(e.g., scaling, flaking) and depend on the fabric and miner-
alogical composition of the rock.

Mineralogically and microstructurally very complex
rocks (e.g. volcanic tuffs) show very interesting phenomena
that need to be understood. For comparison we also intro-
duced sandstones. The general aim of this approach is to
expand our knowledge of the physical weathering processes
and the course of damage to sandstones and tuffs caused by
hygrothermal stresses. It will be determined to what extent
the rock structure, with special consideration of anisotropy
and heterogeneity, controls the extent of rock destruction.
The mineralogical composition and microstructural proper-
ties of selected natural stones have been recorded in detail
and correlated with quantified data of hygric strain.

Hygric expansion and CEC

As discussed in Ruedrich et al. (2011), XRD quantification
of small amounts of clay minerals is not easy (Moore and
Reynolds Jr 1989) and the interpretation of intensity differ-
ences can be misleading. Meanwhile, the application of the
Rietveld method is applicable when interstratified (so-called
mixed layer) clay minerals are present (Ufer et al. 2012a,
b). Intra-crystalline swelling or shrinkage of clay minerals
is only possible with a smectitic character of the interlayer
regions. Such a ‘smectitic character’ is caused by an inter-
mediate layer charge density of the 2:1 structural units form-
ing these minerals; for further details see e.g. Ruedrich et al.
(2011). The CEC can be used to check plausibility of clay
mineral quantification. Smectites have much larger CEC val-
ues compared to all other clay minerals, if methods are used
that allow relatively fast extraction of cations not exceeding
1-2 h (Bache 1965) based on the results of Dohrmann et al.
(2012). Problems arise if “complicated CEC mechanisms”
play a major role for certain minerals such as vermiculite
(Weiss 1958) or the minerals of the zeolite group, e.g. (Bar-
rer and Klinowski 1972) with very large selectivity differ-
ences compared to clay minerals (van Bemmelen 1888).
Ruedrich et al. (2011) reported on the petrographical
properties of different sandstone types and found that the
clay mineral composition and CEC values help in under-
standing the damage processes of natural building stones.
Particularly the occurrence of swellable clay minerals within
the rock fabric, e.g., in clay-rich lithoclasts and on grain
boundaries. These may be important because large surface
areas are available (ca. 750 m%/g) in the interlayer galleries
of such swellable clay minerals and has a factor of at least
10 times higher than non-expandable clay minerals. The
large surface areas in the interlayer galleries are actively
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involved as reaction surfaces for hydration of cations, and
two processes are typical and fast: (1) exchangeable cations
present for charge deficit compensation of the 2:1 platelets
of the clay mineral structures can be readily exchanged by
any cation present in pore water solutions just depending on
energetic differences of the exchange as a driving force, and
(2) hydration and dehydration of exchangeable cations caus-
ing swelling or shrinkage. The swelling pressures of benton-
ites (smectite-rich clays with mainly swellable clay miner-
als) may reach values up to 20 MP depending of course on
the density of the materials used and type of measurement
(e.g. Sridharan et al. 1986, Pusch et al. 1995; summarized in
Kauthold et al. 2015). The swelling pressure can reach such
large values because the platelets can swell perpendicular to
the large basal planes of the phyllosilicates (parallel to the
c-axis). This also causes significant shrinkage upon drying.

When zeolites come into play, swelling processes upon
hydration of cations or cation exchange may also occur,
however, expansion is very much lower as the minerals are
tectosilicates which are characterized by very rigid T-O
bonds distributed throughout all three dimensions. The total
volume available for water may reach up to 50% in zeolites
(Barrer 1978). Cation exchange is much more size specific
as for swellable phyllosilicate clay minerals as the reactive
site for cation exchange are “inside” the zeolite structure,
and cations have first to enter the inner surface area via small
openings (e.g. Pahlke 2012).

Cation exchange may also occur at many energetically
and geometrically different sites (multi-site exchangers).
Both effects result in a pronounced cation-specific ion
exchange capacity of zeolites. This property is different to
swellable clay minerals of the smectitic group and is highly
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welcome for technical processes using zeolites as “ionic
sieves” in industry.

The sample set used in this study can be split into three
groups with respect to relevant cation exchange and intrac-
rystalline swelling processes, and applied to different kinds
of sandstones and tuff rocks (see Fig. 15):

e Group 1 contains no swellable clay minerals and is rep-
resented by a single sandstone (SR).

e Group 2 contains swellable clay minerals (but no zeo-
lites) and is represented by three tuffs (LOS, BS, GAF)
and three sandstones (BB, SA, VL}).

e Group 3 contains zeolites either together or without
swellable clay minerals and is represented by three tuffs
(BP, CV, NB).

Group 1 includes the sandstone SR (Fig. 15) with no
swellable clay minerals and the lowest CEC value of all sam-
ples (2 meq/100 g). This material should show the smallest
effect on hydric expansion experiments.

Group 2 contains two samples with pure smectite as a
swellable clay mineral (sandstones VLj, BB), and four sam-
ples with smectitic layers as part of the swellable interstrati-
fied clay minerals (tuffs LOS, BS, GAF, and the sandstone
SA). In LOS, a small portion of pure smectite is present
as well. With respect to swelling processes the reactive
interlayer gallery volumes are believed to play the most sig-
nificant role, no matter if these are part of an interstratified
structure or not. Cation exchange and adsorption of hydra-
tion water around cations is a fast process and only limited
by the amounts of accessible reaction volumes, not necessar-
ily on the regularity of stacking sequences of these galleries
in a crystal. The CEC values of group 2 are in the middle
part of the CEC range of the sample set studied varying from
CEC=3-6 meq/100 g with one exception, the Armenian tuff
(BS) with a larger CEC value of 9 meq/100 g.

Group 3 contains pure smectite as a swellable clay min-
eral (Mexican tuffs BP, CV) and the Armenian tuff (NB)
with smectitic layers as part of swellable interstratified clay
minerals. All these tuffs also contain zeolites: mordenite and
heulandite/clinoptilolite. XRD quantification of whole rock
samples allowed further differentiation into a mordenite-
rich (30 wt%) tuff free of heulandite/clinoptilolite (NB),
and heulandite/clinoptilolite-rich tuffs (35/30 wt%) with low
amounts of mordenite (10/5-10 wt%; CV/BP). Tuffs present
in group 3 contain the tuff with the largest CEC values of
the sample set: BP (12 meq/100 g), followed by NB and CV
(9 and 6 meq/100 g). As zeolites are size-selective cation
exchangers, they may not contribute largely to the CEC
determined with the large and colored CEC index cation Cu-
triethylenetetramine (Cu-trien) used in this study (compare
Meier and Kahr 1999). The authors found a CEC value of
only 5 meq/100 g for pure clinoptilolite, whereas the same

material adsorbed as much as 160 meq/100 g ammonium
acetate, indicating the Cu-trien is too large to reach the inner
volume of the zeolite minerals.

Within group 3 the cation exchange of water entering the
tuff has a more complex way to react than in group 1 and
2 materials. Here some cations in such pore solutions for
example may preferentially be adsorbed to a zeolite min-
eral as zeolites are, in contrast to swellable clay minerals,
very specific cation adsorbers. Once such cations enter the
inner volumes of zeolite minerals, hydrated cations being
naturally adsorbed on exchange sites of cages or galleries in
the structure, will be replaced by the entering cations and
released into the pore solution. Accordingly, the chemistry
of pore waters may change and this new equilibrium solution
interacts with the cations adsorbed in the interlayer galleries
of swellable clay minerals. Immediate cation exchange reac-
tions may occur modifying again the pore water composi-
tion possibly causing a secondary cation exchange into the
zeolites present. All cation exchange process come along
with possible changes in volume, as described above. Such
volume changes are relevant for hygric expansion processes.

The effect of the zeolites, however, on the hydric expan-
sion of the samples Blanca Pachuca, Noyemberyan and Can-
tera Verde are of minor importance. At ambient conditions
zeolites are nearly fully hydrated. The hydric expansion is
generally very low compared to the intercrystalline swelling
of smectites and related minerals. Mordenite and heulandite
possess only a very limited capacity for hydric expansion. It
cannot be excluded, however, that cations exchange between
zeolites and smectites if water is present. This may influence
the hydric expansion of the clay minerals.

The effect of zeolites and zeolite swelling

Zeolites are a group of minerals that can be described as
crystalline aluminosilicates possessing a 3-dimensional
silicate framework with micropores, which are occupied by
inorganic cations like Li*, Na*, K*; Mg*?*, Ca’*, Sr**, Ba>*
and water molecules. The framework is constructed from
4-connected [SiO,,] and [AlO,,,] tetrahedra (Fig. 16). As an
example, the formula of a natural clinoptilolite-type zeolite
is presented here:

Nay ¢K; Mg 4Ca 3 [5129.3A16.2Feo.5072] * x HyO(x = 0 —24).

A characteristic property of zeolites is their ability to
reversibly adsorb and desorb water depending on the tem-
perature and the moisture level of the external environ-
ment. At ambient conditions, aluminosilicate zeolites are
nearly fully hydrated. The percentage of water depends
on the pore volume and the chemical composition of a
zeolite and can amount up to 25 wt% of the hydrated
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Fig. 16 The structure of
clinoptilolite (slightly simplified
drawing according to Koyama
and Takeuchi 1977). Blue
tetrahedra: [Si/AlO,], light blue
spheres: H,O, other spheres:
green (Na), red (O) and light
blue (Si)

SiO, tetrahedron

Sodium faujasite materials with different Si/Al-ratios

Na-LSX (1.0)

Na-X (1.2)

Weight loss (%)

0 50 100 150 200 250 300 350 400 450
Temperature (°C)

Fig.17 A typical desorption curve of water from a zeolite with
increasing temperature

mass. The water can completely be removed from the
micropores in a continuous process by heating a zeolite
up to about 350 °C. But even at, e.g. 50 °C, some water is
lost compared to the water content at room temperature
(see Fig. 17). Dehydrated zeolites, on the other hand, are
strong desiccants. The cations like to form a symmetric
coordination sphere of oxygen atoms—partly contributed
by the silicate framework and partly by the oxygen atoms
of the water molecules. Also, the polar aluminosilicate
framework attracts water molecules. Because of strong
Si—O and Al-O bonds the intracrystalline expansion and
shrinkage of zeolites due to the uptake or loss of water
molecules is limited to about 0.5% of the volume. This is
in contrast to swellable clay minerals which may expand
by values up to 20%. Moreover, different to layered
silicates (clay minerals) the 3-dimensional tetrahedral
framework of zeolites prevents strong anisotropic swell-
ing. Zeolites will expand more or less equally in all three
dimensions when changing the water content.

@ Springer

Mordenite (MOR framework)

Another important property of zeolites is the cation-
selective ion exchange capacity. The cations residing
in the micropores (e.g., Na*) can readily be exchanged
against other suitable cations like K™ if a zeolite is treated
with a corresponding salt solution. A different charge, a
different ionic radius of the exchanged cation and a dif-
ferent coordination sphere around this cation may also
lead to an expansion or shrinkage of the zeolite. The dif-
ference in volume may vary between 0% and a maximum
of about 1%.

Type, morphology, and localization of clay
and zeolite minerals

Moisture-induced volumetric expansion of clay miner-
als leads to stresses at specific locations in the rock fabric.
The locations where clay minerals can be found are in pore
spaces, at grain contacts and along grain boundaries, form-
ing along the edges of open microcracks, coating individual
grains, or carpeting the grain fabric as in clay formation par-
allel the laminations or layering in the rock fabric. Similar
localization aspects are also true for the zeolites investigated
in this study. According to Ruedrich et al. (2011), however,
when swellable clay minerals have formed in large macropo-
res they have enough space to expand and the stone is less
susceptible to being damaged.

The types of clay and zeolite minerals determined by
XRD in the volcanic tuffs and sandstones are listed in
Table 1. All tuff and sandstone samples were also investi-
gated by SEM for localizing where the swellable and non-
swellable clay minerals and minerals of the zeolite group
occur. These are shown in Figs. 18, 19 and 20.

In all the Armenian tuff stones investigated (BS, GAF
and NB) minor amounts of muscovite/illite occurs. Mixed-
layer smectitic clays were determined in Blue Sevan (BS)
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Armenian Tuffs
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Fig. 18 SEM investigation of clay and zeolite minerals in the Arme-
nian tuffs. A—C Blue Sevan, A close up of the structure of clay min-
erals (smectite mixed layer) parallel to the rock fabric consisting of
altered glass, feldspar and euhedral analcime (white arrows), B pore
space with smectitic mixed layer clay and needle-like illite (yellow
arrow) coating the pore interior and the rim, and C close-up of a thick
packet of smectitic clay minerals in the rock fabric along with euhe-
dral analcime. D-F Golden Armenia Fine, D large muscovite flake
(ms, foreground) showing open flakes with needle-like illite (yel-

and Noyemberyan (NB), whereas the mixed layer corrensite
mineral was found as the dominant clay mineral phase in
Golden Armenia Fine (GAF).

In the Blue Sevan tuff (Fig. 18A-C), most of the
swellable clay minerals form a carpet-like coating on the
mineral surfaces, rather than being formed in larger pore
spaces. They occur as coatings on plagioclase crystals.

low arrow) aligned parallel to the layering, E close-up of the mixed
layer clay mineral corrensite (yellow arrow), and F corrensite coat-
ing a large pore space. G-I Noyemberyan, G open microcrack with
a coating of dehydrated smectite mixed-layer clay (white arrow), H
close up of smectitic mixed layer clay exhibiting the typical fence-like
cornflake structure in a pore space (yellow arrow) along with accom-
panying fibrous mordenite (white arrow), and I open pore space con-
taining fibrous needle-like mordenite

The mixed-layer smectitic clays are found penetrative
throughout the rock fabric and aligned parallel to the very
fine wave-like laminations consisting of a matrix of glass,
quartz, K-feldspar and euhedral analcime (Fig. 18A). They
are also located at grain contacts showing frayed edges,
where they mainly occur parallel to the bedding plane
(Potzl et al. 2022). When the swellable clay minerals are
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Mexican Tuffs
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Fig. 19 SEM investigation of clay and zeolite minerals in the tuffs
from Mexico. A—C Blanca Pachuca, A overview of rock fabric show-
ing fibrous, needle-like mordenite (white arrow) and smectites (yel-
low arrow) in pore spaces and within the grain fabric, B close up
of mordenite and smectite in a large pore opening, C bent and open
smectite layers within the grain fabric (yellow arrow). Mordenite is
also visible. D-F Cantera Verde, D fibrous mordenite (yellow arrow)
attached to a grain with heulandite (white arrow) coating much of

found in open pore spaces (e.g., in Fig. 18B), the complete
pore space is coated with smectitic mixed-layer clays espe-
cially along the rim where they appear to be more frayed.
Within the pore interior the clay minerals form a complex
net-like structure with needle-like minerals (illite?) pro-
truding into the open pore space.

In Fig. 18C a close up of the intracrystalline frayed edged
smectites along with the associated analcime show the extent
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the grain fabric, E close up euhedral heulandite from the interior of a
broken glass bubble (white arrow), F close up of smectite clay within
the grain fabric (white arrows). G-I Loseros, G smectite and mixed-
layer smectitic clays with slightly frayed edges penetrative through-
out the grain fabric containing a strongly weathered feldspar grain
(center), H clay minerals coating the grain fabric as well as an open
pore space containing a unique fence-like clay mineral (white arrow),
and I open pore space coated by mixed-layer smectitic clay

to which the Blue Sevan tuff has been altered, that leads to a
delamination when the tuff is used as a natural building stone
for monuments (e.g., the Blue Sevan constructed stele at the
Odzun Church, Fig. 1B). According to Potzl et al. (2022),
areas of detachment are often associated with the frayed
edge-like clay minerals, which have been determined to be
intracrystalline swellable smectites. Needle-like or fibrous
(illite or zeolite?) material is also observable throughout
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the layered matrix of the Blue Sevan tuff. Large apatites
and relics of weathered feldspar and muscovite can also be
occasionally observed under the SEM.

Golden Armenia Fine (GAF; Fig. 18D-F) contains large
amounts of clay minerals at grain boundaries and in open
pore spaces. The clay minerals show a cornflake-like micro-
structure with frayed edges, but in contrast to BS and NB,
the clay mineral in question is corrensite, a mixed layer,
swellable chlorite-smectite and chlorite-vermiculite phase
(see Beaufort et al. 1997). The SEM image in Fig. 18D
shows that frayed corrensite occurs mainly parallel to the
bedding and at grain contacts as defined by quartz, feldspar,
glass and large muscovite flakes. Given their location along
grain boundaries or at grain contacts, moisture expansion
in the corrensite configuration would lead to expansion
and breakage (Potzl et al. 2022). At a closer magnification
(Fig. 18E), corrensite shows the fence-like, cornflake struc-
ture with slightly frayed edges embedded in the tuff matrix
especially at the grain contacts. In open pore spaces, cor-
rensite can be seen coating the entire space as a complex
fence-like structure (Fig. 18F). Moreover, a needle-like clay
mineral, possibly non-swellable illite are also found paral-
lel to the layering in some places. Devitrification processes
and prismatic apatites as well as biotite and augite are also
observable under the SEM.

The SEM/XRD investigation of the Noyemberyan tuff
(NB; Fig. 18G-I) has shown that not only are mixed-layer
smectitic clays prevalent throughout the rock fabric, but also
mordenite of the zeolite group. Intracrystalline swellable
clays are located on the inner surfaces of open microcracks
as a coating (Fig. 18G, arrow). XRD identified these clay
minerals as illite—smectite mixed layers. They occur as
frayed minerals at the grain contacts parallel to the bedding
plane and essentially carpet the entire rock fabric. Locally,
the clay minerals occur in pore spaces (Fig. 18H) where
they form complex fence-like structures with frayed edges
at the pore rims.

Pervading the entire rock fabric are countless clusters
of fibrous needle-like mordenite crystals. They crystallize
out in almost all of the open pore spaces (Fig. 18I). These
mordenite clusters grow out from the inner walls of the pore
space. Non-swellable clays of muscovite/illite occur as a
minor component according to the XRD analyses, where
barite was also detected. According to Potzl et al. (2022b),
calcites and muscovites can attain dimensions of up to
300 ym.

The volcanic tuffs from Mexico (BP, LOS, and CV) all
contain swellable smectite clay as identified by the XRD
investigation (Table 1). On the other hand, zeolites consist-
ing of mordenite and the heulandite/clinoptilolite pair were
determined by XRD in Blanca Pachuca and Cantera Verde.

In Blanca Pachuca (BP), the SEM investigation has shown
that fibrous mordenite needles grow out from the walls of

pore spaces throughout the entire rock fabric (Fig. 19A, B).
Smectite also occurs in close association with mordenite in
some of these pore spaces with an almost clast-like appear-
ance covering the mordenite (yellow arrow, Fig. 19A). These
clay minerals form the typical cornflake structure and are
shown in the SEM image of Fig. 19B. Smectite also occurs
along the grain contacts as open and bent packets in the
grain fabric (Fig. 19C). In general, the glassy matrix of
Blanca Pachuca has been altered to clay and zeolite miner-
als (Potzl et al. 2022).

The Cantera Verde (CV) tuff has a vitreous matrix that
has been strongly altered to clay minerals consisting of
smectite, muscovite/illite, chlorite and possibly kaolinite
along with minerals of the zeolite group (mordenite and heu-
landite/clinoptilolite). Under the SEM, relict glass bubbles
are visible which are altered to cristobalite, some of which
still retain their rounded form. In Fig. 19D, the rounded glass
bubbles (white arrow) are completely coated by euhedral
heulandite crystals that also coat much of the grain fabric. A
close up of the euhedral crystals are shown in Fig. 19E. Mor-
denite is strongly fibrous and shows a radial growth structure
(yellow arrow, Fig. 19D). It grows out from matrix grains
or relict glass bubbles into the open pore spaces. Moreover,
mordenite has also been observed under the SEM grow-
ing out of the pits and cracks created in weathered feldspar
grains. Smectite occurs in low amounts (with a CEC =6).
It occurs in the altered matrix at grain contacts, along grain
boundaries (Fig. 19F), but also along the fractures in weath-
ered feldspar grains.

The laminated Loseros tuff contains an abundance
of swellable clay minerals consisting of minor smectite
and mixed-layer smectites as the dominate phase. Minor
amounts of non-swellable kaolinite also occurs. The mixed-
layer smectites are aligned parallel to the laminations in the
stone and penetrative throughout the rock fabric (Fig. 19G).
Locally, smectite showing the fence-like structure can be
found in some pore spaces (Fig. 19H, I) within the rock
fabric carpeted by abundant clay minerals. Smectite is also
found coating weathered feldspar grains.

Three of the sandstones (BB, SA and VL) in the study
contain swellable clay minerals consisting of smectite and
mixed-layer clays. Only the Schleerieth (SR) sandstone was
found not to contain any clay minerals as determined by
XRD.

The Baumberger (BB) calcareous sandstone essentially
shows a very fine-grained carpeting of the rock fabric by
clay minerals (Fig. 20A). Large pore spaces are visible under
the SEM as shown in Fig. 20B, where indications of clay
minerals may be visible (yellow arrow), but are also difficult
to discern. Even close-up imaging of the dominant calcite
fabric shows little clay deposition in very fine pore spaces
(Fig. 20C). The XRD analyses (Table 1) does indicate that
smectite is a major component.
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The SEM investigation of the Sander (SA) sandstone  consisting of muscovite/illite, chlorite and kaolinite. Chlorite
is shown in Fig. 20D-F. According to the XRD analyses,  occurs as two distinct phases: (1) as a Mg-rich platy shaped
mixed layer clays are only a minor component, whereas  mineral or as an Fe-rich phase (chamosite) forming simple
the sandstone contains more non-swellable phyllosilicates  star-like structures that evolve into more complex rounded
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«Fig. 20 SEM investigation of clay minerals in the sandstones. A—C
Baumberger calcareous sandstone, A overview of clays carpeting the
calcite-rich and quartz rock fabric, B pore spaces visible in the calcite
rich rock fabric, C close up of the platy-like calcite and quartz. D-F
Different phases visible in the Sander sandstone, D secondary euhe-
dral quartz crystals with very fine-grained intergrowths of chlorite,
E mixed-layer smectite clay and platy chlorite covering a weathered
K-feldspar crystal; very small Fe-rich chlorite is also visible, F close-
up of possible needle-like illite crystals and star-like rounded Fe-rich
chlorites. G-I Distinctive chlorite mineralization and muscovite-illite
(?) in the Schleerieth sandstone, G platy chlorite mineralization in a
pore space, H distinctive rounded and star-like Fe-rich chlorite min-
eralization peppering the sandstone rock fabric, I possible swellable
clay mineral (?). J-L Distinctive clay mineralization in the Villarlod
sandstone, J lath-like illite and smectite in the grain fabric, K close-
up of the cornflake-like smectite mineralization coating the rock fab-
ric, and L frayed smectite mineralization in an open pore space

configurations. As shown in Fig. 20D, the platy chlorite
forms as an intergrowth with secondary euhedral quartz and
as clusters of platy minerals. This platy chlorite may also be
associated with what is interpreted to be mixed-layer smec-
tites forming a cluster around a weathered feldspar in the
grain fabric (white arrows in Fig. 20E). Moreover, the inter-
growth of this platy chlorite and quartz occurs throughout
the rock fabric. Under the SEM, minor non-swellable illite
(?) was found occurring as lath-like needles associated with
the Fe-rich chamosite (Fig. 20F). Overall the fabric of the
SA sandstone shows a fine-grained coating with chlorite and
weathered and disintegrating K-feldspars.

Schleerieth (SR) is the sandstone that also contains both
chlorite phases throughout the rock fabric. The SEM images
are shown in Fig. 20G-I. Pore spaces are full of chlorite.
Mg-rich platy chlorites occur as clusters in pore spaces or
as intergrowths with quartz. The Fe-rich chamosite chlo-
rites are also peppered throughout the rock fabric and are
found in various stages of crystal growth (Fig. 20H). In the
early stages, they appear star-like in structure in the free pore
spaces and as growth continues they become more complex
forming rounded shapes. According to the XRD analyses,
no swellable clay minerals were detected, however, the SEM
image in Fig. 201 does suggest the possibility of very minor
amounts. These may be connected to the fact that in thin
section the Schleerieth sandstone contains a high amount
of lithic fragments, which may contain minor amounts of
swellable clay minerals.

The Villarlod (VL)) sandstone variety contains smectite
as the dominant swellable clay mineral and minor amounts
of illite and chlorite. Illite occurs as a lath-like mineral in
pore spaces (e.g., in Fig. 20J) and is estimated to make up
around 5%. Smectite shows the typical cornflake-like struc-
ture within the grain fabric at grain contacts and in pore
spaces (Fig. 20K, L). In pore spaces as in Fig. 20L, smectite
shows frayed edges and under the high vacuum appears dry.
Villarlod also contains carbonate phases consisting of calcite

(dominant) and dolomite in the fabric. Many of the feldspars
are visibly weathered when viewed under the SEM.

Clay minerals that expand due to the influence of a high
relative humidity or uptake of moisture play a significant
and decisive role in the damage and deterioration of natural
stones such as volcanic tuffs and sandstones (see Figs. 1,
2). These damages can be expressed in a number of differ-
ent ways (e.g., scaling, flaking) and depend on the fabric
and mineralogical composition of the rock. As described
above, clay minerals are located in pore spaces, at grain con-
tacts, along grain boundaries, form along the edges of open
microcracks, coat individual grains, or carpet the grain fab-
ric parallel to the laminations or layering in the rock. Similar
localization aspects are also true for the zeolites investigated
in this study. The idealized sketches shown in Fig. 21 sum-
marizes the location where clay minerals and zeolites are
found in volcanic tuffs as well as where clay minerals occur
in sandstones.

Modes of swelling

Different tuff varieties and sandstones were investigated for
their petrographic and petrophysical rock properties, as well
as their specific weathering behavior. The rocks differ mainly
in their pore space properties and the type, amount and loca-
tion of the clay minerals they contain (see SEM images in
Figs. 18, 19, 20). These factors are of crucial importance,
because the investigated hydric swelling processes are, as far
as is known, either caused by intracrystalline swelling clay
minerals or a cleavage pressure triggered by the interaction
of surface forces at high micropore fractions in the nanom-
eter range (Ruedrich et al. 2011).

To understand the effects of swellable clay minerals in
more detail like smectites and their interaction with zeo-
lites, additional synthetic samples were prepared to serve
as model samples (Fig. 22). For these laboratory tests,
cylindrical tablets (diameter 40 mm, height 10 mm) were
pressed from powders. The various powder mixtures were
either pressed into untreated tablets (blank) or previously
soaked in 1-molar salt solutions for 48 h and then washed
out with water before being conditioned. Since these model
samples would not be stable in contact with water, their hyg-
ric expansion behavior was measured at 23.0 °C and 80%
relative humidity. Prior to this, these samples were dried as
much as possible in a drying oven at 105 °C.

The composition of the model rocks are pure mor-
denite powder (synthetically produced mordenite, see
Table 3) with a composition of Nay ([Siyg4Al; Ogel
* ca. 24 H,0, clinoptilolite with a composition of
Nag (K, Mg 4Ca; 4[Siyg ;Alg 304,] * ca. 24 H,0, and a Na™
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Localization of clay and zeolite minerals in volcanic tuffs
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Fig.21 Idealized sketches of the location of clay minerals and zeo-
lites in volcanic tuffs and clay minerals in sandstones. 1 Generalized
heterogeneous fabric of tuffs depicting vesicles and pumice clasts
(modified after Cavazos-Alvarez et al. 2020). The matrix of tuffs
can consist of volcanic ash, glass, quartz, feldspars, Fe-rich minerals
and the weathering products thereof. The location of clays and zeo-
lites are depicted in A-F. A Coating of mineral grains by a complex
network of cornflake-like swellable clay minerals (e.g., smectite),
B complex structures of swellable clay minerals with frayed edges
in open pore spaces, C clays located along open microcracks, form-
ing a coating of unhydrated clay draping over the crack edge, D in
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-rich bentonite from Wyoming, USA (industrial product
quality “Volclay SPV”) with 84 wt% smectite, a CEC of
83 meq/100 g and 77% Na* cations on the exchange sites
(sample #B27 in Dohrmann and Kauthold 2010). In addi-
tion, synthetic mixtures with a portion of 5% bentonite (clay)
and 95% clinoptilolite as well as 95% mordenite in each case
were studied.

The hygric strain of the corresponding model specimens
is shown in Fig. 22. The pure clay sample with 84 wt% of
smectite shows strain values well above 140 mm/m, i.e. the
model samples virtually collapse. The pure zeolite samples
show the lowest strain values. Consequently, the correspond-
ing zeolite/smectite mixtures exhibit hygric strains on the
order of 20 mm/m. This 20-fold increase was caused by only
a 4 wt% addition of smectite (5 wt% bentonite). This under-
lines the importance of swelling clay minerals with large
intracrystalline surfaces on hygric expansion.

The CEC results for the tuffs and sandstones (see Table 1)
are highly variable and very low for the sandstones, which
is typical for these rocks used as building stones (see dis-
cussion in Ruedrich et al. 2011 or Potzl et al. 2022). Only
the Golden Armenia Fine shows a similar low CEC value
(Fig. 23). All other tuff samples exhibit higher CEC-values
from 4 up to 12 meq/100 g. The highest CEC of all fully
swellable clay minerals determined is for smectites ranging
from 70 to 120 meq/100 g (e.g. Weiss 1958, summarized
in Bergaya et al. 2006). Micas, on the other hand, have the
same structural TOT (2:1) units as smectites but a much
higher layer charge density (1.0 charges per formula unit in
contrast to 0.2-0.6 for smectites, Bailey 1980; Guggenheim
et al. 2006). Accordingly, forces in the interlayer allow dehy-
dration of K* cations, along with fixation centered above the
di-trigonal holes of the tetrahedral sheet faced to the inter-
layer gallery. Such fixation in the large interlayer galleries
causes a fully collapsed state of that region and a termination
of any expandability (=non-swelling clay minerals). Such
minerals only have cation exchange sites at the edges of the
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Fig. 23 Moisture expansion versus the CEC in all the tuff and sand-
stone samples investigated

crystals and on outer basal surfaces of the crystals (a few
dozens of TOT units form a crystal) exposed to the pore
region with a low CEC (e.g. Weiss 1958). This limitation
of CEC to edge sites is only similar to the non-charged (or
nearly non-charged) clay minerals with formally 0.0 charges
per formula unit such as talc or pyrophyllite, respectively.
These minerals are coarser and have TOT (or 2:1) structures
with Mg, respectively Al in the octahedral sheets. Also, the
minerals of the kaolin group such as kaolinite with TO (or
1:1) structures have formally no layer charge along with
low CEC values. In the case of the fine-grained dioctahe-
dral and frequently occurring kaolinite, CEC ranges from 3
to 15 meq/100 g (Bergaya et al. 2006). CEC values for illite
and chlorite were reported in the range of 1040 meq/100 g
(Grimm 1968). These minerals have much smaller particle
sizes, which are equal to relatively larger edge surface areas.
This explains their higher CEC values as compared to e.g.
mica, however, as these reported values reach 40 meq/100 g,
additional factors have to be taken into consideration. The
problem with “pure illites”, for example, is that they do
not exist as reference materials in natural environments. If
illite properties are reported in the literature, mostly this is
impure illite (with a high layer charge of 0.6-0.9 charges
per formula unit), but interstratified illite—smectite with dif-
ferent degrees of ordering. As a result of this fact, illites are
defined as minerals which contain up to 5 wt% smectitic lay-
ers, the so-called ‘‘frayed edge sites’” (Moore and Reynolds
Jr 1989), which, together with much smaller particle sizes
equal larger edge surfaces and explains their higher CEC
values compared to e.g. mica.

Starting from this general consideration, the CEC should
correlate very well with swelling strain. According to
Fig. 23, however, there is no clear evidence that a high CEC
value means a high swelling strain. If we take the average
elongation values between 0.8—approximately 1.0 mm/m,
these samples can differ in CEC value between 2 meq/100 g
and 12 meq/100 g. If the directional dependencies are also
taken into account, the Blue Sevan (BS) and the Cantera
Verde (CV) show the highest strain values with>2 mm/m.
A particularly interesting example would be the Schleeri-
eth sandstone with a very low CEC and the absence of
swelling clay minerals (see Table 2; Fig. 20G-I). This was
confirmed by the studies of Demarco et al. 2007; Ruedrich
et al. 2011 or Grimm 2018. The Schleerieth sandstone also
contains lithoclasts of volcanic and sedimentary rocks and
two types of chlorites (see Figs. 6D, 15, 20G-I) as well as
lesser amounts of muscovite/illite. These occur in the pore
spaces as well as distributed throughout the rock structure.
Obviously, the presence of expandable clay minerals with
large reactive surface areas in interlayer galleries alone can-
not explain the observed differences. The potential swelling
ability and the actual strain caused by such swelling seem
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to be independent and further factors have to be identified
causing the observed differences.

As can be seen in Table 3 all cations (Na™) can be
exchanged (for K*) in mordenite and nearly all cations (Na*,
Mg?* and Ca**) for KT in clinoptilolite. Based on the chemi-
cal composition, the CEC values of

mordenite,Na; ¢ [Siz4Al; ¢Ogg] * ca.24 H,0, and

heulandite,Nay (K| ¢Mg, 4Ca, 4[Sijy;Als307,| * ca. 24 H,0,

as used for the experiments presented in Fig. 22, are
calculated to ca. 210 meq/100 g (or cmol/kg) and ca.
220 meq/100 g, respectively. In the literature, as well, values
of around 200 meq/100 g are reported for the pure natural
zeolites (see for example Filippidis et al. 2007).

To understand the mode of hygric expansion active dur-
ing the swelling, additional experiments were performed
for the identification of the swelling mode. Intracrystalline
expansion is of particular importance for clay-bearing rocks
due to the intercalation of water between the silicate layers
of the crystals as discussed above. Kahr et al. (1986) calcu-
lated the swelling pressure that results from the attachment
of the individual water layers for a pure montmorillonite.
This process is also called hydration of the interlayer cati-
ons. For the formation of the first water layer the pressure
is equal to 400 MPa, up to 110 MPa for the second water
layer and up to about 27 MPa for the formation of the third
and fourth layers. The hydration energy of the intermediate
cation determines the exchange with the other cations.

As described by Wangler and Scherer (2008) and Potzl
et al. (2018a), swelling and shrinkage processes in rocks are
mainly driven by the hydration and dehydration of exchange-
able cations in the interlayer galleries of expandable clay
minerals. Both studies showed that sodium and magnesium
lead to an increase in the expansion, while samples treated
with potassium showed a significantly lower expansion
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(Fig. 24). The influence of the cations was explained by the
fact that these occupy the interlayer areas and promote (Na,
Mg) or inhibit (potassium) hydration.

Four different sandstones have been selected that dif-
fer significantly in mineralogical composition and rock
properties. The Baumberger calcareous sandstone and the
Villarlod contain swellable clay minerals, namely smec-
tite, the Sander has some swellable smectitic-mixed layers,
whereas the Schleerieth sandstone has only non-swellable
clay minerals (chlorite, muscovite and illite). The CEC
values support the XRD results (Table 1; Fig. 15). The
clays in the Villarlod and Baumberger sandstone samples
exhibit the highest CEC, compared to the other two sand-
stones. They both have very low microporosity at 24.3
vol% * 0.28 = 6.8 vol%, relatively large amounts of swella-
ble clay minerals and relatively little to no non-swellable
clay. The Villarlod has a lower microporosity (19.5 vol% *
0.12=2.3 vol%, see Table 2 and Fig. 25) but up to < 10%
clay minerals consisting of kaolinite, glauconites, chlorite,
and especially smectite. According to Tiennot et al. (2016,
2019) and Wangler (2020), this should explain the very
pronounced hygric swelling observable in this rock (see
also Wangler and Aquilar Sanchez (2020)). The directional
dependence of hygric swelling is a matter of anisotropy,
i.e., rock structure or heterogeneity.

In the literature, a maximum value of 1.6 mm/m has been
reported for the Baumberger sandstone (see Visser and Mir-
wald 1998 or Blochl et al. 1998). This is in contrast to the
measured hygric expansion values of max. 0.60 mm/m in
this study (see Table 2). The significant variation is a result
of the anisotropy or in parts due to the heterogeneity, with
values varying widely when perpendicular to the layering.
Furthermore, the mineralogical composition varies with the
facies type in the Baumberger limestone (Kettelhack 1992;
Visser and Mirwald 1998; Blochl et al. 1998; Weiss et al.
2004). Facies types range from wackestone to packstone
to biomicrites, which are glauconite-bearing, fine sandy
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Fig.24 A Hydric strain of Portland brownstone (sandstone; Wangler and Scherer 2008) and B the Hilbersdorf tuff (P6tzl et al. 2018a) under the

influence of different cations and molecules, respectively
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Fig. 25 Simple experiment for
demonstrating capillary water
uptake. The cubic samples of
the study are placed in a tray

of water over a specific time
period. The diagram shows the
water uptake at the initial dry
condition (t, = 0 min) and at the
intervals 15, 60, 360, 500 and
1500 minutes. Samples shown
are: the tuff stones Blanca
Pachuca (BP), Noyemberyan
(NB), Cantera Verde (CV), Blue
Sevan (BS), Golden Armenia
Fine (GAF), Loseros (Los), and
the sandstones Villarlod (V1j),
Baumberger (BB), Schleerieth
(SR) and Sander (SA). Note

the enormously fast water
uptake of the Villarlod molasse
sandstone at t; = 15 minutes BP ¥
and by t, = 60 minutes the stone
is completely saturated. This
demonstrates that the stone
should only be used for interior
purposes. By 1500 minutes, BB,
GAF are also totally saturated
with NB close to complete
water absorption. Only the tuffs
BP, CV, BS and Los show a
much slower capillary water
uptake. The red line represents
the extent of the rising capillary
water uptake front

clayey limestones with fossil particles and clayey micritic
matrix (Kettelhack 1992). The Baumberger sandstone has
no macroscopically recognizable layering but some carpet-
ing of the clay minerals like smectite and some muscovite
and illite (see SEM images in Fig. 20A—C). According to
Kraus (1985), the Baumberger calcareous sandstone shows
a high porosity and a high proportion of capillary pores as
well as a large water capacity of 16 vol%. The good moisture
adsorption capacity is proof of this (Fig. 25). According to
these data and the results of Blochl et al. (1998), it is clear
that swelling is less related to moisture absorption in the
micropores. Moreover, based on the pore radius distribution,
it is clear that about 80% of the maximum water satura-
tion is due to the filling of the capillary pores (see discus-
sion in Kraus 1985, Fig. 25). In the presence of a 1 molar
NaCl solution, an increase in elongation is shown, while
the presence of 1 molar KCl solution leads to a reduction in
hygric elongation (see Blochl et al. 1998). This observation
strongly suggests that intracrystalline strain should be the
most important swelling process as K* intercalation leads
to the contraction of the interlayer distances.

“|"| GAF P '{ Los [

The Villarlod sandstone also shows a high CEC and a
pronounced hygric elongation. The Villarlod is available
in different gray-greenish, yellowish and bluish varieties.
Our investigation was carried out on the yellowish vari-
ety (VL)), since the highest hygric elongation values were
determined in this variety. The swelling values obtained on
representative samples range from 1.21 to 1.70 mm/m. They
depend on the direction in the rock (perpendicular and par-
allel to the layering). Tiennot et al. (2016) determined val-
ues for the hygric expansion of Villarlod of 0.48 mm/m and
0.27 mm/m perpendicular and parallel to the layering at a
relative humidity of 25%. At 97% humidity, the hygric strain
increases to 0.68 mm/m and 0.25 mm/m, respectively (Tien-
not et al. 2016, 2019). Wangler (2016) determined maximum
values of up to 1.83 mm/m swelling strain for the Villarlod,
which corresponds to our strain values (Table 2). Ruedrich
et al. (2011) was able to determine that hygric strain as a
function of moisture exhibits a behavior that roughly cor-
responds to the relationship between the moisture expansion
and the saturation degree. Between 35 and 75% RH, a fairly
linear increase of length is observable. Only above 75% RH
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a significant change in length was observed. As expected, all
samples at 95% RH showed a smaller expansion than when
measured saturated in water. Rousset and Blduer (2009)
were able to show that the hygroscopicity of the Villarlod
grows comparatively constantly between 33 and 86% rela-
tive humidity and then suddenly increases between 86 and
97% relative humidity, which is certainly due to strong cap-
illary condensation in the fine pores at above 86% relative
humidity. This could suggest that swelling in Villarlod is not
due to moisture uptake in the micropores but rather linked
to water uptake in the capillary pores (Fig. 25). Capillary
water absorption, a voluntary process due to capillary suc-
tion forces results in a w-value for the Villarlod of 7.7 [kg/
m>* \/ h]. Thus, the Villarlod belongs to the strongly absorb-
ing rocks, which is documented by the very high proportion
of capillary pores (Fig. 25). Our swelling measurements
show that the final value is approximately reached after only
8—10 min. The water absorption under vacuum resulted in
a value of 9.0 wt%. The swelling is lowered by cation pre-
treatments with 2 molar KC1 and MgCL solutions, while
2 molar NaCl solutions increased the swelling (Wangler
2020). This corresponds to earlier results from Wangler and
Scherer (2008), Ruedrich et al. (2011) or Potzl et al. (2018a),
where intracrystalline swelling is expected to represent the
dominant swelling mode.

The Blue Sevan, Loseros and Golden Armenia Fine
samples behaved largely as expected (Fig. 13). While Mg?*
cations causes almost no change, the potassium leads to
reduced swelling behavior (in Loseros only in the X direc-
tion). Blanca Pachuca, Cantera Verde and Noyemberyan
tuffs behave opposite to the first group. These three samples
contain smectite and a higher amount of zeolites (Table 1,
SEM images in Figs. 18G-I, 19A-E). Noyemberyan shows
a higher amount of mordenite and some smectitic mixed
layers. As far as the influence of potassium is concerned,
this element causes an increased expansion in these sam-
ples compared to the untreated samples. The fluid exchange
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confirms this behavior. Immediately after fluid exchange, the
samples begin to expand. In the case of the Noyemberyan
tuff, this occurs with an even higher and additional amount
of expansion (Fig. 12E, I). Moreover, the swelling behavior
of this sample is not even complete after the fluid exchange.
From this observation, it also seems to be obvious that for
this sample intracrystalline swelling is the dominant mode of
the hygric properties. The expansion of the zeolite contain-
ing tuffs Blanca Pachuca, Cantera Verde and Noyemberyan
after fluid exchange (adding potassium) is due to the expan-
sion of the unit cell of the zeolites when K* replaces the
other cations which occupy the pores of the original zeolite
materials (see Table 3 last column).

The mechanism of intercrystalline swelling was also
tested. Intercrystalline swelling (or osmotic swelling) occurs
when water accumulates on the outer surface of the crystals.
This should be particularly strong for the platy clay minerals
because of their larger surface area and less so for the more
isometric crystals such as quartz, feldspar, calcite, etc. The
criteria for this strain would be: small microporosity, high
proportion of non-swellable clays and very low proportion
(absence) of swellable clay minerals.

To prove the osmotic swelling the samples were also
placed in distilled water. When full saturation was reached,
the water was syringed out and replaced by a concentrated
salt solution of about 1 M. As soon as the salt diffuses into
the pore space of the rock, the water of the interlayer space
or interparticle space would flow into the pore space to bal-
ance the concentration. Thus, an osmotic effect would result
in a contraction of the stone. This causes contraction of the
samples, which begins immediately after fluid exchange.

The zeolite-bearing tuffs (BP, CV and NB) for which no
contraction was observed during the fluid exchange approach
is essentially evidence that no osmotic strains were recorded.
All other rocks show the existence of this hygric mode, i.e.
osmotic swelling. Again, for the Blue Sevan, Loseros and
Golden Armenia Fine fluid exchange confirms the effect of
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Fig. 26 Moisture expansion versus the mean pore radius (A) and (B) moisture expansion versus the microporosity in percent for the Armenian

and Mexican tuffs and the investigated sandstones
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potassium. As described in Wangler and Scherer (2008),
the change from H,O to potassium chloride solution (1 M)
reduces osmotic expansion by replacing water molecules
with potassium cations in the clay mineral interlayers
(Fig. 12A-F). This causes contraction of the samples, which
begins immediately after the fluid exchange. Minor contrac-
tion of less than 5% of the original swelling was observed
for most of the investigated varieties. The effect of osmotic
strain can also be observed for the sandstones. The amount
of this hygric mode varies in intensity for the individual
rocks and also depends on the rock fabrics (Fig. 26).

In the literature it has been shown that for various rocks,
high hygric strain occurs even though no swellable clay min-
erals exist (see Ruedrich et al. 2011; Potzl et al. 2018a). This
mode, known as disjoining pressure, is significant for rocks
that have a large microporosity (= porosity * micropore frac-
tion), a low proportion of swellable clays and a low propor-
tion of non-swellable clays. Weimann (2001) attributed the
disjoining pressure as a main cause for moisture expansion
evident in rocks such as granite and marble, which are clay-
poor or free of swellable clay minerals (Schult and Shi 1996;
Weiss 1992). Ruedrich et al. (2011) suggested the possibility
of disjoining pressure in rocks, especially under the pres-
ence of micropores with sizes of 0.1 um. The disjoining
pressure evolves from a combination of processes that cause
the repulsion of the two interfaces. The source of the pres-
sure can be electrostatic interactions, for example, disper-
sion forces, hydration forces and the overlap of electrical
double layers (Butt et al. 2003; Jamtveit & Hammer 2012).
For cement stones that are negatively charged, water mol-
ecules attach themselves to pore gusset and elongated pores,
which are thus under pressure. This disjoining pressure
causes swelling deformation. Potzl et al. (2018a) showed this
swelling deformation for the Hilbersdorf tuff variety (HR),
which has the strongest hydric strain with 2.24 mm/m, but
no swelling clay minerals. Clay mineral associated swelling
was consequently excluded. When analyzing the pore radius
distribution, it is noticeable that the variety HR has pores
in the range <2 nm. Sandstones, like the Sander contains
traces of expandable illite-rich, illite—smectite mixed lay-
ers together with chlorite, illite, and kaolinite. Schleerieth
contains chlorite and illite.

There is no correlation between the average pore radius
and the extent of moisture expansion as can be seen in
Fig. 26A. Regarding the average values for the hygric expan-
sion a weak correlation with the micropores can be observed.
The sandstone Villarlod and the tuff Cantera Verde do not
fit the slight observable tendency, that the higher the micr-
oporosity, the larger is the moisture swelling magnitude
(Fig. 26B). Thus, the main cause of the swelling and shrink-
ing due to changes in moisture content can be the disjoining
pressure in small pores. This may be true for the Sander and
Schleerieth sandstones. These rocks have a microporosity

of 41% and 47%. Especially for the Schleerieth this process
should be important because there are no swellable clay min-
erals. Only in the large percentage of lithoclasts (approx.
15%) could such minerals occur. Sorption can be used to
characterize the hygroscopic water absorption of sandstones.
In the course of the weight increase (sorption) between 15%
and approximately 80% rel. humidity, the Schleerieth and
Sander show a linear increase, from 80% to approximately
95%, which is a clear steepening of the curves. A high pro-
portion of micropores in the total porosity is decisive for the
degree of saturation or sorption at high humidity (Fig. 25).
Even at high air humidity, capillary condensation and the
associated full saturation of the pores only takes place in
micropores. In larger pores, only the formation of a mul-
timolecular water film on the pore walls occurs (Weimann
2001). Sorption occurs almost exclusively in the small pores
(<0.001 m) at low humidity and results in elongation of
the saturated pores. These two sandstones show long-last-
ing elongation despite a moderate w-value and water vapor
resistance, respectively. The tuffs such as the BP, LOS, BS
and the CV have a pronounced microporosity (90%) of up
to 13.41% by volume (see Fig. 25), as in the case of the Blue
Sevan. However, these tuffs have swellable clay minerals
such as smectites and illite—smectite-mixed layers. There-
fore, intracrystalline swelling is of particular importance for
these tuffs, although disjoining pressure cannot be excluded,
but could occur as a secondary mechanism.

The Noyemberyan tuff also does not have too much
illite—smectite mixed layers but many zeolites. The micropo-
rosity is 9.5 vol%. Fluid exchange with salt solutions shows
that osmotic swelling is not important. A small amount of
disjoining pressure cannot be ruled out, however, intracrys-
talline swelling is the controlling mechanism.

From our investigations it becomes clear that the quanti-
fication of the hygric strain with respect to its mode, i.e. the
controlling process, is quite complex, but can be elucidated.
However, a quantification of the individual proportions of
intracrystalline and osmotic swelling as well as the disjoin-
ing pressure seems to be not possible from our observa-
tions, i.e. a qualitative estimation is the best approach at the
moment.

By selectively replacing the interlayer cations in the clay
minerals and subsequently changing the swelling behavior of
the rocks, it was demonstrated that the intracrystalline swell-
ing mechanism is the predominant mechanism for swelling
in the investigated tuffs and sandstones with swellable clay
minerals. Confirmation of the intracrystalline swelling pro-
cess is achieved by selectively blocking the hydration of the
clay mineral interlayers and thereby suppressing their expan-
sion (Figs. 12, 13, 14). A second swelling test, in which
fluid exchange served to verify intercrystalline or osmotic
swelling, confirmed the almost insignificant contribution
of osmotic swelling to the overall swelling process. In all
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the rocks studied, with the exception of the zeolite-bearing
variants, the proportion of osmotic swelling is of minor
importance.

Disjoining pressure is discussed and documented for the
rocks types without swellable clay minerals. The reason
for the very different swelling behavior of the rocks is the
mineralogical composition of the samples, their heterogene-
ity in regard to volcanic tuffs and the varying rock fabrics.
A striking feature is the different modes of occurrence for
zeolites in the rocks (Table 3; Figs. 181, 19A, B, D, E). The
treatment with sodium chloride causes a reduced expansion
in all investigated samples compared to the untreated sam-
ples. This behavior is also opposite to the enhanced swelling
behavior described in Wangler and Scherer (2008) and Potzl
et al. (2018a).

Concluding statements

The physical process of swelling and shrinkage caused by
frequent wetting and drying cycles is often considered a very
significant cause of damage to the weathering of clay-bear-
ing sandstones and volcanic tuffs. Based on the observations
and experimental results in this study, a number of conclud-
ing statements can be made concerning the hydric expansion
in volcanic tuffs and sandstones.

1. Both volcanic tuffs and sandstones show diverse
heterogeneous and anisotropic rock fabrics and con-
tain varied mineralogical compositions. In volcanic
tuffs, these differences in rock fabrics are the direct
result of the volcanic eruption and the deposition of
the erupted material both near and far from the vol-
canic event. These pyroclastic rocks, such as those in
this study from Armenia and Mexico contain pumice
fragments, lapilli, relict glass shards, an ash-rich or
cryptocrystalline groundmass, and in some cases a
sedimentary layering (e.g., the volcanoclastic Loseros
tuff), all of which contribute to the diverse heterog-
enous rock fabrics. The weathering of these rocks leads
to the development of clay minerals and zeolites by
the alteration of vitric components or the alteration of
pumice fragments to clay (e.g., the volcanic clasts in
Noyemberyan).

Sandstones are also formed in many different deposi-
tional environments, which leads to various grain sizes,
types of grading, the sorting of grains and the devel-
opment of sedimentary layering. They show diverse
mineralogical compositions depending upon their dep-
ositional environment of formation. Examples include
the fossil-rich calcareous Baumberger sandstone, the
glauconite-bearing Villarlod molasse sandstone or the
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Schleerieth sandstone containing a higher percentage
of lithoclasts. The weathering of lithoclasts may be a
source for the formation of swellable clay minerals.
In the literature, clay minerals in particular are held
responsible for explaining the hygric expansion pro-
cesses, especially in volcanic tuffs and sandstones.
Here it should first be pointed out that there are swella-
ble and non-swellable clay minerals. Swellable clay
minerals contain large reactive surface areas and these
interlayer regions are called smectitic interlayers. Their
swelling potential is by far, higher than that of miner-
als with non-smectitic surfaces such as kaolinite, chlo-
rite, illite, and vermiculite. Layers of individual units
of these listed clay minerals can be stacked on each
other in variable amounts and with variable degrees
of ordering; these minerals are called interstratified or
mixed layers, however, for swelling potential only the
amount of reactive smectitic surfaces is responsible
for the inner-crystalline swelling largely exceeding
osmotic swelling. The CEC is a very good measure for
the amounts of smectitic layers as the CEC of smectite
is much larger than of all the other clay minerals typi-
cal for tuffs and sandstones.

The zeolite-group of minerals are of special impor-
tance in volcanic rocks but also for sandstones, if vol-
canic lithoclasts are part of the compositional makeup.
Natural zeolites are minerals of magmatic origin or the
result of, for example, metamorphic and/or hydrother-
mal overprinting. Due to their crystal structure they
can show a higher cation exchange capacity, i.e., zeo-
lites have the ability to exchange and bind cations at
negatively charged places on the surface. On the other
hand, the CEC of zeolites is very low when determined
with large complexes such as Cu-trien used in this
study, whereas other index cations may give CEC val-
ues larger than smectites. The swelling pressure devel-
oped by cation exchange and hydration of interlayer
cations cannot be compared with that of swellable clay
minerals because most of the cations will be exchanged
in the inner surfaces of zeolites. Volume changes of
these tectosilicates are much smaller compared to the
volume changes by the swelling of phyllosilicates.
The type and location of clay minerals play a signifi-
cant role as a damage-causing factor in tuffs and sand-
stones by the mechanism of intracrystalline swelling.
Clay minerals such smectite, poorly ordered smectitic
mixed-layer and well-ordered smectite-rich corrensite
are the swellable clay minerals responsible for the
damages in the investigated rocks. When swellable clay
minerals are located at grain contacts, filling or coating
micropores, coat mineral grains or are aligned parallel
to the grain boundaries in layered fine-grained ash-
rich tuffs or sandstones, moisture-induced expansion
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occurs, leading to stresses in the rock fabric. This leads
to the various types of damages observed in the inves-
tigated rocks. However, when swellable clay minerals
are located in macropores, such as those found in vol-
canic tuffs, the swelling clay will have enough space to
freely expand, and thus no damage may occur. Moreo-
ver, when no swellable clay minerals are present, such
as in the Schleerieth sandstone, another mechanism
is responsible for the damage to the rock fabric. This
study proposes that disjoining pressure (or cleavage
pressure) leads to the measured hydric expansion in
the Schleerieth sandstone.

From our overview of the literature, the two terms,
hygric- and hydric expansion are mostly interchange-
ably used to define moisture expansion. We have
observed that the term hygric expansion is mainly
used to describe the phenomena of moisture expan-
sion, while hydric expansion is less common. To sum-
marize, in most cases when measuring the moisture
expansion the samples are immersed in a water tray
with a specific water level. The moisture expansion as
a function of relative humidity from 0 to 95% is seldom
reported. To avoid further confusion in the future, we
would suggest that the term hydric expansion should
refer to the moisture expansion or swelling behavior,
and in general, when the effect of RH is discussed, the
term hygric expansion should be subscripted or placed
in brackets.

When clay minerals or zeolites are present in a build-
ing stone, two swelling mechanisms are under discus-
sion: (1) intracrystalline, or simply crystalline; and (2)
inter-crystalline, inter-particle or osmotic swelling.
The moisture expansion mode can be experimentally
investigated by the pre-treatment of the samples with
various cations. Sodium, calcium, magnesium, cesium,
etc. can have different effects on the swelling behav-
ior and point to the intracrystalline swelling process.
Osmotic swelling processes can be detected when the
water of fully swollen stone samples were syringed out
and replaced with a salt solution. When rocks without
any swellable minerals show any moisture expansion
a disjoining pressure as a controlling process is dis-
cussed.

Various stone properties can be used as indications for
the swelling and drying behavior. The porosity and
especially the pore radius distribution are important.
A high proportion of micropores can be used to assess
disjoining pressure. With a very high proportion of
capillary pores and a correspondingly high capillary
water absorption behavior, this hygric mode will be
insignificant.

Hygric expansion and the total water absorption are
critical parameters for damage to natural stone. Hygric

10.

expansion occurs not only when directly wetted with
water but also when the relative humidity changes.
In this case, a high amount of expansion can also
be observed. These are generally lower, however, as
compared to those that occur through direct wetting
with water. The intensity of the hygric expansion in
the partially saturated moisture range varies greatly
depending on the material. In laboratory tests on hyg-
ric expansion, a very strongly varying time depend-
ence of the expansion can be determined for different
materials. This is essentially due to the varying pore
space properties of the respective rocks. Rocks with
well cross-linked pores and relatively high porosity
show a fast expansion, whereas less well cross-linked
rocks swell more slowly.

The permanent moisture load and the associated pol-
lutant input can lead to the formation of scaling and
flaking phenomena parallel to the surface. Further
examples that lead to this phenomenon include salt
crystallization or the dissolution or transformation of
rock-internal minerals like Fe-hydroxide formation,
transport and precipitation. Scaling formation or flak-
ing parallel to the sedimentary bedding or to any flow
fabrics in volcanic rocks can show preferential damage
patterns by the swelling strain. The dynamic Young’s
modulus for the investigated rocks varies between
approximately 10 and 33 GPa. The strength properties,
especially the tensile strengths, range between approxi-
mately 1.9 MPa and 7.0 MPa under dry conditions.
Under water-saturated conditions, there is an additional
drastic reduction in strength of approximately a factor
of 2-3. For an average hygric expansion of 0.5 mm/m,
an expansion pressure of 10 MPa is calculated on the
basis of a Young’s modulus of 20 GPa. This expan-
sion pressure is already higher than the tensile strength
of the examined rock in the dry state. With a hygric
expansion of 1 mm/m and more and significantly lower
elastic moduli or tensile strengths, the typical damage
pattern due to hygric expansion are definitely to be
expected.

The knowledge of hygric expansion processes and their
damage-controlling properties is particularly important
when historically valuable natural stone objects made
of sandstones and volcanic tuffs should be conserved.
For this purpose, it is absolutely necessary to know
the absolute magnitude of the swelling strain, even
with the addition of so-called anti-swelling agents and
the corresponding consolidation products. In addition,
such processes are of particular importance if zeolites
are also present in addition to the usually known phyl-
losilicate clay minerals. The principles of action of
the different consolidation treatments to be applied
are particularly critical for the extremely heterogene-
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ous group of tuffs, as the range of possible property
changes with regard to hygric expansion and the con-
solidation to be added must be known.
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