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Abstract
Many cultural heritage sites in Mexico have been built with volcanic tuff rocks from the earliest Central American civiliza-
tions to the time of the Spanish conquest and up to the present. Throughout this long period of time, the stones have been 
subjected to progressive weathering as evidenced by different types of damage phenomenon such as scaling, sanding, crum-
bling, sugaring and salt efflorescence. This study utilizes a collection of 53 tuffs from different regions in Mexico that show 
a diverse range of colors, rock compositions and mineralogy, and heterogeneous rock fabrics indicative of their volcanic 
origin. Comprehensive investigations have been done that include detailed petrographic analyses, cathodoluminescence, clay 
mineral analyses, and the determination of a wide range of petrophysical properties (e.g., porosity, capillary water uptake, 
water absorption, sorption, hydric and thermal expansion, and mechanical properties). All analyzed data combined are used 
for derivation of some general trends concerning the suitability/durability of tuffs applied as natural building stones.

Keywords Volcanic tuffs · Rock composition · Tuff fabrics · Petrophysical properties · Clay mineralogy · CEC · 
Deterioration of building stones

Introduction

Volcanic rocks are one of the most used natural building 
stones, especially those known as tuffs or “tuff stones”. 
These rocks have been used since the beginning of the first 
civilizations around the world in volcanic regions and are 
still abundantly applied today. Tuff deposits occur in great 

quantity as a result of their explosive volcanic origin. This 
has given rise to their great diversity in fabrics, colors, sizes 
and shapes of their clasts. Volcanic tuff rocks are relatively 
soft and easy to work with, and because of their diverse fea-
tures they are attractive stones to use. Many people through-
out human history have settled in volcanic areas and have 
used tuffs in large quantities to build all kinds of structures.

As designated by UNESCO, Mexico is one of the coun-
tries with the largest number of world heritage sites. Of these 
sites, the vast majority are constructions consisting of pyra-
mids, colonial churches, or historical buildings, which were 
erected with natural stones (Fig. 1a–f). The stones used for 
the construction of these buildings were mostly rocks from 
the surroundings, so their lithology is dependent on the geol-
ogy of each site.

Volcanic rocks have been used since the first cultures 
appeared in Mesoamerica. The earliest known Mesoa-
merican civilization, known as the Olmecs, began using 
and carving these stones more than 2000 years BCE. Pre-
Columbian cultures used the rocks indistinctly for the filling 
of their pyramids, and looked for higher quality stones for 
the carving of their sculptures and ornamental pieces. The 
mastery of their carving techniques was in many cases so 
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good that even very hard rocks such as basalt or andesite 
were used to carry out their ornamental works (Navarro 
et al. 2016). Many of the archaeological sites in Mexico 
were abandoned before the arrival of the Spanish in 1519. 
These structures suffered their greatest deterioration by natu-
ral physical, chemical, and biological weathering. Those still 
preserved were heavily damaged by the Spanish conquerors, 
or in many cases the pyramids were destroyed in order to 
build churches.

Later cultures, such as the Zapotecs, the Toltecs, the 
Aztecs, and others, developed in the north-central and cen-
tral-southeast valleys of Mexico. They also utilized volcanic 
rocks for constructing the various structures in their cul-
tures. For example, the Aztec people mainly settled in the 
central valley of Mexico, on what is geologically known as 
the Trans-Mexican Volcanic Belt (TMVB). The preferred 
building stones of the Aztecs consisted of basalts to rhyolitic 
ignimbrites, which they used for the construction of Tenoch-
titlan, the capital of their empire (López Luján et al. 2003; 
Mora-Navarro et al. 2016).

In Mexico, three important periods in the use of volcanic 
rocks can be defined as the pre-Columbian time, the colo-
nization period and the modern-day application of these 
stones (Fig. 1a–f). Pre-Columbian cultures used all types 
of volcanic rocks, from very dense basalts and andesites to 

the easily reworked volcanic tuff rocks. Examples include 
the Pyramid of the Sun in Teotihuacán (Fig. 1c) or in the 
archaeological zones around the Templo Mayor in Mexico 
City (see Navarro et al. 2016; Wedekind et al. 2013). Build-
ings constructed with volcanic tuffs occur in Mitla, in the 
state of Oaxaca, or in the pyramids of Plazuelas in central 
Mexico (Pötzl et al. 2016).

During the period of colonization, under the cultural and 
religious influence of the Spanish, countless churches, mon-
asteries, convents, and various colonial palaces were built, 
and unlike pre-Hispanic constructions, the Spanish preferred 
to use volcanic tuffs. For the foundations and wall-filling, 
various rock types were used without regard to their shape, 
color, or hardness. The Baroque architecture used in the new 
churches built in the New World required soft rocks that 
allowed the artistic carving of the facades. Thus, the artisans 
created works of great cultural value which can be recog-
nized even today. The cities of Oaxaca, Guanajuato, Queré-
taro, Zacatecas and San Luis Potosí, among many others 
are all cultural heritage sites, which were erected with these 
types of rocks (Figs. 1, 2; Kück et al. 2020; López-Doncel 
et al. 2013, 2016, 2018; Wedekind et al. 2011, 2013).

After the first restoration works were carried out on 
the largest archaeological sites in the late 19th and early 
20th centuries, the rocks were once again exposed and 

Fig. 1  Examples of different buildings and structures from the cul-
tural heritage of Mexico built with volcanic stones. a Santo Domingo 
Temple, Oaxaca City (Cantera Verde tuff), b arches of the Faculty of 
Philosophy, Querétaro historical center (Escolásticas tuff), c Pyramid 

of the Sun, Teotihuacán, Mexico (basalts and andesites), d Govern-
ment Palace, Mexico City center (Chiluca tuff), e facade in the his-
toric center of Zacatecas (El Salto tuff), and f pavilion in the main 
square in the historical center of San Luis Potosí (Cantera Rosa tuff)
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began to show significant deterioration. Thus, restoration 
works were carried out periodically, utilizing the meth-
ods and techniques that existed at the time. This resulted 
in the detrimental restoration treatment of many ancient 
and historical structures and buildings. In these cases, the 
restoration products contribute to the deterioration of the 
rocks instead of helping to preserve them.

In recent years, the use of volcanic rocks as a building 
material has been increasing, mainly as decorative stones 
on floors, walls, and cladding, usually with very striking 
colors. A large number of new buildings, houses, and even 
streets and fences are built or decorated with these types 
of rocks throughout Mexico.

Given the great diversity and heterogeneity of volcanic 
tuffs, it is important to understand the mineralogical compo-
sition, the fabric, the petrophysical properties, and moisture 
aspects of the stones for making a good quality assessment. 
These different aspects also control the deterioration of the 
stone. Knowing the quality of the stone, the stone can then 
be applied as a construction element in various ways or be 
used for remediation work in the event of conservation and 
restoration work on monuments of cultural heritage.

Volcanoclastic rocks are extremely heterogeneous. 
Chemically they can go from basic to acidic. Texturally 
they can have various degrees of welding, different sizes 
and types of clasts, and a matrix that varies from vitreous 

Fig. 2  Deterioration phenomena in volcanic tuffs. a Cantera Rosa de 
San Luis Potosí, b column of Escolásticas tuff with marked efflores-
cence of salt causing loss of material and discoloration, inner court-
yard of the Faculty of Philosophy in Querétaro, c scaling and chip-
ping with structural disintegration of a column from a building in the 

historical center of Querétaro, Escolásticas tuff), d scaling and crum-
bling with loss of material, El Salto tuff, Zacatecas, e sanding in Can-
tera Rosa Oscura, San Luis Potosi, f scaling of Chiluca tuff, cathedral 
in Mexico City, and g scaling and sugaring, parallel to the lamination 
in the Loseros tuff, Guanajuato
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to crystalline, etc., so their responses to weathering can 
be very contrasting and unpredictable. Previous studies 
carried out on the volcanic rocks of some of these herit-
age areas have shown that the moisture properties are the 
main causes of deterioration (Fig. 2a–g), especially in 
the more porous variants (see Kück et al. 2020; López-
Doncel et al. 2013, 2016, 2018; Pötzl 2020; Rucker et al. 
2020; Wedekind et al. 2011, 2013). Some of these rocks 
are especially susceptible to deterioration caused by salt 
bursting and alveolar erosion, which causes a significant 
loss of material. The problems of hydric and thermal 
expansion are also equally well-known causes of dete-
rioration (Fig. 2).

In this study, a large sampling of 53 volcanic tuffs from 
nine different states in Mexico was investigated and ana-
lyzed in the laboratory. The locations where the samples 
originate are shown on the geological map in Fig. 3. Such 
a large sampling allows us to make comparisons between 
the different tuffs, and based on the data accumulated, 
determine which tuffs can be used for specific purposes. 
This study only focuses on Mexican volcanic rocks; how-
ever, these rocks are also used as dimensional stones in 
Turkey, Hungary, Japan, South Korea, the Philippines, 
Italy, etc. (e.g. Fitzner 1985; Auras et al. 2000; Celik 
et al. 2014; Çelik and Sert 2020; Columbu et al. 2014; 
Germinario et al. 2017; Török et al. 2007, 2020; Pötzl 
et al. 2018a, b; Steindlberger 2003; Jo and Lee 2022).

Geological framework

The development and evolution of the various Mexican cul-
tures over the centuries (pre-Columbian, colonization period 
to the present) have always gone hand in hand with volcanic 
activity. The rocks investigated in this study come from two 
different volcanic events that happened in the central por-
tion of Mexico and these are associated with several factors, 
e.g. rifting and the interaction between several oceanic and 
continental plates from the Late Cretaceous to the present.

Some of the studied rocks belong to the first volcanic 
event and are exposed in the Mesa Central of Mexico. This 
is a region covered by Oligocene to Miocene volcanic fields 
of mainly rhyolitic volcanic rocks and is the southeastern 
termination of the Sierra Madre Occidental (SMO, Fig. 3).

Volcanism of this type is known to be related to pre-
rifting magmatic events of continental regions undergoing 
extensive lithospheric extension such as the Basin and Range 
Province in North America (Bryan et al. 2002; Bryan 2007; 
Bryan and Ferrari 2013). Extension of the crust is proposed 
as the factor that favors the formation of large silicic magma 
volumes as it happened with the SMO (Brooks Hanson and 
Glazner 1995; Hildreth 1981; Wark 1991).

The Sierra Madre Occidental (Fig. 3) is the largest ignim-
brite province in the world (Swanson and McDowell 1984) 
and the largest silicic igneous province in North America 
(Bryan and Ferrari 2013; McDowell and Keizer 1977). The 
SMO extends over more than 1200 km, in the north from the 
Basin and Range Province of the western part of the United 

Fig. 3  Simplified geological map showing the Paleogene (pink) and Quaternary (yellow) volcanic fields (SMO, Sierra Madre Occidental and 
TMVB, Trans-Mexican Volcanic Belt) as well as the localities where the selected samples originate (modified from Padilla y Sánchez, 2017)
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States to its intersection with the Trans-Mexican Volcanic 
Belt (TMVB) in the south (Sieck et al. 2019; Swanson and 
McDowell 1984). Most of the erupted rock volume of the 
SMO (85–90%) is represented by rhyolitic ignimbrites and 
the rest (10–15%) by rhyolitic lavas, domes as well as basal-
tic and andesitic lavas (Bryan and Ferrari 2013; Ferrari et al. 
2018).

Mexico is part of the North American Plate that overrides 
the northern part of the Cocos Plate and the Rivera Micro-
plate (Mori et al. 2009). This active plate boundary is related 
to Paleogene volcanism (Ferrari et al. 2012). It produced a 
second volcanic event associated with the Trans-Mexican 
Volcanic Belt (Fig. 3), a volcanic arc that crosses central 
Mexico from west to east (Pasquarè et al. 1991). Most of the 
examined tuffs in this investigation come from the TMVB.

The TMVB stretches to a length of about 1000 km from 
the Pacific coast through central Mexico and to the Gulf of 
Mexico. Its width ranges from 90 to 230 km. The TMVB 
is a Neogene volcanic belt that overlies the Cretaceous and 
Cenozoic magmatic provinces and has a heterogeneous base-
ment. The basement is made up of terrains of different ages 
and lithologies. The volcanic belt was formed as a result 
of the subduction of the Cocos and Rivera plates under the 
North American continental plate (Ferrari et al. 2012).

The TMVB can be divided into the western, central, east-
ern, and easternmost sections. This classification is based 
on various properties such as subduction geometry, crustal 
thickness, the geology of the basement, and volcanic activi-
ties (Ferrari et al. 2012). The western and central sections, 
the basement of which was formed from the Guerrero ter-
rain, are Mesozoic in age. The two eastern sections have a 
basement of Precambrian and Paleozoic ages, formed from 
the Mixteco and Oaxaca (eastern section) terrains and the 
Maya terrain (easternmost section) (Ferrari et al. 2012).

Materials and methods

Selected tuffs

In this study, 53 volcanic tuffs that are used as natural 
building stones in different geographic regions of Mexico 
(Fig. 3) were analyzed in regard to their petrography, min-
eralogy, petrophysical properties and weathering behavior. 
The samples were obtained from existing and abandoned 
quarries, waste stockpiles, from natural stone retailers and 
from buildings constructed with them. Wherever possible, 
samples were collected from the buildings, and if historical 
quarries still existed, they were also collected from these 
locations. These tuffs represent the great variability of build-
ing material exploited from the vast volcanic deposits in 
Mexico. From this large collection of tuffs, 12 representative 
tuffs were selected to be described petrographically in more 

detail and investigated by the cathodoluminescence micro-
scope (CL). Summarized petrographic descriptions of 48 
tuffs are given in Table 1. In this collection, 32 samples were 
also analyzed geochemically, and 28 samples were analyzed 
by X-ray diffraction to determine the clay mineralogy and 
other phases (Table 2). The petrophysical properties for all 
53 samples are given in Table 3.

Analyses of the petrography and petrophysical 
parameters

The microfabrics and mineralogical composition of 48 tuffs 
were investigated with a Zeiss Axio Imager.A2M petro-
graphic microscope equipped with an Axiocam 305 color 
digital camera. Standard and polished thin sections 30 µm 
in thickness were used for the study. Many of the methods 
used below for determining the petrophysical properties in 
the tuffs are described in detail in Siegesmund and Dürrast 
(2011).

Cathodoluminescence (CL) microscopy is a useful tool 
for detecting different types of microstructures such as crys-
tal zonations, discerning the mineralogical composition, 
and possible alteration features. The type of CL microscope 
applied in this study is the HC3-LM apparatus developed by 
Neuser et al. (1995), using an Olympus BHMJ microscope 
as its base. Operating conditions use a specimen vacuum 
chamber of 0.001 mbar, a filament current of 200 mA, and 
an accelerating potential of 14 kV. Since many of the investi-
gated tuffs have a strong vitric component, the luminescence 
ranges from none to very low, thus longer exposure times 
are necessary. Twelve representative samples were selected. 
Descriptions concerning the technique of CL microscopy, 
theory, and application to geological materials can be found 
in Marshall (1988) and Machel et al. (1991).

X-ray diffraction (XRD) of whole rock samples and ori-
ented slides of the clay fraction < 2 µm along with X-ray 
fluorescence (XRF) were used for the mineralogical and 
geochemical characterization of 28 tuff samples. They were 
supported by analysis of the cation-exchange capacity (CEC) 
analyses determined after the copper(II) triethylenetetramine 
method of (Dohrmann and Kaufhold 2009), modified from 
(Meier and Kahr 1999). A plausibility check of clay miner-
als was performed for all but three samples with a very low 
CEC, where insignificant amounts of expandable clay min-
erals can be expected. For sample CR-Gto no clay fraction 
could be separated because no sample material remained 
for analysis. Plausibility for this sample was checked with 
the Rietveld refinement of the XRD powder pattern instead, 
using the disordering models of Ufer et al. (2012).

The effective porosity σ (accessible to fluids and gases), 
the bulk (γb), and matrix (γm) densities were determined 
by hydrostatic weighing on sample cubes of 65 mm edge 
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length after DIN 772-4 (1998). The pore radii distribution 
of the samples was determined on sample fragments after 
DIN 66133 (1993) by mercury intrusion porosimetry (MIP) 
using low (PASCAL 140) and high pressure (PASCAL 440) 
units from Thermo Fisher Scientific.

The determination of maximum capacity of water absorp-
tion Wvac was determined by the weight difference of the 
dry and fully water saturated sample cube of 65 mm edge 
length under forced (vacuum) conditions for 24 h. The vol-
untary water absorption Wa was determined under atmos-
pheric conditions. The quotient of both values is described 
by the dimensionless saturation coefficient S and allows for 
the estimation of the frost resistance of the stone according 
to Hirschwald (1912).

The w value (capillary water uptake) was determined 
according to the DIN EN ISO 15148 (2003) in a closed 
cabinet while weighing over time. The dry sample cube of 
65 mm edge length was attached to an under-floor balance 
and in minimal surface contact (≤ 5 mm) with a bath of 
demineralized water and subsequently weighed over time. 
The dimensionless coefficient of water vapor diffusion resist-
ance (µ) characterizes the diffusion resistance of the material 
towards the moisture of the adjacent air (Siegesmund and 
Dürrast 2011) and was determined according to the DIN EN 
ISO 12572 (2017) with the wet cup method.

The hygroscopic water sorption describes the amount of 
water that the specific surface area of the pores adsorbs from 
the air. It was determined on oven dried (40 °C for 7 days) 
cylindrical samples of 15 mm diameter and 50 mm length 
in a climate chamber (Feutron KPK 400) at a temperature of 
23 °C with a stepwise increase of the relative humidity (RH) 
from 25 to 95% according to the DIN EN ISO 12571 (2013). 
Due to time constraints (constant mass due to high ratios of 
micropores can only sometimes be reached after weeks), the 
humidity was increased by 10% every 48 h while determin-
ing the weight difference before every humidity increase.

The ultrasonic P-wave velocity was determined via direct 
transmission of the ultrasonic travel time through a respec-
tive travel distance according to the DIN 14579 (2005) (with 
a frequency of 350 kHz). By means of the Brazil test (or 
indirect tensile strength test; DIN 22024 (1989)), the tensile 
strength (TS) was measured on disc-shaped specimens of 
20 mm in length and 40 mm in diameter. In order to identify 
the anisotropic behavior of the tuffs, the TS was determined 
parallel (X direction) and perpendicular (Z direction) to the 
bedding plane, on a minimum of six specimens per direction.

The hydric expansion was measured on cylindrical sam-
ples of 50 mm length and 15 mm diameter under conditions 
of complete immersion in demineralized water following 
DIN 13009 (2000). A displacement transducer with a resolu-
tion of 0.1 µm measured the linear expansion as a function of 
time. The thermal expansion behavior was determined in a 
climate chamber via a pushrod dilatometer and displacement 

transducer with a resolution of 0.1 µm following DIN EN 
14581 (2014) and expressed by the coefficient of thermal 
expansion α. The cylindrical samples of 15 mm diameter 
and 50 mm length were exposed to two heating and cooling 
cycles under dry conditions. In each cycle, the oven dried 
samples (40 °C for 7 days) were heated from 20 to 90 °C and 
subsequently cooled down to 20 °C, with a heating/cool-
ing rate of 1 °C/min. Both minimum (20 °C) and maximum 
(90 °C) temperatures were held for 6 h.

The salt weathering resistance of the investigated tuffs 
was determined by a cyclic salt weathering test, based on 
the standard DIN EN 12370 (2020) on cubes of 65 mm edge 
length. For one cycle of the test, the dry cubes were put 
in a 10% solution of sodium sulfate  (Na2SO4) for 4 h. The 
samples were dried afterwards in an oven (60 °C) for 24 h 
and subsequently weighed. This process was repeated until 
a minimum weight loss of at least 30% was achieved.

Results and discussion

Mineralogical and geochemical characterization

The stones selected for the detailed petrographic investiga-
tion represent a diverse collection of pyroclastic rocks show-
ing a wide range of fabrics, microstructures, grain sizes, 
volcanic clasts, and mineralogical composition (Figs. 4, 5). 
These rocks are characterized by an ash-rich matrix or ones 
with a significant glass content (e.g., glass shards). Other 
stones are classified as crystal tuffs, e.g., the Chiluca tuff 
with visible plagioclase and hornblende phenocrysts, or as 
a lithic tuff like the laminated Loseros tuff. These twelve 
representative candidates are described below, which were 
also investigated with the cathodoluminescence microscope 
(Fig. 6).

Loseros tuff (Los)

The Loseros tuff is characterized by a distinctive laminated 
structure that shows a wide range of colors ranging from 
various shades of green, reddish brown, and lighter zones 
ranging from light gray, sometimes purple, and whitish 
(Fig. 4a). Both the greenish and reddish-brown laminations 
show distinct thin visible layers or bands. A multitude of 
dark lithic clasts (black to reddish-brown) and millimeter-
sized phenocrysts are disseminated throughout the rock 
and are embedded in a fine-grained, ash-rich, and calcitic 
matrix. This felsic volcanoclastic rock is well-sorted and 
fine-grained. López-Doncel et al. (2013) distinguished two 
types, a fine-grained and a coarse-grained variety.

In thin section scans, the laminations associated with 
the reddish-brown layers are clearly visible under trans-
mitted as well under polarized light. They are associated 
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with very fine-grained ash-rich layers, which are essentially 
opaque zones under polarized light. The main mineral con-
stituents are quartz, K-feldspar, plagioclase, and calcite. 
Quartz occurs as angular crystals, whereas both feldspars 
are angular to subhedral. Minor biotite shows a greenish 
color in transmitted light and considerable alteration. Close 

examination of the rock reveals that the groundmass is made 
up of extremely fine-grained crystallites and a low amount 
of remaining glass shards, and thus, the fabric can be con-
sidered to be hypocrystalline to holohyaline. Based on the 
system of Schmid (1981), the Loseros tuff can be classified 
as a lithic tuff or as an ash tuff according to Fisher (1966).
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Under the cathodoluminescence microscope the presence 
of calcite shows a reddish-orange color and occurs as grains 
similar in size to the fine-grained quartz and feldspars, but 
also in very fine grain sizes (Fig. 6a). Calcite shows no zon-
ing, but does show different zones of luminescence (possibly 
two generations) and at the grain contacts evidence for later 
dissolution. Calcite makes up around 10 percent of the rock. 
Ranges of 5–20% calcite have been reported by Wedekind 
et al. (2013).

Altered feldspars show a greenish color, whereas the 
unaltered grains similar to quartz, show almost no lumines-
cence. The ash-rich matrix shows no luminescence and only 
at longer exposure times does quartz begin to show a dark 
violet CL color.

Zacatecas Cathedral (ZaC)

The Zacatecas Cathedral tuff is a fine-grained, light pink 
tuff that also shows an iron oxidation staining or localized 
mottled areas due to the oxidation of Fe-rich lithoclasts 
(Fig. 4b). Embedded in the fine-grain matrix are lithoclasts 
comprising collapsed vesicular pumice and scoriaceous lava 
fragments with color variations consisting of white, gray, 
and reddish-brown. Where the lithoclasts have weathered 
out, the surface of the rock appears porous.

Overall, the fabric of the Zacatecas tuff is glassy, which 
under the microscope is essentially opaque except where 
devitrification of the glassy material forms evenly dis-
tributed very fine-grained crystallites. Collapsed pumice 
fragments are also opaque under polarized light. Around 
5% of the rock contains fine-grained fractured quartz crys-
tals, which are anhedral to subhedral and minor K-feldspar. 
Under the microscope the dark reddish-brown lava frag-
ments are almost opaque and show alteration to extremely 
fine-grained, possibly clay minerals that show a higher 
birefringence. Trace amounts of gypsum were identified 

by the XRD analyses in this study and were also identified 
in the thin section as a very fine-grained euhedral crystal. 
The composition of this tuff with its sizeable percentage 
of pumice and glass allows it to be classified according to 
Schmid (1981) as a vitric tuff and by the system of Fisher 
(1966) as a lapilli tuff.

Under the CL microscope, the shard-like structure of 
the > 90% glassy matrix becomes visible; however, it has 
a low luminescence where the devitrified parts show a 
dark violet color and the relict shards a dark brown color. 
The fractured quartz crystals show a bluish-violet color 
but no zoning. CL also revealed a fine-grained anhedral 
crystal showing a reddish luminescence suggestive of cal-
cite. Scattered throughout the groundmass are microscopic 
specks that show an orange-red to yellow color, suggesting 
either calcite or apatite. However, the XRD analyses did 
not detect these minerals.

El Salto (EIS)

The tuff known by the trade name El Salto is a porous, 
bright reddish orange rock, rich in millimeter-sized crys-
tals and lithoclasts (Fig. 4c). The lithoclasts are gray, dark 
reddish-brown to yellowish-white. The yellowish-white 
lithoclasts (altered pumice?) range in size from < 2 mm 
up to 1 cm. Quartz and feldspar crystals can be identified 
in hand specimens. Both crystals and lithoclasts are also 
distributed homogeneously throughout the rock, as well as 
the visible pore spaces.

The fabric of this tuff can be described as being 
hypocrystalline, where the 10% volume of crystals are sup-
ported by the devitrified glassy matrix. The crystals are 
mainly composed of anhedral quartz, with a trace amount 
attributed to cristobalite/tridymite according to the XRD 
investigation, and anhedral to euhedral K-feldspar also 
occurring as laths. Furthermore, the XRD investigation 
also identified smectite occurring as a major component 
in the groundmass. Most of the crystals are fractured to 
shattered. The glassy matrix also seems to have undergone 
considerable devitrification. With the high glass content, 
the El Salto tuff classifies according to Schmid (1981) as 
a vitric tuff and as a lapilli-ash tuff using Fisher (1966).

The CL investigation has provided considerable insight 
(qualitatively) into the mineralogical composition of the 
El Salto tuff. The K-feldspar crystals show excellent 
luminescence with its typical blue color. Lithic fragments 
show no luminescence; however, they do exhibit abundant 
extremely fine-grained inclusions similar to calcite lumi-
nescence. K-feldspar crystallization has also taken place 
around some of the lithic clasts. The very fine-grained 
groundmass dominates with a quartz composition exhibit-
ing a dark reddish purple color with a lower luminescence. 

Fig. 4  Macroscopic fabrics in the selected tuffs of the study. a Los-
eros tuff (Los): well-sorted volcanoclastic rock showing distinct 
laminations, and also containing dark lithic fragments. b Light pink 
Zacatecas tuff (ZaC) containing collapsed pumice clasts. c Bright 
reddish orange El Salto tuff (EIS) rich in crystals and lithoclasts. d 
Massive Cantera Verde tuff (CV) showing a mottled greenish color 
and considerable lithoclasts. e Toba Rosa (TR) ignimbrite contain-
ing extremely flattened vesicular clasts oriented parallel to the flow 
direction. f Light reddish brown Escolasticas tuff (ESC a) that con-
tains numerous small lithoclasts. g Massive Cantera Rosa Obscura 
tuff (CR ob) that contains lithoclasts and visible feldspar phenocrysts. 
h Blanca Pachuca (BP) tuff with numerous weathered pumice clasts. 
i Cantera Amarilla tuff (CA) containing large, flattened scoria and 
pumice clasts also aligned to the flow direction. j Highly porous and 
low density brownish Cantera Gris tuff (CG), which contains occa-
sional lithoclasts. k Brownish Gris Oscura tuff (SG3) containing large 
dark gray scoria clasts. l Grayish Chiluca tuff (CH) showing large pla-
gioclase phenocrysts and hornblende crystals (image from Wedekind 
et al. 2011)

◂
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Fig. 5  Thin section fabrics of the selected tuffs. a Cantera Verde 
Oaxaca (CV) is a vitric ash tuff. Glass shards (white arrow) show 
extremely fine-grained microlites along the shard rims. The ash-
rich matrix is also opaque. Plagioclase (Plg) occurs as twinned phe-
nocrysts. Lithic fragments are indicated by the yellow arrow. Image 
under plane polarized light. b Escolasticas (ESC) tuff under transmit-
ted light showing a very fine-grained altered ash-rich matrix. Plagio-
clase occurs as laths or as angular crystals. Opaques are also visible 
(white arrow). c Blanca Pachuca (BP) under plane polarized light 
shows a strong cryptocrystalline ash-rich matrix. Quartz (Qtz) along 
with K-feldspar occur as anhedral crystals. Opaques are also vis-

ible (yellow arrow). d Unique microstructure visible in the Cantera 
Amarilla (CA) tuff. Pumice clast with a fine-grained cryptocrystalline 
ash-rich matrix core with perpendicular “feather-like” crystal growth 
at the rims (yellow arrow). e Characteristic glass shard fabric in the 
Cantera Gris (CG) tuff in transmitted light. Glass shards indicated 
by the yellow arrows. f Thin section scan of the Chiluca tuff (CH) 
depicting the crystal-rich fabric. Plagioclase (Plg) occurs as twinned 
and zoned phenocrysts (red arrows). Hornblende (Hbl) also occurs 
as phenocrysts (yellow arrows) as a minor component throughout the 
fabric
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Fig. 6  Characteristic cathodoluminescence fabrics and microstruc-
tures in the selected tuffs of the study. a Visible calcite (Cal) miner-
alization oriented parallel to the main lamination in the Loseros tuff. 
Altered plagioclase (Plg) appears green under CL. Ash-rich matrix 
shows no luminescence. b Quartz-rich, very fine-grained matrix in 
the Toba Rosa ignimbrite shows a reddish to violet luminescence. 
Coarse anhedral plagioclase grains (Plg, blue luminescence) occur in 
the flattened clasts (outlined by dashed lines). Low to non-lumines-
cent areas are vitric rich areas in the fabric (white arrow). c Fractured 
phenocrysts of plagioclase in the Escolasticas tuff show a purple 
luminescence and occasional blue cores. Relict glass shards are also 
visible by the luminescent bluish microlites outlining the rims (white 
arrow). Non-luminescent areas are very fine-grained ash-rich areas. 

d Zoned bluish plagioclase phenocryst in the Cantera Amarilla tuff 
embedded in a quartz-rich ash groundmass (white arrow). Non-lumi-
nescent areas in the fine-grained matrix is glass. e Well-preserved 
glass shards (non-luminescent) are easily identifiable in the Cantera 
Gris tuff (white arrow). These are embedded in a low luminescent 
cryptocrystalline ash matrix. Minor plagioclase, broken and fractured 
shows a bluish to violet color and indications of zoning is discern-
ible. f Distinctly zoned plagioclase phenocrysts in the Chiluca tuff. 
Low luminescent microlite laths of plagioclase (violet) are visible in 
the non-luminescent ash-rich matrix. The bright bluish areas (yellow 
arrow) in the ash matrix correlate to very fine-grained cloudy zones 
suggestive of the mineral kaolinite
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Also occurring in the groundmass and evident by CL, is a 
coating by smectite (showing a blue color) in the quartz-
rich groundmass.

Cantera Verde (CV)

Cantera Verde tuff is a massive rock that shows various 
shades of green from light to dark giving the altered rock 
a somewhat mottled appearance. The tuff contains consid-
erable clasts containing very dark volcanic rock fragments 
and, in some cases, altered and flattened pumice clasts also 
showing a greenish coloration (Fig. 4d). The clasts range in 
size from less than a few mm to greater than 1 cm. Cantera 
Verde tuff can be classified as a vitric ash tuff or a lapilli 
tuff using the systems of Schmid (1981) and Fisher (1966).

Overall, the fabric of this rock can be considered an 
ash-rich hypocrystalline tuff with approximately 7% of the 
crystals supported by the groundmass. In thin section, the 
ash-rich fabric is essentially opaque. Under transmitted light 
the shard structures are visible, where individual shards are 
outlined by micro-crystallites representing the process of 
devitrification (Fig. 5a). The main mineral constituents 
are quartz, plagioclase, and the zeolite mineral clinoptilo-
lite (determined by XRD analysis). This is followed by 
K-feldspar and traces of muscovite/illite. A 0.1 mm altered 
muscovite flake was observed in the thin section. Many of 
the lithic fragments are almost opaque in polarized light, 
except for the very fine-grained crystal inclusions of twinned 
plagioclase. Feldspars are subhedral to euhedral and quartz 
anhedral. The crystals are in part fractured and show no 
discernible orientation.

Under the CL microscope, the lithic fragments show 
blue colors typical of feldspar. They contain subhedral to 
euhedral inclusions that exhibit two distinct CL colors: a 
low luminescent brownish color to bright orange. These 
are interpreted to be simple zoned crystals of quartz. The 
ash-rich groundmass shows essentially no luminescence. 
Fractured plagioclases show zonations with CL colors 
defined by violet to a bluish core. CL also reveals that some 
of the shards show a low luminescent blue colored outline. 
Also present are strongly luminescent yellowish crystals 
(apatite?), partially zoned that are associated with the blue 
colored K-feldspars.

Toba Rosa (TR)

Toba Rosa is a light brown to tan colored ignimbrite, where 
the less weathered zones appear more whitish in color. The 
fine-grained matrix predominantly contains grayish, vesicu-
lar, and extremely flattened volcanic rock fragments with a 
distinct orientation (Fig. 4e). This represents the flow direc-
tion of the pyroclastic material. Some of the lithoclasts 
are rounded to subrounded. These scoriaceous clasts also 

contain smaller clasts of gray, whitish and reddish volcanic 
fragments. Using the classification system of Schmid (1981) 
and Fisher (1966), the Toba Rosa tuff can be assigned to a 
vitric ash tuff or a lapilli tuff ignimbrite, respectively.

In complete thin section scans, a very fine micro-layering 
is observable in the ash-rich matrix. The large flattened vol-
canic clasts are also aligned to this layering. The dominant 
phase is quartz in the fine-grained ash-rich matrix followed 
by plagioclase and K-feldspar, which are subhedral to euhe-
dral and fractured. Both the euhedral quartz and feldspar 
phenocrysts also show alignment to the main rock fabric. 
The flattened volcanic clasts show crystal growth perpendic-
ular to the axis of the main layering. XRD analyses indicate 
that kaolinite occurs as a minor component and hematite as 
a trace constituent.

Under the CL microscope the K-feldspars and plagioclase 
exhibit the typical blue color, but no zonations are observ-
able. Their luminescence is low to medium. The fine-grained 
ash matrix consists predominantly of quartz and shows a 
strong reddish-violet color, along with very fine-grained 
feldspars showing a dark blue CL (Fig. 6b). However, some 
of the bluish color may be the result of the presence of kao-
linite. Coarse sand-sized lithic clasts (occurring as angular 
fragments 2–4 mm in size) consist of quartz and feldspar and 
show a slightly higher CL intensity. Other clasts essentially 
showing no luminescence host very fine-grained inclusions 
exhibiting orange (calcite?) and bright green CL colors 
(apatite?).

Escolasticas (ESC a)

Escolasticas is a fine-grained, porous, light reddish brown 
tuff (weathered sample) with numerous gray and dark 
reddish brown millimeter-sized lithoclasts (Fig. 4f). Phe-
nocrysts > 1 mm in size are also visible in hand specimens. 
Using the Schmid (1981) and Fisher (1966) classification 
system, the Escolasticas stone can be classified as a vitric 
tuff with a hypocrystalline fabric and as a lapilli ash tuff.

Complete thin section scans show that the rock contains 
a crystal volume of around 30%, where plagioclase and 
according to XRD analyses, cristobalite/tridymite are the 
dominant phases. The plagioclase crystals also show a rudi-
mentary alignment as indicated by plagioclase laths show-
ing a similar orientation. Many of the crystals are cracked 
to fragmented (Fig. 5b). The fine-grained ash-rich matrix is 
almost opaque.

Plagioclase occurs as anhedral, subhedral, and euhedral 
crystals showing the characteristic polysynthetic twinning. 
XRD analyses indicate that quartz, hornblende and hematite 
occur as trace phases. Cristobalite/tridymite was not iden-
tified in the thin section, but probably occurs along with 
feldspar as a component making up the ash-rich groundmass 
(Fig. 5b).
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Under the CL microscope, the plagioclase phenocrysts 
show rudimentary zoning, where the core of the crystal 
shows a bluish color and transitioning to a more reddish 
violet color towards the rim. CL also makes visible a rel-
ict shard fabric, where the shard cores are non-lumines-
cent and rimmed with a bluish color (feldspar?) (Fig. 6c). 
Also observed are unknown crystals showing a yellow CL 
color associated with dark opaque lithic clasts. Moreover, 
inclusions of an unknown elongated subhedral crystal are 
observed in a plagioclase exhibiting a yellowish and a red-
dish brown CL color.

Cantera Rosa Obscura (CR ob)

The massive Cantera Rosa Obscura tuff is a light to medium 
reddish brown pyroclastic rock with white, dark red and a 
few grayish lithoclasts. Feldspar phenocrysts can also be 
seen macroscopically (Fig. 4g).

The rock has a hypocrystalline fabric, where 45% of the 
unoriented feldspar crystals are supported in an ash-rich 
groundmass. Dominant phases are plagioclase, quartz, and 
according to the XRD analyses kaolinite also contributes as 
a major mineral phase. K-feldspar and cristobalite/tridymite 
are major phases with hematite and muscovite/illite occur-
ring as trace components. K-feldspar shows a wide range 
of shapes from angular, slightly rounded to subhedral and 
forms the large crystals in the rock fabric. Plagioclase occurs 
as laths and angular fragments and shows simple twins. The 
crystals also show little fracturing.

Cathodoluminescence reveals a complex fabric especially 
in the ash-rich groundmass. K-feldspar and plagioclase show 
two different CL colors. Plagioclase tends to a violet color, 
whereas K-feldspar shows a blue color. Faint zonations are 
visible in both crystals. Much of the ash-rich groundmass 
shows a very low luminescence, except where specific lithic 
fragments are outlined by a bluish CL color. Given the high 
concentration of kaolinite detected by XRD analysis, this 
may represent where this clay mineral is localized in the rock 
fabric. Based on the above characteristics and the classifica-
tion systems of Schmid (1981) and Fisher (1966), Cantera 
Rosa Obscura can be classified as a vitric ash tuff.

Blanca Pachuca (BP)

Blanca Pachuca is a very fine-grained, light grayish tuff with 
dark gray lithic fragments and occasional medium to dark 
red vesicular cinder clasts. Moreover, strongly weathered 
pumice ranging from a few mm to > 1 cm in size occur as 
flattened, subrounded and angular clasts. All these volcanic 
fragments are embedded in a very fine-grained ash-rich 
matrix (Fig. 4h). Note: XRD did not detect any zeolites. 

Utilizing the system of Schmid (1981) and Fisher (1966) this 
tuff can be classified as a crystalline ash tuff.

The dominant phases in this tuff are plagioclase, quartz, 
and mixed layer clay minerals according to the XRD inves-
tigation. The ash matrix is cryptocrystalline (Fig. 5c). Minor 
K-feldspar and minor quartz occur as anhedral to subhedral 
crystals > 1 mm in size. The fabric is dominated by the dif-
ferent clasts and the cryptocrystalline matrix. No distinct ori-
entation of the clasts is recognizable, except that the overall 
fabric also appears somewhat brecciated.

Under the cathodoluminescence microscope, the Blanca 
Pachuca tuff shows a low luminescence in essentially the 
cryptocrystalline ash matrix, in the lithic fragments and even 
in the feldspar and quartz crystals. Longer exposure times 
with the digital camera do reveal that quartz exhibits a some-
what orange color and plagioclase a dark bluish violet color. 
Indications of very fine-grained bluish K-feldspar inclusions 
are found in some clasts. Also observable in some clasts are 
crystals showing no luminescence (glass?) associated with 
quartz and feldspar.

Cantera Amarilla (CA)

The Cantera Amarilla tuff is a light to medium gray tuff 
with a large variety of different types of volcanic lithoclasts 
(Fig. 4i). Lithoclasts include mm to cm sized gray vesicular 
scoria, coarse dark gray volcanic fragments, reddish brown 
cinder and porous light yellowish brown flattened and elon-
gated pumice fragments aligned to the flow direction. This 
rock has been classified as a vitric lapilli tuff according to 
the system of Schmid (1981) and Fisher (1966).

Quartz, plagioclase, and glass are the dominant phases 
along with K-feldspar. XRD analyses detected mixed-layer 
clays as a trace component. In thin section some of the 
pumice clasts show a unique crystallization fabric where 
the cores exhibit an apparent randomly oriented cryptocrys-
talline structure and at the rims, a fine-grained feathery-like 
crystal growth perpendicular to the core and the groundmass 
(Fig. 5d). The groundmass surrounding these clasts exhibits 
a relict shard fabric, where the shards also show alteration 
and very fine-grained crystal growth perpendicular to the 
shard rim. Phenocrysts of subhedral to euhedral plagioclase 
make up about 2% of the rock. Glass, which shows no devit-
rification, is opaque.

The CL investigation shows that the pumice clasts with 
the distinct crystal growth structures show a low luminescent 
reddish color, but in some crystals a brighter reddish core 
is visible and are interpreted as quartz rich clasts. Shards 
that are unaltered show no luminescence. The feldspar phe-
nocrysts are zoned and exhibit a bluish CL color (Fig. 6d).
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Cantera Gris (CG)

The Cantera Gris tuff is a brown, highly porous rock of 
low density. Occasional inclusions of light reddish brown 
weathered cinder, black pumice, light gray vesicular scoria 
and weathered yellowish white pumice occur ranging in 
size from < 1 mm to around 1 cm (Fig. 4j). Based on the 
composition and components in this rock, the Cantera Gris 
can be classified as a vitric ash tuff.

In thin section, the dominant phases identified are 
quartz occurring as the cryptocrystalline ash matrix, fol-
lowed by the characteristic shards of broken gas bubble 
walls (most distinct in this specimen, Fig. 5e), and minor 
anhedral to subhedral K-feldspar present as phenocrysts. 
Very few crystals of anhedral and euhedral twinned pla-
gioclase were also identified, which are also slightly 
deformed. Mixed layer clays were detected as a major 
component by XRD. Traces of gypsum and hematite were 
also identified by this method.

Under the CL microscope, the morphology of the bro-
ken shards is easily identifiable. They are non-luminescent 
(black) and embedded in a low luminescent cryptocrystal-
line quartz matrix (Fig. 6e). The crystals of plagioclase 
show a bluish CL color and indications of zoning could 
be detected. Possible gypsum (?) or apatite showing bright 
CL colors are visible in the matrix and in some of the 
volcanic clasts.

Gris Oscura tuff (SG3)

The Gris Oscura is a brownish-gray tuff with a grain size 
ranging from 0.2 to 0.5 mm. Large dark gray scoriaceous 
clasts distinguish this tuff (Fig. 4k). They are angular to 
subrounded and also contain fine-grained inclusions. Uti-
lizing the systems of Schmid (1981) and Fisher (1966), the 
Gris Oscura Tuff can be classified as a vitric crystal tuff 
showing a hypocrystalline fabric.

The defining character of this tuff is the sizeable per-
centage of crystals, especially phenocrysts of plagioclase 
embedded in a very fine-grained ash-rich vitric ground-
mass (brown in transmitted light). The plagioclase crystals 
range in size from < 1 mm up to > 5 mm and are anhe-
dral to euhedral. Some phenocrysts are twinned, strongly 
fractured, and broken, and in some larger crystals zoning 
is evident. Where the plagioclase phenocrysts are highly 
fractured, alteration in these areas is evident. No orienta-
tion is evident for the crystal components. Opaques are 
scattered throughout as larger grains (black lithic frag-
ments?) and also occur as finer particles in the ash-rich 
glassy matrix.

The ash-rich glassy matrix is non-luminescent under CL. 
Plagioclase shows zonations where the colors range from 

bluish to violet and greenish. A few plagioclase crystals 
almost show a complete green color, indicative of alteration. 
Minor K-feldspar is evident by crystals showing a strong 
blue CL color. Periodically in the non-luminescent glassy 
groundmass, very fine-grained and in some cases euhedral 
crystals occur. These show an orange-red color and darker 
cores, and are interpreted as being quartz.

Chiluca (CH)

Chiluca is a gray tuff containing mafic and felsic lithoclasts 
(see Wedekind et al. 2011). Both the coarse feldspar and 
hornblende give the rock a porphyritic appearance (Fig. 4l).

Chiluca tuff is in some respects similar to the Gris 
Obscura in that both have a large volume of plagioclase crys-
tals embedded in an ash-rich glassy hypocrystalline fabric 
(Fig. 5f). The difference is the presence of hornblende and 
minor biotite and that the glassy matrix is light gray. Pla-
gioclase is the dominant mineral phase and is subhedral to 
euhedral. It is zoned, shows the characteristic twinning, and 
many of the large phenocrysts (> 4 mm in size) are strongly 
fractured or broken. Strong alteration of these crystals 
occurs in the core and at the rims. No crystal orientation or 
flow textures are evident.

Hornblende is present as a minor phase and is oriented 
in both the 110 and 011 planes. In transmitted light some 
of the hornblendes show indications of zoning in the 110 
plane. Some of the hornblendes contain inclusions of quartz 
or apatite.

In polarized light most of the ash-rich glassy matrix 
appears opaque. However, very fine-grained crystals show-
ing a lath-like morphology are observable and are inter-
preted to be micro-crystallites of feldspar.

The best example of zoning under the CL microscope can 
be found in the Chiluca tuff (Fig. 6f). Plagioclase exhibits 
elaborate growth zonations with colors ranging from violet 
to yellowish green, which is suggestive of the trace elements 
 Fe3+,  Fe2+, Ti and Mg. Hornblende shows no luminescence, 
however, the inclusions (some may be euhedral) show light 
to medium orange CL colors (probably zonations). These are 
not only limited to the hornblende crystals, but can also be 
found in the matrix or some feldspar crystals.

The ash-rich glassy matrix shows a low luminescence, 
whereas the very fine-grained crystallite laths also show a 
similar luminescence to the plagioclase crystals. Most dis-
tinct in this tuff are the strongly bluish luminescent zones 
that occur through the matrix in contact with the main min-
eralogical phases. The color is similar to K-feldspar, how-
ever, in polarized light these zones appear as extremely fine-
grain cloudy zones suggestive of perhaps the clay mineral 
kaolinite.

The tuffs in this study were also classified according to 
the system of Schmidt (1981) and Fisher (1966). Most of the 
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tuffs investigated classify as vitric tuffs, followed by crystal 
tuffs, and two were found to be lithic tuffs (Fig. 7a). Using 
the system of Fisher (1966), the tuffs are classified as lapilli 
and ash tuffs (Fig. 7b).

Geochemically, the 32 of the volcanic tuffs investigated 
in this study can be classified as acid rhyolites, dacites, or 
trachytes/trachydacites and andesites. These are plotted in 
the total alkali silica diagram (TAS) in Fig. 8. The samples 
are also indicated by their classification into lithic, vitric, 
and crystal tuffs. Two lithic tuffs plot as dacites, whereas 
the crystal tuffs plot in three fields as andesites, dacites and 
rhyolites as a result of compositional differences. The major-
ity of the vitric tuffs are found in the rhyolite field.

Clay mineralogy

The clay mineral composition of 28 tuffs was determined by 
X-ray diffraction (XRD) (Table 2; Fig. 9). All the tuffs inves-
tigated are mainly composed of quartz and/or cristobalite/ 
tridymite followed by feldspar (K-feldspar, plagioclase). 
Only two tuffs studied by XRD are free of feldspar (rTC, 
TLQ). In most tuffs, hematite is present in trace amounts. 
Some tuffs are dominated by a mineral (or rich in a mineral) 
that is only present in these particular tuffs: clinoptilolite 
(CV), alunite (TLQ), or in a few tuffs only: calcite (Los, 
CR-Gto, CA). A glassy matrix was evident by XRD only 
in CG. Some tuffs only contain trace phases present in a 
few tuffs, e.g., hornblende (ESC a, ESC n), diopside (CHR), 
anatase (CHA), or gypsum (ZaC). Clay mineral analysis of 
fractions < 2 µm was performed in most tuffs except in the 
following samples: CHR, CV, ESC a, and ESC n. In all frac-
tions < 2 µm expandable clay minerals were present in dif-
ferent amounts. Twelve tuffs contain large amounts of kao-
linite (in one case possibly kaolinite or halloysite). Traces of 

muscovite/illite are present in 13 tuffs and in only one tuff, 
oLK, is the stone dominated by muscovite/illite.

XRD and CEC results of the swellable clay mineral content

The most interesting aspect regarding damages due to hydra-
tion is the presence of expandable clay minerals that allow 
intracrystalline swelling with water. Such phases were deter-
mined in all tuffs where clay fractions were analyzed; and in 
CR-Gto. Cantera Verde, however, contains a zeolite instead 
of expandable clay minerals. Expandable clay minerals have 
a shared feature being the interlayer region where exchange-
able cations can be readily exchanged by competing cations, 
and these cations can be hydrated and dehydrated easily. A 
proxy for expandable clay minerals (Ruedrich et al. 2011) is 
the cation exchange capacity (CEC), which can be analyzed 
by an extraction method (here Cu-triethylenetetramine was 
used). The second column in Table 2 indicates if the CEC 
can be explained by the clay mineralogy analyzed. In most 
cases this can be confirmed immediately. In a few samples, 
the CEC is lower than expected from a mineral analysis 
of the clay fraction < 2 µm by XRD (Fig. 8). In these sam-
ples with a low CEC the total amount of clay fraction is 
unknown: EIS, PD n, BP, CA, and BJ. The sample with 
the highest CEC of 25 meq/100 g is CR-Gto, containing 
approximately 25 mass% smectite or smectitic (= expand-
able) interlayers, which is a very large amount for a natural 
building stone. This sample has a saturation coefficient of 
0.48 indicating weathering and frost resistance. Again, this 
is a good example that not only the amounts of expandable 
clay minerals are important but their position in the matrix. 
If such expandable clay minerals are located in open pores of 
a tuff rock, they can expand without building up a significant 

Fig. 7  Classification of the tuffs. a Based on Schmidt (1981) the tuffs 
can be classified into vitric, crystal and lithic tuffs. b Using the sys-
tem of Fisher (1966), the tuffs classify as lapilli and ash tuffs. Many 

of the samples plotted have the same volume percent, e.g., 17 tuffs in 
the Fisher system are 100% ash tuffs
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swelling pressure cracking the stone itself (see Pötzl et al. 
2018a).

Petrophysical properties

Determining the petrophysical properties of natural stones 
is a prerequisite to assessing the quality of a building stone. 
Given the great diversity of the Mexican tuffs (their het-
erogeneity, origin, composition, fabric, groundmass, etc.), 
53 samples were collected to investigate their petrophysi-
cal properties. The data compiled in this study are listed in 
Table 3.

Pore space properties

The investigated tuffs are mainly characterized as highly 
porous, with porosities ranging from 8.0 to 58.4 vol% and a 
median porosity of 34.2 vol%. Despite the wide range from 
0.91 to 2.37 g/cm3, the respective bulk densities are accord-
ingly low, with a median of 1.71 g/cm3. Fairly low porosi-
ties are shown by the tuffs Chiluca (CH), La Cueva (LC), 
Toba Rosa (TR), Amarilla de la Cañada Marqués (TAC) and 
Cantera Rosa Monterrey (CR-Mty), with values between 8.0 
and 14.4 vol%. The highest porosities are reached by the 
gray tuffs of San Miguel de Allende (GF1, GF2, CG) and 
the white and black tuffs from Queretaro (WT, BT), which 
obtain extreme values of 46.0–58.4 vol%.

The low porous tuffs are usually characterized by a small 
mean pore radius (down to 0.039 µm for TAC) and hence 
an increased fraction of micropores (69% for TAC). The 
highly porous tuffs obtain mean pore radii that are partly 
more than a hundred times bigger (up to 4.073 µm for CGa) 
and accordingly high fractions of capillary pores (96% for 

CGa). From 51 out of the 53 tuffs of the dataset (Table 3), 
the pore throat radii were investigated. Their median pore 
radius amounts to 0.542 µm. The median tuff of the data 
set obtains a fraction of 20% micropores and 80% capillary 
pores. The distribution of the pore throat radii can be classi-
fied according to Ruedrich and Siegesmund (2006) as uni-
modal equal (type I), unimodal unequal (type II) or bimodal 
(type III). The majority of the Mexican tuffs show a variable 
distribution of pore throat radii. Pore radii distributions are 
shown for the samples CG, CV, GF2 and RG1 (Fig. 10).

Water absorption, transport and retention

With such high median fractions of capillary pores (~ 80%), 
the respective total water absorption and capillary water 
absorption values are highly increased for the median Mexi-
can tuff. Sorption curves for the tuffs Los, CR, CV and RSM 
are shown in Fig. 11. The total water absorption capacity 
upon immersion under forced (vacuum) conditions ranges 
between 4.9 and an incredible 63.9 wt%. The median tuff in 
this data set has the capacity to absorb 20.0 wt% under forced 
conditions. Since the total water absorption under voluntary 
(atmospheric) conditions, which was investigated for 35 tuffs 
(with a median of 20.9 wt% for forced water absorption), 
is almost 6 wt% lower (median of 15.2%), the respective 
saturation coefficients amount to 0.74. The dimensionless 
saturation coefficient S describes the amount of pore space 
that is accessible to water and gives an estimation of the 
material’s weathering and frost resistance, by dividing the 
total water absorption under vacuum conditions by the water 
absorption under atmospheric conditions (Hirschwald 1912). 
Values under 0.75 indicate weathering and frost resistance, 
while the frost resistance remains uncertain between 0.75 

Fig. 8  Geochemical classifi-
cation according to the total 
alkali–silica diagram after Le 
Bas et al. (1986). The tuffs are 
indicated by their pyroclastic 
content based on the classifica-
tion system of Schmidt (1981): 
red = lithic tuff, blue = crystal 
tuff, green = vitric tuff
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and 0.9, and values over 0.9 indicate a lack of frost resist-
ance. With an S value of 0.74, the median Mexican tuff of 
this data set is therefore classified as barely frost resistant. 
It is striking that tuffs with a larger mean pore throat radius 
tend to obtain higher S values (Table 3).

The capillary water absorption (w value) varies widely, 
from barely anything (0.4 kg/m2√h for CH and TRC) to 
extremely high values of 78.4 kg/m2√h (CGa). The highest 
potential for capillary water absorption is achieved by highly 
porous tuffs with high fractions of capillary pores (e.g., CG, 
GF, ESC). The median value in the X direction (parallel to 
the bedding) of 53 tuffs is, with 9.7 kg/m2√h, twice as high 
as in the Z direction (perpendicular to the bedding), with a 
median value of 5.0 kg/m2√h. This clearly points to a bet-
ter interconnection of the pore network along the bedding 
plane and is confirmed by the results of the water vapor 

diffusion resistance (µ value), according to which the water 
vapor diffusion is noticeably aggravated in the Z direction 
(Table 3). The respective µ values, which were investigated 
for 50 tuffs, range from almost no diffusion resistances of 
5.3 (SG1) to extremely high values of up 118.6 (CH), which 
practically indicate a diffusion barrier. In doing so, tuffs with 
low capillary water uptake obtain higher µ values and vice 
versa (Table 3).

The amount of water that a material can absorb from the 
air is displayed by the hygroscopic water sorption value. 
Due to their high porosity and specific surface area, some 
tuffs can obtain extreme water sorption potentials. Pötzl 
et al. (2021a) found increased hygroscopic water sorption 
especially in crystal tuffs with high amounts of swelling 
clays and zeolites and accordingly a high specific surface 
area (SSA), and decreased sorption values for vitric tuffs 

Fig. 9  Examples of expand-
able clay minerals in tuffs as 
analyzed by XRD. The shared 
property is the expandable 
interlayer region reacting with 
peak shifts upon solvation 
with ethylene glycol (red lines) 
compared to air-dry state (black 
lines). a PD n (only smectite), b 
Los (interstratified illite–smec-
tite phases with a low degree of 
ordering), and c BP (interstrati-
fied illite–smectite with a high 
degree of ordering)
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with a low SSA. From 33 analyzed tuffs in this study, these 
overall trends can be partially confirmed. The Mexican tuffs 
experience a weight increase in the range of 0.4 wt% (ESC) 
up to 16.6 wt% (SG1), with a median of 2.6 wt%. Most 
tuffs show a significant weight increase in their adsorption 

curve at relative humidities of around 75% (Fig. 11). Highly 
hygroscopic active samples, like the SG and RG tuffs from 
San Miguel de Allende, exhibit significant hygroscopicity 
already at low humidity levels. Pötzl et al. (2021b) observed 
increasing hygroscopic water sorption on tuffs that were 

Fig. 10  Pore size distribution of selected tuffs from Mexico: samples CG, CV, GF2 and RG1

Fig. 11  Sorption curves for the 
Loseros (Los), Cantera Rosa 
(CR), Cantera Verde (CV) and 
the RSM tuff
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pre-treated with a 1,4-diaminobutane dihydrochloride and 
explained this with the formation of hygroscopic salts, which 
are, due to their hygroscopic nature, known to efficiently 
adsorb moisture from the air (Steiger et al. 2011). The strong 
hygroscopicity of some tuffs in this study may be partly due 
to an increased salt load of the sample. Test specimens were 
not desalinated prior to the investigation and some of the 
sampled ashlars were utilized before in historical architec-
ture for a considerable amount of time.

Mechanical properties

The strength of the Mexican tuffs in this study was charac-
terized by both destructive and non-destructive measures. 
By means of the Brazil test, the tensile strength (TS) was 
characterized for 42 tuffs. The non-destructive measure-
ment of the ultrasonic velocity was conducted on 51 tuffs. 
The TS values range between 0.6 and 15.0 mPa, and the 
ultrasonic velocities between 1.11 and 4.39 km/s. Low 
porous tuffs typically show higher TS and ultrasonic veloc-
ities (Table 3). Almost all tuffs show anisotropic behavior, 
especially the low porous tuffs, with higher TS and ultra-
sonic velocity in the X direction. While the median TS in 
the X direction is 2.7 mPa, the median TS in Z direction is 
2.3 mPa. Both values are somewhat close to the median TS 
of 3.1 mPa that was found for a larger dataset of 150 vol-
canic tuffs in Pötzl et al. (2021a). The median ultrasonic 
velocity is 2.54 km/s in the X direction and 2.43 km/s in 
the Z direction.

The tensile strength under wet conditions was determined 
on thirteen tuffs of this study (Table 3). All 13 tuffs experi-
ence a strength reduction upon wetting, which can amount 
to a reduction of up to 70% (BP). The results confirm the 
findings of several studies that demonstrated a partly severe 
reduction in uniaxial compressive strength or tensile strength 
on water saturated tuffs (Çelik and Ergül 2015; Erguler and 
Ulusay 2009; Hashiba and Fukui 2015; Kleb and Vásárhelyi 
2003; Masuda 2001; Okubo et al. 1992; Pötzl et al. 2021a; 
Török et al. 2004; Wedekind et al. 2013; Yasar 2020).

Hydric and thermal expansion

The hydric expansion of tuffs can exceed the values of other 
rock types by multiples (Pötzl et al. 2018a; Fig. 12). The 
Mexican tuffs of this study are no exception in this regard. 
The values range from barely any extension (0.01 mm/m for 
CHR, RSM, CG, TGQ) up to an extremely high extension 
of 7.8 mm/m (for rTF). An increased hydric expansion coin-
cides with lower porosity and often with increased CEC and 
fraction of micropores. From 47 tuffs measured, the median 
of 0.28 mm in the Z direction is almost twice as high as in 

the X direction (0.15 mm/m) indicating a strong directional 
dependence.

The coefficient of thermal expansion α was determined 
for 28 tuffs in this study and varies between 2.8 ×  10−6 and 
12.1 ×  10−6  K−1. The highest values are reached by tuffs with 
high amounts of quartz/glass. Similar to the hydric expan-
sion, the Mexican tuffs show anisotropic behavior regarding 
their thermal expansion, with higher values in the Z direction 
(Table 3). A detailed discussion of influencing factors on the 
thermal expansion of Mexican tuffs can be found in López-
Doncel et al. (2018).

Resistance against salt weathering

Tuffs may show highly differential behavior and resistance to 
salt crystallization processes, often depending on their miner-
alogy, pore radii distribution and expansional behavior (Çelik 
and Sert 2020; Germinario and Török 2019; López-Doncel 
et al. 2016; Pötzl et al. 2018a, b, 2021a; Yu and Oguchi 2010). 
Comprehensive data on the salt weathering of 17 volcanic tuffs 
from Mexico can be found in López-Doncel et al. (2016). Con-
trary to their observations, the tuffs investigated in this study 
do not show a clear correlation between their salt weathering 
resistance and their respective porosity or µ value. Instead, 
they typically show a decreasing resistance to salt weathering 
with increasing capillary water uptake, hygroscopic sorption 
and hydric expansion. The tuffs with unimodal unequal and 
bimodal pore radii distribution and a high fraction of micropo-
res show higher susceptibility to salt weathering (Fig. 13), con-
firming the observations of recent studies on volcanic tuffs 
from Çelik and Sert (2020), Germinario and Török (2019), 
López-Doncel et al. (2016), Pötzl et al. (2018b), Pötzl et al. 
(2021a) and Yu and Oguchi (2010).

Concluding statements

The results of this investigation on the tuffs from Mexico, 
despite their strong heterogeneity, indicate some general 
trends and allow for some general statements regarding 
their technical properties and material behavior. The 
authors therefore directly formulate some observations 
and recommendations when dealing with this extremely 
diverse material, which may potentially help categorize 
the material and estimate weathering resistance and con-
struction suitability. These statements are grouped below 
by subject:

General

1. In the dimensional stone industry, the collective term 
“tuff” or “Tuff Stone” is used to refer to a wide variety of 
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rock types that can differ significantly from one another 
in terms of fragmentation and deposition processes, 
types of particles, particle size, mineralogical composi-
tion, texture, etc.

2. Characterizing and predicting the material properties of 
“Tuff Stones” requires detailed investigations of their 
volcanic origin, petrographical, geochemical and petro-
physical parameters.

3. Crystal, vitric and lithic tuffs show strongly differential 
characteristics in their technical parameters and conse-
quently with regard to their durability.

Fabrics and mineralogical composition

4. One way to classify tuffs is according to the size and type 
of their pyroclastic fragments (Fischer 1966; Schmid 
1981). The total alkali versus silica (TAS) classification 
system is commonly accepted for the geochemical clas-
sification of pyroclastic rocks, since the modal content 
of tuff cannot always be determined accurately with the 
QAPF diagram, due to the often cryptocrystalline and 
glassy texture of the groundmass.

5. As a result of the different geological formation and 
depositional processes, tuffs have very heterogeneous 

and anisotropic rock fabrics, which can also be of a 
mineralogical nature with respect to the matrix and the 
rock fragments (pumice, lapilli, volcanic bombs). The 
anisotropic nature of tuffs is often expressed by a strong 
directional dependence of their technical parameters and 
weathering behavior. The arrangement of clay miner-
als within the stone fabrics for instance often results in 
an increased directional expansion perpendicular to the 
bedding plane.

6. As swelling rates of up to 7.8 mm/m are remarkable 
characteristic values for the hygric expansion of tuffs, 
and are undoubtedly discussed as damage-causing fac-
tors, not all types of tuff are characterized by a strong 
ability to expand. Investigations on their expansional 
behavior are, however, in any case recommended. The 
swelling rate of clay bearing tuffs should depend on 
the type and abundance of clay minerals and their local 
occurrence or local enrichment. Clay minerals represent 
a widespread mineral phase in these rocks. Their forma-
tion can be attributed to very different processes. The 
occurrence and distribution of clay minerals are vari-
ables depending on the rock genesis and alteration.

7. For tuffs several main occurrences of clay minerals can 
be distinguished. Primarily, clay minerals frequently 

Fig. 12  Hydric expansion in 
different rock types. Modified 
from Pötzl (2020), after Kocher 
(2005) and references within
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occur between grain contacts of larger detrital grains. 
Furthermore, clay minerals occur widely in lithoclasts, 
which are mostly distributed island-like in the rock body. 
In addition, clay minerals are frequently present in the 
form of clayey pore linings and fillings in tuffs, which 
are essentially a result of the alteration of vitric compo-
nents. The latter can usually show a penetrative distribu-
tion into the rock.

8. Alteration of the tuffs leads to serpentinization and 
progressive chloritization of olivines. Plagioclases are 
albitized, sericitized or finally kaolinitized. The hydra-
tion of glass leads to the formation of the amorphous gel 
palagonite via various intermediate phases and finally, 
with progressive alteration, to clay minerals such as 

smectite and montmorillonite or zeolite minerals. The 
latter is especially known to increase the amount of 
micropores, which may result in the increased potential 
for water adsorption and retention.

Petrophysical properties

 9. Very important parameters to be taken into account 
are the hygric expansion, the water absorption, the 
porosity and especially the pore radii sizes, which 
have proven to have a great influence on the durability 
of tuffs. In terms of predicting these parameters for 
certain types of tuffs, correlations are rather unclear 
because of the very large heterogeneities.

Fig. 13  Salt resistance test in 
four selected tuff stones from 
Mexico. Of the four depicted, 
only the Toba Rosa sample, an 
ignimbrite, shows the greatest 
resistance to salt weathering 
after 80 cycles
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 10. The amount of water that a material can absorb from 
the air is displayed by the hygroscopic water sorption 
value. Due to their high porosity and specific surface 
area, some tuffs can obtain extreme water sorption 
potentials. Another technical parameter that displays 
the incredible water absorption potential of tuffs is 
the capillary water uptake, which usually is multiple 
times higher than that of other natural stones. Tuffs 
usually have a better interconnection of the pore net-
work along the bedding plane. This is clearly displayed 
by the directional dependent capillary water uptake (w 
value) and vapor diffusion resistance (µ value), accord-
ing to which the water uptake and vapor diffusion are 
noticeably aggravated perpendicular to the bedding.

 11. Regarding their strength parameters, the strong aniso-
tropic nature of tuffs is absolutely crucial to be taken 
into account when planning for their application. The 
partly severe reduction in material strength on water 
saturated tuffs is an often observed property of tuff and 
confirmed by this study. Some examples, especially 
crystal tuffs, experience a strength reduction upon wet-
ting, which can amount to a reduction of up to 70% 
(e.g., sample BP).

 12. Some trends can be inferred based on our very large 
sample collection from Mexico. Vitric tuffs exhibit 
the highest porosities, the largest mean pore sizes 
and higher capillary sorption values. The hygro-
scopic water sorption increases in crystalline tuffs and 
decreases in vitreous tuffs. The lowest and highest ten-
sile strength data are found in vitric and crystal tuffs, 
respectively. Likewise, the lowest and highest ultra-
sonic velocities were measured in vitric and crystal 
tuffs, respectively. Regarding their hydric and thermal 
expansions, the highest values occur in crystal tuffs.

Damage, deterioration and conservation

 13. This study confirms that the CEC is an overall good 
proxy for identifying the presence of swelling clay 
minerals in tuffs. However, the tuffs with the highest 
CEC do not necessarily show the highest expansion 
values, because not only the amount of expandable 
clay minerals are important but their position in the 
matrix. If such expandable clay minerals are located 
in open pores of a tuff rock, they can expand without 
building up any significant pressure. When located on 
crucial grain contacts, however, low expansion values 
may induce sufficient pressure to cause serious dam-
age.

 14. One aspect that according to our research plays a major 
role in both moisture, mechanical, and expansion prop-
erties is the crystallinity of the tuffs, so that the ten-
dency is, the higher the crystallinity, the higher the 
initial stability of the tuff.

 15. Depending on the environmental conditions, vitric or 
crystal tuffs may be more suitable for construction pur-
poses. For example, vitric tuffs show a lower hydric 
expansion and higher salt weathering resistance on 
average, and therefore, may be the preferred material in 
humid environments, whereas crystal tuffs often show 
overall higher strength values, and may be the more 
durable material in arid environments.

 16. For a more in-depth quality assessment, various 
aspects are extremely important since the weather-
ing susceptibility of the tuffs can be derived from the 
exposure conditions and the prevailing environmen-
tal influences. The above statements also require the 
simultaneous analysis of the various petrophysical 
parameters as well as the complex effects on their com-
mon behavior. The exposition of the tuff controls the 
weathering behavior. Direct exposure to weathering 
creates different loading scenarios than exposure pro-
tected from rain or the influence of rising soil moisture 
as a result of contact with the ground. A permanent 
and high moistening requires different stone properties 
in terms of water storage, water transport and drying 
behavior.

 17. Taking the Blanca Pachuca (BP), Toba Rosa (TR), El 
Salto (EIS) and Zacatecas (ZaC) tuffs as examples, the 
laboratory investigation has shown that these rocks 
have medium to strong suction properties. Moreover, 
these rocks have a very high percentage of capillary 
pores, which is much higher than 60%, except for the 
Toba Rosa (36%). These latter tuffs also belong to the 
highest porous rocks. The migration of foreign sub-
stances like salts or rising moisture would affect and 
control the weathering behavior, which can damage the 
structure.

 18. If damage-causing substances occur, then frost weath-
ering and salt weathering should also be taken into 
account. Toba Rosa has a lower porosity (11%), a very 
low S value (0.46) and few capillary pores that would 
be actively absorbent. During the salt weathering test, 
little damage is observed in the laboratory even after 
about 80 cycles, although the transition from thenardite 
to mirabilite is associated with a 314% increase in vol-
ume. Zacatecas and Blanca Pachuca show significant 
damage even before 20 salt cycles are reached.
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 19. Hygric swelling and shrinkage behavior are mainly 
controlled by the rapidly changing moisture or water 
contents. Since this involves cyclical repetitions (wet-
ting/drying) and one-sided weathering, depending 
on the E-modulus of the tuffs, correspondingly high 
expansion pressures will occur in the case of hygric 
expansion. This can undoubtedly exceed the tensile 
strengths, and thus produce the damage pattern of 
spalling, flaking and peeling, etc.

 20. The hygric and mechanical properties control the 
weathering characteristics and, in the case of resto-
ration interventions, also the conservation behavior. 
Hygric swelling of more than one millimeter/meter 
should be regarded as a serious damage factor. Higher 
water absorption may well control higher swelling 
behavior, but higher humidity levels are already suf-
ficient. The extreme heterogeneity with respect to the 
microstructures and mineralogical compositions of the 
tuffs do not allow any generally valid relationships.

 21. The structural, microstructural and mineralogical 
heterogeneities result in considerable differences in 
hygric and mechanical properties, which in turn con-
trol the weathering properties and further define the 
approaches to conservation measures. Wrongly applied 
conservation measures, based on false predictions can 
significantly worsen the conservation status of the 
material.
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