Environmental Earth Sciences (2022) 81: 426
https://doi.org/10.1007/512665-022-10530-6

THEMATIC ISSUE q

Check for
updates

Overview and quality assessment of volcanic tuffs in the Mexican
building heritage
- Reiner Dohrmann3*.

Siegfried Siegesmund’ - Christopher P6tzl" - Rubén Lépez-Doncel? - Christian J. Gross'
Kristian Ufer®

Received: 7 March 2022 / Accepted: 16 July 2022 / Published online: 26 August 2022
© The Author(s) 2022

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

This article is part of a Topical Collection in Environmental Earth
Sciences on “Building Stones and Geomaterials through History
and Environments—from Quarry to Heritage. Insights of the
Conditioning Factors”, guest edited by Siegfried Siegesmund, Luis
Manuel Oliveira Sousa, and Rubén Alfonso Lépez-Doncel.

P4 Christian J. Gross
cgross@gwdg.de

Geoscience Centre of the University Goettingen, Goettingen,
Germany

Geological Institute of the Autonomous University of San
Luis Potosi, San Luis Potosi, Mexico

Federal Institute for Geosciences and Natural Resources
(BGR), Hanover, Germany

4 State Authority of Mining, Energy and Geology (LEBG),
Hanover, Germany

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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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 (Escolésticas tuff), ¢ Pyramid

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 (L6pez Lujan 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
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of the Sun, Teotihuacan, 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 Potosi (Cantera Rosa tuff)

the easily reworked volcanic tuff rocks. Examples include
the Pyramid of the Sun in Teotihuacan (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 (Potzl 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 Potosi, among many others
are all cultural heritage sites, which were erected with these
types of rocks (Figs. 1, 2; Kiick et al. 2020; Lépez-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
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Fig.2 Deterioration phenomena in volcanic tuffs. a Cantera Rosa de
San Luis Potosi, b column of Escolasticas tuff with marked efflores-
cence of salt causing loss of material and discoloration, inner court-
yard of the Faculty of Philosophy in Querétaro, ¢ scaling and chip-
ping with structural disintegration of a column from a building in the

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.

historical center of Querétaro, Escolasticas 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

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
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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 Kiick et al. 2020; Lopez-
Doncel et al. 2013, 2016, 2018; Potzl 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; Celik and Sert 2020; Columbu et al. 2014;
Germinario et al. 2017; Torok et al. 2007, 2020; Potzl
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
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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 Sanchez, 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 (Pasquare 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 um
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 Diirrast
(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 um 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(Il) 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 ¢ (accessible to fluids and gases),
the bulk (y,), and matrix (y,,) densities were determined
by hydrostatic weighing on sample cubes of 65 mm edge

@ Springer



Environmental Earth Sciences (2022) 81: 426

426 Page6of37

Moy Jo suon

-eoIpul ‘paInjoel s[eIs£1o ‘sonbedo 2
j[eseq ore sjyuowdeI) O1Y)I[ Sse[3 Jo uon
-BOUINIAD XIIBW UI [QISIA SAINJONIS

pIeys ‘oriqey aur[eIsAroodAy you-ysy

SOINJX9) DIUBD[OA SWOS SMOYS z)renb pue
PaIajIRYS 0) PAINJoRIy S[EISAID) “XLIew

SISE[OOYIT] S[qBISPISUOD YOOI

QAISSBW ‘U9IT JO sOpeys yIep 03 JYSI]

S)SE[O0Y)I] pue S[eISKId

SSB[S PAYLNIAP OLIqe] QuI[[eIsA100dAH  UT YoLI JJn) 93urIO-YysIppal JYSLIq ‘SnoIOg

PRIA)[E SISB[OOI] (SHUIWABQUID SWOS
M s[esAio z30) parmoel -anbedo

A[renuassa ‘oriqej (payIniAdp) Asse[n

soInesj
juowAequid smoys zyrenb ‘oprsdorp jo
SQ0BI) CXLIJEW 9} UI [qQISTA SPIeys sse[S
uayo0I1q payInIAp A[rented ‘uoyoiq

OS[e S[eISAID QWS $(%/ punoIe) ase[d
-o13e[d pauurmj pue redsy[ reIpayqns

0) [erpayue ‘onbedo A[enuesse xrnew

‘or1qey aur[eisAroodLy e smoys Jnj,

aseyd

Jofewr e se 9)IUT[OBY SAIRIIPUT OS[8 (TYX
SSEWPUNOIS Ul J[qISIA (PAYLIIAID)
spreys sse[3 jo17a1 ‘redsy] pue zyrenb jo
3umSISU0D [RIPAYUE AT S[RISAIO paureId
-9uy $9ZIS UreI3 WIOJIUN MOYS S[BISAID

9[qrsta ‘onbedo A[[enuasss Ximew ysy

z)renb

oseyd jueuTOP $SISR[O PAYLIIAS( (AN
-01q PaIo)[e JouTW {(AINBWAY) [eLI)eW
'3} AJowanxo umoiq yrep £q pauyep
S[e1SAI0 paId)e pue S[eISAId ‘3'J'A JO
SJSISUOD XLIJBUI {SISB[J JNO PAIAYIeam O}
anp saoeds a10d o3re[ ‘esepoorderd pue
Jedsy] se uayoiq os[e sredsp[j ‘uoyoiq
KIoA are S[eISAID PIZIS Wl ¢OLIqe) QuI|

-Te3sk100dAy ¢onbedo Apsow s1oke[ ysy

joprdo + 9ux

-O[U0 + IOLIS + 9)10[ed Aq Judwade[dar

29 Surayjeam JUBOYIUSIS "AIAYORT)

/eseq Jo syuawdery o1y AISOJA “OLIqej

aurfeAyojoy o3 aurelsA100dAy ‘spreys

JO1[1 pard)[e s1edspray SATeISAI10 T A
s1 ssewpunoi3 ‘onbedo jsowe s1oke[ ysy

BLIOJS
29 2orwund pasder[oo aYI] SISe[ooyI]
surejuoo ‘3ururels-o4 ‘ym yurd 31 ‘57

noy3noIyy A[usA pAINqgLIsIp

9ZIS UT W MJJ © SISe[d yrep Apsowr

{X1jew paurel3-ouy snouagowoy
KIoA ¢JJn) pa1o[0d-BSOI 03 YSIPPaI JYSI]

9oeyans o uo sreadde (;) sny

-014d oYI[-onNLIpUAp YOB[q {UOTJEPIXO

anp 2ouereadde papjow ¢snousSowoy
XLIjeW poureIS-ouy ‘Jynj YsIMOY[ex

S JA ST XIDRW ‘SjuowSely yoe[q rendue

29 Je[NONUI BLIOOS PAI PUE SIS[D

AeI3 IOUTW S)SE[OOYII] AIYM P
ApueurOp Y)IM Jn) UMOIq-YSIppay

ooz

JNSE[OOUBI[OA PALIOS-[[oM ‘pauTerd

-ouy ‘10709 ur Aeid JyS1] 10 UMOIq
-USIppaI ‘UaI3 ‘suoneurwe] auy AIoA

B usy

Jm yse 1ide]

Hm pdey

o

yng

RILNS

B ysy

) [eIsA1)

0 OLIA

FILTRISIN

B oA

Jm oA

) [eIsA1D

Jm oy

(OINS) ®BoBXEQO
(AD) 9pI_A EIIUR)

(OINS) sedaredey
(SIa) oes 14

(OINS) seddredeyz
(D®Z) 1eIpayle)) seddedey

(OINS) sauarfessendy
(YHD) ©sSOY LSOWISY eIdUE))

(OINS) suareosensy
(VHD) ®[[ITeWY BSOWLISH BISIUR))

(OINS) orenfeuenn
(01D-YD) eSOy eIAUR)

(OS) orenfeueny
(s0) s013s0T

so1nyesf o1doosoIdTA

sonsu)oeIeyd 01doosoroeN  (SVIL) 2dA1 o0y (9961 IYSI) UOnBIYISSED

(1861
pruyps) uon
-eoyIsse[)

uIS110 pue dWeu dpel],

sa1nyed) ordoosororu pue ordodssoroewr 119y} Jo Arewrwns payijdwis € pue uoneusIsop Sy1, 9yl ‘uoneoyIsseld 1oyl ‘syn) pajesnsaaut AffesryderSonad gy jo uonenidwo) | ajqer

pringer

Qs



Page70f37 426

Environmental Earth Sciences (2022) 81: 426

XIIew yotI-yse ue £q payroddns sieds

uawroads puey ur 9[qrsia sysAroouayd
Tedsprej ‘sise[ooy)I] Sururejuod jyny

-PIoJ pajusLIoun ¢oLIqe] QuI[[eISAI00dAH  QAISSEW ‘UmoIq YSIppal winipaw 03 WY1

Q[qE[IEAE UOT}J9S UL} ON

anbedo jsowe X1mew YoL-ysy "painy
-ORIJ PUB PAYORID S[BISAI) JuouusI[e

AIejuowIpni moys sise[o ase[ooIde|d

juesaid joroqrydure ‘qerour
Ju3ULIJAIIq JOYIIY JoUTW $SSeWpUNoi3
Q1) UI 9[QISIA JLIqe] PIeYS SSB[3 Jo1[1
9y311 pazirejod ur oanbedo A[[enuosse
SSBWIPUNOI3 A1ISa33ns JuawuIfe JYIIs
‘TeIPaYQNS 0} [eIPAYUE pue uayoiq A[ren
-red are sysAroouayd asepoorderd pauuim)

pue Jedsy] a1oym oriqej aur[eisAiood g

uonezI[eIsK19a1
MOUS S)SB[D) "UOTIOIIP MOY 0} pausTe
s[e1sA1o zyrenb 29 redspyoy (xinew

UOLI-YSE UT 9[qISTA SULIOAB[-OIOTUT “J'A

Iedspyey pue zyrenb poureid
-ouy yiim Suofe Inoo0 spreys sse[s
JO1[I $QqISIA SAI[BISAID pPIuTeII-ouy
Aowanxa yym anbedo Ajrenuasso ssew
-punoi3 ‘seseyd jueuTWOp ) AIB ASE[O
-o13ed pue zj1en() ‘syeIsK1o [eIpayno
pUE [RIPaYQNS 0] [BIPAYUE USNOIq Y}
Jo juowu3I[e ‘KJoLIeA USOIJ 9} Sk owes
[exourwa Ae[o jueu
-IWOP B SE A)1)O9WS PIYNUPI 0s[e X
$SWILI Y} J& UONeZI[[eIsK10a1 Surmoys
InO20 OS[e SpIeys sse[3 J01[a1 [eIpayqns
0] [eIpayue 1€ A3y ‘syef ase[oorserd
pauuIM] ‘sjuswAequud y)im zjrenb jo
3unSISU0D UIY0Iq oI S[BISAID Juowl
-ugie ue 3UIMOYS S paureI3-ouy pue
syskroouayd yimm aurreIsA100dAy st o11qe]

sjuowSely Jopurd

PaI M3 B (M Yor[q 01 ABIS ApIsowr

SISB[O POZIS-ISJQWI[[IW SNOISWINU
‘10109 ur AeI3 Jyn) snoiod paureI3-aurjy

sise[ooyl|
SNoJOWNU ‘JJn) UM0Iq YsIppaI JYSIT

J3ues

JIOJQWI[[TW A} U T8 SIUIWSTEIJ (SI0[0d

pa1 yaep pue Aeis jy3iy ‘Aeid yoeq

Surmoys sse[d o1yl pue syskroouayd
Ul YoLI ‘Jn) paureIS-ouy pal WNIpajA

UOTJBIUSLIO MO} JOUNSIP
(SISB[O JR[NOISOA PAUd) ey A[OWaNXe
ysiAei3 ‘LIquIUSI ue} 03 umoiq Y3

(ysaxy) u qd se awes

s3ur uorn

-BPIX0 MOUS SJUSWTRI] PAZIS W YIep

‘UOTJBIUSLIO UB MOYS SISe[O ‘pasde[joo

os[e ww ()7 < 03 dn syse[d 9orund

umoiq JYSI[ 0} NIYM XLIeW pauterd
-ouy © YIIM JJn) POIO[0O-BSOI QAISSEIA

Jmapdel-ysy g peisin

gL, Jm oA

B yse rpdey B oA

POL PmoMmIA

Fmyse qdeT  Jm yse oA

(OINS) 150104 ST ues
(90 YD) vINdSqQ BSOY eIAUR)

(IANL) 0re101900)
(u DS seonse[oosg

(dANL) oreIRINY
(e DSH) Seonse[odsy

(dANLL) oreldondy
(DY) epeue) BSOY

(OINS) orenfeuenn-seonze|q
(4.1) esoy eqo],

(GANL) ®IRI0N
(v @d) eI eIpald

(GANL) eIRION
(u gd) e eapaig

so1nyesy o1doosoIoTA

Jym 1pdey Jym) oLIIA
Jm ypdey Jym oA
(1861

pruIyog) uon

sonsu)oeIeyd 01doosoroe|N  (SV.IL) 2dA1 o0y (9961 IYSL) UOnBIYISSED -BOYISSE[D

uIS1I0 pue QWeu dpel],

(ponunuoo) | sjqey

pringer

A's



Environmental Earth Sciences (2022) 81: 426

426 Page8of37

juasaid aurATo pue sauaxoikd

PAI)[E JOUTW ‘PaInjoely Os[e AIe S[eISAI0
{SAI[BISAID 9[qIsIA J0J 3daoxa ‘anbedo
A[renuassa ssewpunoid ‘redspyey jo
SyJe[ POIUALIO ‘pauTeIS-ouy JIqryxo
SISE[O OIYI] JN[eseq UIOS ‘PAUIIISIP 9q
ued s[e)sA10 Jo JuowuSIfe JYII[S owWos
¢3utuoz moys sredspyoj owos (syje| se
$In250 ase[oo1deld (feIpayna o) [eIp
-oyue—zjrenb pue redsy| ‘oseroorderd
pauuIm) jo sysArooudyd snorownu

Jo Sunsisuod oriqey aurreiskroodAg

sjuowdery sotwnd
QUIOS ‘S[BISAIO JOUTW ‘SSB[S uayoIq

JO spIeys ‘Ximew yse aul[esK100)dA1)

SWILI pIeys Uo J[qISIA
UONBOYLIIASD Juasald spreys Jo1[a1
$(S[BISAID OYI[-19YJB9)) OLIqR] UORZI]
-[e1sA10 anbrun moys syjuawely somung
J[qIsIA os[e a1e sanbedo
‘STe1SA10 paureI3-ouryy A19A Aq pajedrpul
JUSPIAQ QIe SPIBYS SSB[S PIYLNIAD JOI[a1
X11jRW YOLI SSB[S ul pappaquuid Jedsproy
pue s[eIs£10 z1xenb [eIpayue JO SISISU0D
UoIym ‘paureI3-ouy KI9A ST sSewpunoild
‘reds-3[ Jo S[RISAIO 1981800 AIoA ATUO
[)IM OLIQR] QUITRAYO[OY B SMOYS YOOy
JLIQEJ 0} UOT)BIUSLIO JOUI)
-SIp ON "SISB[O JIUBO[OA AQ pajeuriop
o1IqeJ ‘QuI[eIsA1003dAI10 ST XINeW Yysy
anbedo Ajrenred
A[uo ssewpunoid ¢(2In)xa) MO[) J[qISIA
ST sTe)sA10 9y Jo Juowugie ue ‘anbedo
St ssewrpunoid oy jo sired ‘[eipayqns o}
[eapayue—zyrenb pue asepoorded ‘redsy
JO sTeIsA10 uayoI1q A19A Jo 3ejudorad
931l ® yym orIqey aureisArood Ay

9ZIS Ul WO < 0} W WOl

a3uer s)se[O {$90BLINS 93LABI[O WOIJ

Pa109pa1 JYSI] oY) YSnoIy) usds 9q ued

s1skroouayd asepoorderd jo aSejuadrad

a31e[ O :XII)BW UMOIQ PIUTeI3-ouy

© Ul PApPaqUId Ie YOIYM ‘9SIB0D pue
Jor[q 918 SUOISN[OUT Ay} dIdYM JJn) e

SISB[O0)I] [RUOISBIOQ) "AMNS
-uap MoJ jo yooi1 snotod A3y ‘umorg
juowrugIe
mop moys dorwund paud)jey er1oos
Te[noIsaA ‘S0 sISe[O OIYII] JUSIIYPIP JO
Kyarrea 23xe[ {pyn) Ae13 wnrpaw 03 JY3r]

sjuawIg eIy oy

o1I-9,] JO UONEPIXO 0) anp Jurpnowr

JWOS N0 PAIAYIBIM OS[E SISB[D 1

-wind ‘payedIpur 0S[e MO} JO UOTIORIIP

$9ZIS Ul WO | <WOS s)se[d donund

paje3uore Auell {XLijewW snouagowoy
paureIs-ouy ‘Jn) paIofod esoI yreq

Qorwund paroyieom A[3uons uas
-a1d syseroop] ‘pn ystAead jysi 3-ya

syse[o ootwnd

pasde[oo pue juowugife smoys ‘reds

-PIJ pue zyrenb Jo Surnsisuod s[eIsAIo
‘snoxod ‘Jyn) poIo[0I-BSOI JIBP ‘QAISSBIA

Q)Isopuy

AAyoel],

Aoy

aNoAuy

oAy

oAy

Jm yse mqidey

sy

Jm yse 1pide]

Hm apdey

Jm yse mqide|

Hop

I [eIsk1)

0 OLIA

) OLIA

FILTRISITN

) [eIsk1)

) [eIsA1)

(4AAL) 2pU9[[V 9p [eNSIA Ues
(1DS) JnJ, eINOSQ SLID

(4AIN.L) SpUR[[V 9p [on3IA ues
(DD) suD eIUE)

(4AINL) ereferepenn
(VD) ellrewy erjue)

(OINS) OV [ [onSIA ues
(NSY) OV [0 [NSIA ueS BSOY

(4ANL) 010§ 9p ronyoeq
(dg) eonyoed eoueyg

(OINS) 150104 ST ues
(KIN-D ‘A21I9)UOTA UQ) BSOY BIJUR))

so1nyesf o1doosoIdTA

sonsL)oeIeyd 01doosoroe|N  (SV.IL) 2dA1 o0y (9961 IYSL]) UOnBIYISSED

(1861
pruyog) uon
-eoyIsse[)

uIS1I0 pue QWeu dpel],

(ponunuoo) | sjqey

pringer

Qs



Page90of37 426

Environmental Earth Sciences (2022) 81: 426

paureI3-ouy st

z)1enb JOUTW $O[qTUIAISIP S[RISAIO Y} UT
juowu3I[e JOUnNSIp OU ‘BOIW paureI3-ouy
paIa)[e 93ejuadrad Y3y e moys 0) payn
-UQPI QUO PUE [SE PIUTLIS-oulj oIe S)Se[o
Qwios ‘syje[ ase[oordeld jo s[eIshio auy
AIoA JO SunsIsuod YoLl [eIsAI0 Os[e aIe
s)se[o ‘suoneuoz orporrad yim pue syje|
se Apueurwop ‘ase[oorge[d pauuiml jo

sysKroouayd yitm otiqej aureIsA10odAH

2In1dnas preys

paaesard-Tlom e yim [0 0} Ie[IuIs

JuQWUSI[e 1OUNSIP AIOW B MOYS

K1o1IBA IONIED Q) UI SPIRYS SSe[S oLIqe)
9} UI UOTJEIUSLIO Uk )BDIPUI ([eIpayue)
Tedspro pue zjaenb jo syesA1o Jourur
XLIJeW POYLINIAD B Ul PAPPIqUIR pue
14311 pazrrejod 1opun onbedo—ain)
-onxs preys sse[3 reuondaoxe ue

SMOYS ‘OLIqe] QUI[eAYO[OY € A[[erjuassg

SITRISAIO PauTRIS-auY A[OWANX
snorownu y3im nq anbedo jred ur st
oLIqeJ Jyn) urew 9y searoym ‘onbedo

pue Asse[3 aIe sise[d oyl "2°1 ‘OLIqe) yny
urew oy} pue Sise[d YoLI-yse uoomioq

QOURIQYIP 10UNSIP I[qISIA ATe S|

-Te1sK10 pauress-suy Afowonxa radoxd
Jm oy ur searoym ‘onbedo are sise[o
oy} ur ssewpunois (JuIuoz Moys os[e

sredspey ‘Suruuim) Sutmoys syief se
$In200 ase[ooide[d {paurer3-ouy pue sno
-ouoSowoy SI SSewpunois Ay AIYM OLI
-qej auI[eIsA100dAYy B UreIuod Osye SIse[d
oIy 93Ie[ (9ZIS UTRI3 WLIOJIUN QIOW B

Moys sTeIsA10 oy ey} 1dedxd DS Sk owes

Jnoys3nory)

pa1aneds anbedo (9[qISIA SUOTIRIUSLIO
Ou ‘uaYoIq pue paImoelj A[Suons
‘(sredsp[oy pauoz) s[eIsA1o redspyay jo

a8ejuaorad o3ref ‘oriqey aurreisA100dAHq

soued o3eaea[d

Tedsprey oy3 uo uonodopar 1y31 £q 9[q1

-STA STRISAID ‘ssewrpunoid paurers-ouy

© U[ S)SB[O JO[[BWS PUB SISB[OOY)I] PIZIS
-wnIpaw SurureIuod Jjn) UMOIqQ-YsIppay]

syuowely oorwund owog "0 St dwes

od£y 1oj1ep O3 UI puE AJoLIRA JAIYSI]
Uy} ur 951805 APYSIS ST OLIQR] $OZIS
wo > 0) WU 9y} UT SISB[O MOYS UL
KjoLreA IIRp 9U) dIOyM “IO[0D XIIjew
AeI3 yIep 0] UMOIQ WNIPIW B MOYS UBD)

[DS St auwes dy) SS[ J0 0N

) Kea3-ysrumorg

) [eIsk1)

(M oA

B oA

) [eIsA1)

) [eIsA1)

(GANL) SPUS[[V 9P [onSIA ues
(10¥) pnL poy
(GANL) SPUSIV p [PNSIA UeS
(2dD) oL Le1n

(4ANL) SpUS[[Y 9p [ONSIN Ues
(14D) yn, L2109

(GANL) SPUS[[Y 9p [ONSIN Ues
(¥DS) HnL, vINdSQ SLO

(GAINL) PUSY op [oNSIN Ut
(€DS) Jn[, BINDSQ SLD

so1nyesy o1doosoIoTA

sonsu)oeIeyd 01doosoroe|N  (SV.IL) 2dA1 o0y (9961 IYSL) UOnBIYISSED

(1861

pruIyog) uon

-BOYISSE[D

uIS1I0 pue QWeu dpel],

(ponunuoo) | sjqey

pringer

a's



Environmental Earth Sciences (2022) 81: 426

426 Page 10 of 37

apisdorp jo saoen saseyd
Jourw ore d)unye 29 zyrenb ojmuroey pue

QTuApLI/A)1TRqOISLIO saseyd Jofew (X
J[qe[TBAR UOIIOS UIY) ON

UOTIBIUALIO 9[QISIA OU SMOYS JNq U]
-[e1sA100dAy st orige; ‘ajopide Jourw pue
sise[o amoiq ‘eorwund papunor A[qrssod
‘QuI[[eIsA1001dA10 Q1R SISB[O 9} JO QWOS
‘BAB[ PRISYIBAM JO SIS[O JIYII] Auew

AU} IIM PIIRIDOSSE I[F—IA0ISNW
UapIAD OS[e ST z)renb pazif[eIsK10a1
I9SIB0D JOUTW ‘XLIjew ASse[S pue yoLx

-yse oy ur zjxenb are soseyd jueurwog

sonbedo Jourw {9)IRWAY UMOIq YSIPPAT
Kq paurte)s A[opIm SI Yorym UI[[BISAIO0)
-d£1o S1 X1IRW JUBUTWOD UOeIaNe
Suimoys awos ‘s[eIsA1o redspioy pue
SjuSWALRQUId Y)Im Z)renb [eipoyue 9s1R0
9/ punoIe ururejuod jynj aurreiskroodAyg
sonbedo osfe pue sredsproy
pa19)e pue z)xenb jo Funsisuod s[eISAId
9SIB0D 94 > SUTBIUOD J[qBAIISQO QIe
SQINIONNS PIEYS PAYLIIASP JOI[OI JOUTIA
‘stedsproj pue zyrenb pauress suy
K10A Y11 SUOTE Y001 9} JO J[ey uey)
a1ow dn soyew XIneW JUI[[8ISAI00)
-dA10 ' 210ym oriqej sur[eIsK100dAH

7O Ul UBY) QUIAI[O JO S)UNOWE JQ[[BWS
$1OY 01 Ie[ruurs A0[eISUIW pue OLIQE,]

paioje Aped ‘() QUIAT[O JO 90U
-saxd oy smoys osye o[dures smyy 3daoxo
$1OY 01 Te[ruurs A30[eISUIW pue OLIQE,]

syse[o sotwnd
USIAQI3 pue s)se[d OIYII[ AIYMm Jo oFe
-juoorad y3iy e yiim Jyny snoiod 19[01A AOAYY p 1de

SISB[OOUI] % PUNOIE SIPN[OUT
‘ssewrpunoI3 93ueIo Ue YIIm Jjn) snolod oeq pm 1de

J[qISIA SISB[O
9} JO UOTRIUALIO JYSI[S ‘paIayieam
Qe SISE[O NIYM £9ZIs Ul ww g 0) dn
syse[d o1y pue syskrooudyd Jo (%G|
punore) Jud)uod YSIY € [IIm Jny poy Aeq ng,

9[qISIA ST UOTIEPEIS JeoM B ‘9ZIS
ur wuwr ¢ 0) dn s)se[d oIy UMoIq pue

Kea3 ‘arym yim gn) yurd paures3-aur AOAYY oL,
SSRWpPUNOI3

paure1s 1081800 © Yarm Jny yurd JySry QIsepuy ng,
ssewrpunoId

PoUTeIS-1oUY USAD Uk Ul PIPPIqUID
9ZIS Ul WO [—G’() PUNOIE AIYM 0)
Ke18 ‘syseo Joqrews yim gny yuid yreq 9Isopuy ng,

0 OLIA

Jm oy

BRI

0 OLIA

) [eIsk1)

) [eIsA1)

(OINS) seddredey

(DD eaon) e Py, 1ride 19101

(OINS) seddredez
(3710) Jueauoy ynJ, 1ide  a3ueIQ

(OINS) seddrede7
(D1 Jyng, pay e1IUR)

(OINS) seddredey

(41D Jng, poy epeyoeq
(GANL) dPUR[[Y 3p [ONSIA ues
(€D¥) Jn1, poy

(4ANL) SPUR[[Y 9p [SNSIA Ues
(2oY) PoL poy

sa1nyesf o1doosoIoTA

sonsu)oeIeyd 01doosoroe  (SV.IL) 2dA1 o0y (9961 IYSL) UOnBIYISSE]D

(1861
pruyos) uon
-eoyIsse[)

uIS1I0 pue QWeu dpel],

(ponunuoo) | sjqey

pringer

Qs



Page 110f37 426

Environmental Earth Sciences (2022) 81: 426

[eIourw A10SS990€ YSIPPAI 9081 B
SE SINJ20 OS[E 2)IBWIAY AI[[I-IA0ISNW
se (IYX Aq paynuapI pue uonoas ury) ur
9[qISIA BOTW JO sodel) redsplay £q pamo]
-[0§ ‘saseyd jueurwop 2y Sureq 2ANOWS
pue zyrenb 9)eorpur sasATeue (X 9[q!
-SIA OS[e sTjuauodwod yse paurer3-ouy
A[owenxa ay) Jo uonezifeisA1oar Qusiy
PoNIWISUE) Jopun 9[qeAIdsqo Os[e aIe
SOIMONAS PIeYS O[T J[qIUIISIP A[[en
-Ted st uOn)OIIP MO B JYSI] pepTwIsuen)
Iopun ‘aurfeisAoodAy syserd aorund
pauayey Y} Sulpunosns dliqej JueuIWod

ssew
-punois oY) Ul PAUIdISIP 9q UBD SPIEYS
SSB[3 101[aI JO SUOT)BIIPUI {SSBWPUNOIT
oy} uey) 9zIs uress 19)eais e yim
(¢,)1edsprey pue zyrenb jo jusuoduroo
paurei3-ouy e pue Juduodwod Asse[3 e
10q JO $ISISu09 syse[d dorund (sImoso
z)1enb pue redsproy [eIpayue 19s1e00 %7
punoze $ss3501d UONBOYINIASP ) JO
jnsar oy A[qeqoid soyrjororwr paurers
-ouy A[oWIANXd OS[e 918 JNOY3INoIy)
PANQLISIP AJUSAD (UOTIIOIS UIY) UI
onbedo Ajrenuossoe ‘[erioyew Asse[3

UOLI-USE JO SISISU0D OLIqe] JUBUIO]
(@yx) Mnurjoey
PUE Q)1JO0WS S[RIAUIW AB[D I} IpN[oUl
ose syueuodwod Jofew $OLIqe] JUBUTLIOP
9y dn oyew s[e)sA10 paureI3-ouy
A[owanxa a2y} pue jusuodwod Asse[3 ay)
10q ‘redsy] pue zjrenb Jo s3SISUOD (SOS
-A[eue (YX) SSBWPUNOIT JUBUTWOP )
:redspoJ JO S[BISAIO 19SIROD 9| > )M

onqej aurpreisAroodAy pourerd-ouy A1oA

UONOAIIP MO B JBDIPUI SISB[O JJn)
PareSuo[o pue paudljeyy ¢sISe[o O]
M9J ‘oFues wd 9y} ut sjse[d aorwnd

ururejuoos 10702 ur yurd Jn) QATSSB]A AoAYY g 1de
SIse[o
dorwnd pajuapur ‘par oIe SISE[O O]
‘UOTILIO[0D JO[OTA PUE AJIYM B U)IM Jn], Aeq ng,
sjuowSery

dorwnd dwos ¢yoe[q 03 Aei3 0 pax
JTep wolj I0[0d ul Suruel s)Se[OOI|
POZIS-WW SNOIAWNU $JN) SJIYM SNOIOJ oA ng,

0 OLIA

FILTRISIN

Jm oA

(OINS) sedaredez
(Od) ey eieng yny, 1jidey esoy

(OINS) seddrede7
(O11L) BpewWoNQ B JJng, 19[OIA-YSNIYA

(OINS) Seddrede7
(rg) zo19[ Op BOURIY JNT, MY

so1nyesy o1doosoIoTA

sonsu)oeIeyd 01doosoroe|N  (SV.IL) 2dA1 o0y (9961 IYSL) UOnBIYISSED

(1861
pruyos) uon
-eoyIsse[)

uIS1I0 pue QWeu dpel],

(ponunuoo) | sjqey

pringer

a's



Environmental Earth Sciences (2022) 81: 426

426 Page 12 0f37

qureisA100ydA1o Afrenuasse

are s)se[o ‘oseyd JOUTW € Se SINJI00
Queway seaoym Juauoduiod Jueuriop
© SB 9JIUT[OBY SAJRIIPUT OS[e (TYX
¢(eseyd jueurwop ay3) zirenb jo speIshio
paurei3-ouy A19A pue yse onbedo
paurei3-ouy K194 jo aur[[eIsk1oodAy st
ouqej ‘sysxoouayd redsprey [eipayue jo
9,¢ punoIe JySI papTwIsue) ur A[qIsIA
A[reroadss ‘ynoy3noay) paInqrnsip A[uoad

sJse[o paurei3-ouy jo Aynuenb a3re]

[e1ouTw AIBPUOJaS € st passardxe o)
-ewWOY "AIO[YO Aq paoerdar osye s[eIsAIo
9)1J0Iq ‘UOTIIIS UIY) UT SAYBY I[qISIA SB
SINOJ0 9)IA0JSNUL JOUTW (SISA[eue (TYX)
moaws pue redsproy Aq pamorroy aseyd
urew 9y} se sajeunuop zyrenb ‘uonoss
ury) ur anbedo A[enuasse pue you-yse
ST XLIJBW {SQINJOBIJ U} (M POJeIoOsse
9)IOLISS YIIM paInjoely st Jedsproy pue
(pakequa) zyrenb jo sysK1oouayd os1e00
9,G—¢ punoIe surejuod oLIqey Qul[[e)

-sA100dAY © y3tm Jyny pourei3-ouy AIoA

AYX Aq pa1091op a1om
UeWway JO $9081) {SIN500 Z1enb [e1p
-oyue paureIs ouly pIeys sy} U2IM)q
‘win spaeys 2y 03 senorpuadiad umoid
QABY S[RISAIO 9IOUM ‘UOTIRZI[[RISAIO0I
YI[-IoYJLa] B MOYS OS[e SPIeyS ‘aInjonmns
pIeyS SSB[3 JUI[[90Xd UR S)QIYXD OS[e
) ‘redsy] Aq pamorjoy zxenb st oseyd
jueuTwop ‘syuauodwiod aur[[eIsA1o pue
sse[3 e Jo suoniodord uaas A[oAnerar
Jo Sunsisuod oriqej aurreiskroodAg

syse[o otwnd AeI3 os[e ‘sise[o
YA snoIownu ‘Jo[od ur Aeid yng,

sjuowely 901

-wind A[qeqoid ‘ormyonns Asse[3 € yiim

Ao11as Aq paoerdar Afrented sisepd

Qwog ‘sjuswSeIy oIy [[eWS OS[e

“93uelI WO AY) UT INdD0 s)se[d aorwund
‘gm snoxod A[y3ry ‘parojoo-uowes

SISE[O JII[ JouT AIoA ‘jn)
snoiod umoIq-ysIppai Y31 paureid-oury

Jm yse 1ide]

Hm ypdey

Hop

) OLIA

(OINS) seddjeoey

(OINS) seddredey

Fu oA (Ag) epneg o nnde patojod-uowyes

LIRS

(OINS) Seddrede7
(NS) ugoedonsng ynx, ysrumorg

so1nyesf o1doosoIdTA

sonsL)oeIeyd 01doosoroe|N  (SV.IL) 2dA1 o0y (9961 IYSL]) UOnBIYISSED

(1861
pruyog) uon
-eoyIsse[)

uIS1I0 pue QWeu dpel],

(ponunuoo) | sjqey

pringer

Qs



Page 130f37 426

Environmental Earth Sciences (2022) 81: 426

UONRUILIER]-0JOTW
91qeAIasqO a3 0) [o[[eted pojuadLIo pue
SWILI JI9Y) WOIJ UONRIYLIIAD Surmoys
SpIeYS SSB[S 10121 SMOYS XLIjeW Juaul
-Kequia owos smoys zjaenb ouaxoikd
Jourw 9[qIssod (¢) sisAroouayd ase[o
-o13e[d pauuIM] UI SUOISNOUT QUIAI[O
PAIA)[E {aInIonss 9AAIS SUIMOYS SWOS
‘osepoorde[d pauuim) uayoiq ‘ren3ue jo
SISISU09 SJuawugIfe moys sysKroouayd

oY) a1oyMm aur[eisAoodAy st o1Iqey [[BIAQ

S[BISAIO BOTW PaId)[e YIIm
SISE[O SN SQINJONI)S UOTIRZI[BISKIOAT
x9[dwoo moys os[e Jey) spIeys sse[3 uoy
-01q $SQINIONIS 9AAIS MOUS Jey) sredsprof
‘syuowiSely Y01 SIUBD[OA JO SYI[OUX
$SoIMONIS YIMO0I3 [BISAID INI[-AIoYIea]
moys ye sysed oorwund ur syusuodwod
payLnIAdp ‘osepoorderd jo sysAroouayd
9SILOD pauUIM] PUNOTE MOY SUJE[
aseoorde[d pausie a1oym OLIqe] dNIXE)
-oqid -3-9 ‘sarmonys onqey xo[dwod jo
Kjarrea & smoys jey) Jyny aurreiskroodAg
Q[qISIA [1S oI¢ SpIeyS
Asse[3 101[01 PIYLNIASD AIOYM ‘[eLIdTeW
Asse[S pue yorI-yse paureis-ouy AI1oA €
SI SSEWPUNOIS {Uoy0Iq PUB PINJOBI) oIe
A9y} pue 9[qISIA SUIUOZ SUWIOS ‘PIUUIM]
sI ase[oo1Se[d ‘UonLIUSLIO UOTIOIIP MO
JounsIp € Juimoys syje| aseoorderd jo
sysKroouayd yam oriqey aurreIsK10odAH
SpIeys
301701 owos ‘Jusuodwod Jofew € ose St
Qur[oeY SAEIIPUI (TYX [eIPIYUE SI
x1ew ayy ur (aseyd jueurwop) zyrenb
paureIS-AIoA 9y} ‘UOTIEISN[E JO QOUIPIAD
moys (redsy|) redsp[oj ay) jo awos
fuono3s ury) ur anbedo Apsow—xinew
ASSe[3/YO1I-yse poureI3-ouy AIoA € ur
PIPPAqUIL 2T 9SAY) ([RIPIYND O} [eIp
-oyue redspyay Jo Sunsisuod sysKroouayd

JO %¢ punore yim oriqej sulfeisk1oodAy redsp[oj 9[qIsia ‘gn) o3uelo paures3-ourj

suoneUILIER]
ouy AIoA JO SUOTIBIIPUIT SQ0BJINS
a3eAe9[o Jedsprey woiy WYSI] 109yl
ey sysK1oouayd [e3sAI0 Inq SISe[d

SIYII] JOUTW YIIM JJN) UMOIQ WNIPIJA!

wur ¢ <0} wuw
M3 € WIOIJ SIO[0D Yor[q pue KIS ‘par
Jrep Surmoys sised oy Jo Ajorrea
B SOPN[OUI OS[E 9ZIS Ul WD | < 0) Wl
MJJ € WIOIJ SIS[O Jyn) pajeSuole pue

paudNey UMM N} UMoIq YysIppal Wy

uoneuIwe| duy [qIuIdd

-SIp ApJUrej € Yirm Jjn} umolq wnipajA

syse[o oorwnd pue s[eIsk1o

LUy Jm oA

B 1ide B OImIA

JOL FmOMmIA

poL B ommIA

(ONS) o1elaIaN()

(00OVIOL)
[euISLIO BOIOQ[Y B[ 9p SUIS €qO],

(ONS) o1elaIaNQ)

(T0DY.L) senbrey
[op epeuR)) B[ 9p BSOY BILIqQUITUS]

(4ANL) o1eaI1oN()
(ODL) SHD SeONSE[OdSH LILIqUIUS]

(OINS) Seddrede7
(¥ ofMrusar yn, a5ueIQ

so1nyesy o1doosoIoTA

(1861
pruyos) uon

sonsu)oeIeyd 01doosoroe|N  (SV.IL) 2dA1 o0y (9961 IYSL) UOnBIYISSED -BOYISSE[D

uIS1I0 pue QWeu dpel],

(ponunuoo) | sjqey

pringer

a's



Environmental Earth Sciences (2022) 81: 426

426 Page 140f37

sse[3 parayfe A[qissod ‘syeisA1o padeys
-ua3ne w0 Sse[3 payolons Ay yim
pajeroosse aseyd anbedo 3sowfe 1oyjoue
‘onbedo are saxmonys sse[3 paysons
9591 ‘sTeIoUTW ABO JUSULIjaIIq YSIy
0] (() UoneIdIe MOYS OS[e YoIym ‘sse[3
payd1ems pAjuadLio A[3uons jo dn apewr
pue aur[eIsA1003dA1o jed ur st x1new
) {(pauoz awos) sysk1oouayd ase[o
-o13e[d Jourw AI9A {paueyey IR SIUSU
-odwoo o1doosoIoTW Y 2IYM SOLIqR]
pau3ife A[Suomns 0} soLIqe) do1oeyd A[[en

-1ed moys 1[rde[ 9Y3 UBdS UOT)OS UTY} U]

Aeway A[qe
-qoid ‘sonbedo Jourw ¢(;) sperourw Aepo
0} UOeId)[B MOYS OS[E SJUAWTeL) OIYII|
‘pardyfe are sauaxoikdoyyio onsejqoryiod
JOUTW $QINIONIS JAIS PUe SUTUUIM)
[eo1dA) smoys soseoorderd ‘wir preys
o) 03 renorpuadiad yimoiIs [eIsA1o
)M UONRZI[[BISAIOAI MOYS SPIRYS SSB[S
{SUBDS UOIIOIS UIY) UT J[QISIA SPIRYS
sse[S poyINIASp oY) Sk [[oM St JuowuSIe
Mmoys sjuswidely oOIYII pue syje| ISe[o
-o13e[d {HY.L 01 Je[TwIs JuoWSelJ Yooy

uoneId)e Moys sjudwsery

OIYII ‘UOTIEOYLIIIASD 9JeIIPUT SPIEYS

sse[3 oy Jo swl canbedo A[fenuasso

ST XIIJeW YOLI-yse pue sse[3 ‘redsproy

ur SUOISN[OUT SB INJJ0 dWOS ‘QuaxoIAd

PaI)[e JOUTW OS[e ‘JUTUUIM) SMOYS ISB[D

-o13e[d ¢paustpe os[e are spreys sse[3

POYLIIASD 9y} ‘SUBIS UOTOIS UIY) Ul pue

sysA1oouayd redsppey pausife Aq uon
-BJUQLIO MO} JOUTISIP SMOYS JLIQE] [[BIOAQ

wo [ PUNOIE 0) W
M9J © WOIJ 93uel pue AvI3 0) UMOIq I8
Qwos ySnoyl[e ‘XLnew oy} 0} Je[Iuls
JIO[0O & 9ARY S)SE[O 9} JO ISOUW [[BIOAO
‘oorwnd 03 rerwts Aysosod 1oy3iy v

0} anp A[qeqoid Ajisuop moy ‘Aeas Jy3r

sooeyans a3eAr9[d Jedspyey jjo

Sunoopyax Y31y £q 1udpIAL sisAroouayd

[81SAI10 pue sjuawITeIJ OIYII] WU |

0} W > YIIM XLIjew paures3-ouy
AIoA ‘Jm umolq ysIppal wnipaur Jysry

soue[d o3eAB9[d

Tedsprey Jjo Sunoaper WYSI] £q 9[qISTA

are sysA1oouayd [eIsAI10 auy ‘syuowSely

o[ AvIS YIRp [PIIM XLIJBW pPIurers
-ouy AIoA ‘Jn) UMOIq YSIPPaI JIe(]

B mde B oA

BN B oA

pox Jm oA

(FANL) 0Te1019n0)
(LAY u910D BaIquIuS]

(GAINL) orerarong)

(HVL)
ued[TuIny op B[[LUBWY BILIqUIUST

(AL 0rerd1ond)
(HY.L) vedrumy op eloy eiiquirusy

so1nyesf o1doosoIdTA

(1861
pruyog) uon

sonsL)oeIeyd 01doosoroe|N  (SV.IL) 2dA1 o0y (9961 IYSL]) UOnBIYISSED -BOYISSE[D

uIS1I0 pue QWeu dpel],

(ponunuoo) | sjqey

pringer

Qs



Page 150f37 426

Environmental Earth Sciences (2022) 81: 426

pauIULIR)Ap JoU ‘P u ‘paurers-ouy A1oa “3:fa ‘poureis-ouy 8

(¢ 814 ur dewr 01507008 995 )[og OIUBI[OA UBIIXIA-SUBIL) FAJALL Y} Put ([BJUSPIOd) SIPEIA BIIAIS) OIAS Y} 0} JUSWUSISSE PuE UOHEIO] JIY) SOJedIPUI OS[E UWN|od 1Jo]

$IN900 Quax0IAd JouTWw pue IpUdq
-UIOH "JUSPIAD S[EISAID JO UONRIUSLIO OU
‘uonerde Suons moys s[eIsKId ‘uayoiq
pue paInjoeIj ‘pauoz sredsproj XInew
[OLI-USE Ul POppPaquuo S[eISAI oLIqe;
aurreIsA10odAy ‘eIodsQ SLID) 0) Je[IuIg
amonns
JAQIS B MOYS OS[e S[eIsA10 Z)renb asoy)
£9I0 0} WILI WOIJ YIMOIT [BISAI0 Fur
-)1qIYx? sooeds 3nA ay) ur Iddo0 Kay)
pue ‘zjaenb Jo 1SISU0D S[RISAI0 Ta3TR]
Aquo ay) ‘oriqej aurfreIsAroodAy ‘uonooes
UIy) ul 9ZIS uresd wiIojiun B smoys Jnp,

(redspyoy pue
zyrenb) sajeutwop jusuodwod sur[eIsAIo
{(uoneUIWR[-0JIOIW) UOIBJUALIO UL
SMOYS YIIYM “IYSI] PINIWSURI) Ul 9[QISIA
SQINJONIS AYI[-PIeYS JOI[OI JWOS OLIqe]
qureisA1oodAy paurei3-ouy A[owenxyg
oLIqe]
9y noySno1y} mooo0 senbedo ‘uoneraye
moys sysAroouayd asepoorderd pouurmy
(31| panIwISueI) Ul SIO[0D UAIT)
QLIO[YO 0] UOTRINE SMOUS A1J0Iq 2IYM
“IN900 30q ABW 9)TA0ISNW PUE A1JOIq
$[EIOUIW JOUTW B SB SINJJ0 OS[E 9JI0[eDd
$o1Iqey oY) JO sired owos Ur uoneZzI|
-[eIsA10a1 suodiopun sey zjrenb (oriqej
onixejofid & MOYS $ISB[O QWOS ‘S[eIoUI
Ke[o (¢) paureId-auy AIoA UTRIUOD puR
pazireisA1oa1 readde sjse[o o1y Swos
‘(JUapIAL Jou AIMONLS pIeys) Jusuodwod
Asse[3 ' YIIm yse paureis-ouy e ST XINB

NN

-OU3I[ JIS[] PUB dYeW YIIM Jjn) Aein)
amonns
UOTJRUTIUE] eom B SUNROIPUL PIIUSLIO
QI 959y} — INOJ0 W | > SYIPIM pue
ww G punoIe jo syi3ud[ yIm s3na
pauayey pue pajeSuo[e Inq ‘A dT 0
JR[IWIS PUEB QSUSP JBYMOWIOS ‘JJN) 9JIYM

USIMO[A 1Y3I[ ‘pauress-auy A[owonxyg

sno
-oua3owoy pue paurel3-ouy A[oWanxo
ST Yoy ayI[-urefadiod jsowe ‘Jyny
AMYM YSIMO[[A IYSI] ‘OSudp AIoA

wo [ <0)
dn wwr | > woly Surduel sazIs yIIm
SIO[02 OB[q 0 UMOIq YSIPPAI WNIPIW
‘Ke13 Surmoys syuauodwod o1y
SNOLIEA SOPN[OUT B[} XLIJBW paurelsd
-ouy KIoA ‘UMOIq YIEp B Y)Im JynJ,

(AINL) LD 01Xy

Hm reiskip (HD) JnL eon[ry
(4ANL) o1exIaNn()

Jm oA (MAL) eIn e11a1], 9p eloy vI1ojuE)
(AINL) orelarend)

) oInIA (A\d']) sewped se] 9p eoue[d BIIUR)

so1nyesy o1doosoIoTA

sonsu)oeIeyd 01doosoroe|N  (SV.IL) 2dA1 o0y (9961 IYSL) UOnBIYISSED

(dANLL) oreldondy
(Lg) oxey
) oInIA -o1onQ) ‘@IZON SBOTISR[0OSH BILIQUITUS]
(1861
pruyog) uon
-eoyIsse[) uIS1I0 pue Suweu Iped],

(ponunuoo) | sjqey

pringer

a's



Environmental Earth Sciences (2022) 81: 426

426 Page 16 of 37

aseyd 2oen + ‘quauodwod Jourw x guauodwod Jofew Xy ‘oseyd [erourur JuBUIWIOP XXX

+ XX XXX XXX 14 10
+ + XXX XXX I REl
+ XX XXX XXX + € oS
+ XX + XXX X + XX 4! qg4
+ XX XXX + I ns
+ XX XX XXX + XXX 81 od
+ X XXX X XXX ¢ 01
+ XXX + XXX XX XX wrig> L rd
+ XX + XXX X X ¢ I
+ XXX XX XXX X €l OLt
+ + X XXX XXX X €l ALY
XXX XX XXX XXX X € 98]
XXX XX X XXX X @x  @x XXX wig> S VO
XXX + XXX + XXX wri g > S dg
+ XXX XXX + XXX XX + + 1 AN
+ XXX XX XX XXX XXX + + T Qqo¥d
+ + XXX X XXX + I uDsd
+ + XXX XXX XXX + [BLROINC |
XXX XXX XXX X X I o)
+ XXX XX XXX XXX + X ¢ edad
+ XXX XXX XXX XXX X + XXX wrng> ¥ udad
XXX XX XXX XXX + Aoz S AD
XXX + XXX XXX + XX wrg> S NE
+ + + X XXX XX XX 1 oez
+ XXX XXX XXX X ¥ ¥HD
+ + XX XXX XXX + X S VHO
+ XX XX X XXX + XXX ST 01D-¥D
XX XX XX X XXX + + XXX XXX 81 S0
Ie[n
-3o1n

CD oD (oW Asore

9SBI2 wiApLn i am am am am Bl ~lounu

ane  opIs A wns  opudlq  -013 Teds Ao JaNeq o[ ANSAO]  AUI[ /ONAOD  -00WS  -O9WS  -OQWIS  -OdWS  -NOTUI o  Aep4q

oseeuy  -wey -doig -ny  -ddn  -uloyg eld PRI 1D Ssse[D -opsu)  zyend)  -dour)  -[eH  -OeY SNl - - - -  -JOA  -odwg  PRUMy @

-uod Q[ /bowr) ord
S[RIOUIW JAYIQ ‘[0z s[esoutw AB[) olzie) oaD -weg

saseyd 1oyjo pue sferoutw Aefd {(QgD) Anoeded o3ueyoxs uoneo—pale3isoAul syn ay) Jo uonisodwod [ed13o[eIdUIN g d]qelL

pringer

fH's



Environmental Earth Sciences (2022) 81: 426

Page 17 of 37 426

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 W,,. 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 W, 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 (u) characterizes the diffusion resistance of the material
towards the moisture of the adjacent air (Siegesmund and
Diirrast 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 ym 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 um following DIN EN
14581 (2014) and expressed by the coefficient of thermal
expansion a. 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 (Na,SO,) 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. Lopez-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

@ Springer
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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
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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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«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. ¢ Bright
reddish orange El Salto tuftf (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. 1 Grayish Chiluca tuff (CH) showing large pla-
gioclase phenocrysts and hornblende crystals (image from Wedekind
etal. 2011)

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 EI 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.
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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). ¢ 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-
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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). ¢ 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
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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. 6¢).
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. 5¢). 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. 5¢), 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
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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. 41).

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
Fe**, Fe>*, 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 um was performed in most tuffs except in the
following samples: CHR, CV, ESC a, and ESC n. In all frac-
tions < 2 pm 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

A

Pumice / glass

n=38

lithic tuff

crystal tuff

Rock
fragments

Crystals
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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

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 um 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

B Blocks / bombs
>64 mm

90

pyroclastic

breccia '\ 50

n =45
tuff breccia
70 30
80 20
B lapili tuff
90 / lapilli LI ] tuff 10
- stone
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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 Potzl 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/cm’, the respective bulk densities are accord-
ingly low, with a median of 1.71 g/cm?. Fairly low porosi-
ties are shown by the tuffs Chiluca (CH), La Cueva (LC),
Toba Rosa (TR), Amarilla de la Cafiada 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 pm 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 um for CGa)
and accordingly high fractions of capillary pores (96% for
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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 um. 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
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and 0.9, and values over 0.9 indicate a lack of frost resist-
ance. With an § 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/m> \/ 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/m? \/ h, twice as high
as in the Z direction (perpendicular to the bedding), with a
median value of 5.0 kg/m> \/ 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 (u value), according to which the water
vapor diffusion is noticeably aggravated in the Z direction
(Table 3). The respective u 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 u 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. Potzl
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
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Fig. 10 Pore size distribution of selected tuffs from Mexico: samples CG, CV, GF2 and RG1

Fig. 11 Sorption curves for the 12.00
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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
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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. Potzl et al. (2021b) observed
increasing hygroscopic water sorption on tuffs that were
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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 Po6tzl 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 (Celik and Ergiil 2015; Erguler and
Ulusay 2009; Hashiba and Fukui 2015; Kleb and Vasarhelyi
2003; Masuda 2001; Okubo et al. 1992; Potzl et al. 2021a;
Torok 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 (Potzl 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 r'TF). 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 o was determined
for 28 tuffs in this study and varies between 2.8 x 107 and
12.1x 107 K~!. 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 Lépez-
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 (Celik
and Sert 2020; Germinario and Torok 2019; Lépez-Doncel
et al. 2016; Potzl 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 Lépez-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 u 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 Celik and Sert (2020), Germinario and T6rok (2019),
Lépez-Doncel et al. (2016), Potzl et al. (2018b), Potzl 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
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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.

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.

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

Initial
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Initial
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Zacatecas (ZaC)

Initial
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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.

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

20 Cycles

5 Cycles

30 Cycles

50 Cycles 80 Cycles

21 Cycles

13 Cycles 18 Cycles

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.
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10.

11.

12.

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 (u value), accord-
ing to which the water uptake and vapor diffusion are
noticeably aggravated perpendicular to the bedding.
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).

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.
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14.

15.

16.

17.

18.

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.

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.

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.

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.

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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