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ABSTRACT

Weathering involves important processes that alter the original structure, texture and chemical components of rocks
and minerals. Bulk changes produced by weathering in granitic rocks have been studied by several methods, including
chemical weathering indices. They are based on the assumption that some ions are more easily leached from minerals in
relation to others. Such methods have also been briefly tested on building stone but not in urban environments, where fast
stone weathering rates are typically observed, mainly due to interaction of minerals with several pollutants and where
otherspecific processes, such as salt weathering, can occur. The aim of this work is to discuss the use of weathering indices
in the study of weathering rates on granitic stones applied in four historical buildings of an urban area. Results suggest
that some factors can cause scatter of results in the relation indices vs. exposition age in the built environment, namely
previous weathering degree in rock massifs and the quarry, different orientation of facades and different exposure to
urban pollutants. Indices that consider some highly mobile cations that are present in other building materials (namely
Ca that is related to leaching from mortar joints) should be avoided due to the uptake of such elements by the stone
pores or used to assess this some types of weathering. Moreover, the use of some indices shows more reliable results.
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Evaluacion de la meteorizacion de rocas graniticas en edificios historicos urbanos por medio de indices geoquimicos

RESUMEN

La meteorizacion implica importantes procesos que alteran la estructura, textura y componentes quimicos
originales de las rocas y minerales. Los cambios producidos por la meteorizacién en rocas graniticas han
sido estudiados por varios métodos, incluyendo los indices de meteorizacién quimica. Estos se basan en la
suposicion de que algunos iones son lavados de los minerales mas facilmente que otros. Tales métodos también
se han probado, aunque en pocos casos, en rocas de edificios, pero no de ambientes urbanos, en donde se han
observado tipicamente elevadas tasas de meteorizacion, principalmente por la interaccion de los minerales
con varios compuestos contaminantes y en donde otros procesos especificos, tales como la erosion por sales,
pueden producirse. El objetivo de este trabajo es discutir el uso de indices de meteorizacion en el estudio de las
tasas de meteorizacion de rocas usadas en cuatro edificios historicos de un area urbana. Los resultados sugieren
que algunos factores pueden causar la dispersion de los resultados obtenidos a través de los indices en relacion
al tiempo de exposicion en el ambiente construido, principalmente por el grado de meteorizacion previo de la
roca en los macizos rocosos y en la cantera, la orientacion de las fachadas y la diferente exposicion a compuestos
contaminantes. Los indices que consideran algunos cationes altamente moviles que estan presentes en otros
materiales de construccion (principalmente el Ca que se relaciona con la meteorizacion de morteros en las
juntas) deben ser evitados debido a que penetran en los poros de las rocas de edificios o deben ser usados para
evaluar algunos tipos de meteorizacion. Por otra parte, el uso de algunos indices muestra resultados mas fiables.

Palabras clave: indices de meteorizacion, tasas
de meteorizacién, ambientes urbanos, rocas
graniticas, edificios historicos.
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1. Introduction

Stone surfaces suffer alteration processes when exposed to surface agents
(water, atmospheric chemical components, etc) resulting in the formation
of coatings and/or weathering. Such alteration occurs at variable rates on
natural outcrops but faster on urban environments (Amoroso and Fassina,
1983; Sanjurjo-Sanchez et al., 2012; Sanjurjo-Sanchez and Alves, 2012a.
2012b), being necessary to take conservation measures (Alves and Sanjurjo-
Sanchez, 2015). Weathering produces modifications in the structure,
texture, mineral and chemical components of rocks. It results in increasing
stone porosity (and weakening) and the disintegration of the rock and
minerals. These changes have been extensively observed by petrological,
physical and chemical studies (Meunier et al., 2007; Moses et al., 2014).

Chemical weathering leads to the decomposition of the original minerals
of fresh (unweathered) rocks. Some authors (Topal, 2002) have postulated
that weathering can occur on the Earth surface in geologically short time
periods (even decades or centuries). Depending on the rock composition,
environmental factors (temperature, pH, Eh, ionic potential) and the previous
weathering degree, some ions can be leached from minerals preferably
in relation to others. The leaching processes are linked to other effects such
as mineral transformations, porosity increase and mechanical strength
decrease (Meunier et al., 2007; Chiu and Ng, 2014; Moses et al., 2014).

Chemical variations have been considered by many researchers in the
definition of chemical weathering indices to assess quantitatively the
degree of weathering (Reiche, 1943; Ruxton, 1968; Irfan, 1996; Ng et al.,
2001; Duzgoren-Aydin et al., 2002; Otha and Arai, 2007). According to
Gerrard (1998), Miller proposed in 1961 the following mobility sequence
for ions of igneous rocks: Ca>Mg>Na>Ba>K>Si>-Fe=Mn>Ti>Al
However, other different sequences have been proposed for granites
as that of Gupta and Rao (2001): Na>Ca>K>Mn>Mg>Si>Fe>Al>Ti.

Several weathering indices have been successfully applied to assess the
weathering degree on igneous rocks (Ng et al., 2001). Some indices have also
been tested on building stones (Topal and S6zmen, 2003; Lee and Yi, 2007,
Lee et al., 2009), where surface weathering occurs and can be assessed for
periods of decades or centuries (Meunier et al., 2007; Smith, 2003; Moses et al.,
2014). However, to our knowledge, such indices have not been tested on stones
applied in buildings located in the urban environment, despite the fast decay
observed on them mainly due to interaction of minerals with different pollutants
(Amoroso and Fassina, 1983; Sanjurjo-Sanchez and Alves, 2012a). Fast decay
in buildings is observed in urban areas as well as high weathering rates that
could result in chemical and physical erosive processes. In addition, the built
environment entails specific weathering processes namely salt weathering.
Contributing sources to salt contamination and weathering are variable leading
to different geochemical signatures (Sanjurjo-Sanchez and Alves, 2012a).
The possible sources can be related to surrounding natural sources such as sea
spray (whose impact is enhanced in some portions of the built environment
according to erosion) and human-related pollution either from the ground
(capillary rising), atmospheric (air pollution) and other building materials such
as joint mortars (Sanjurjo-Sanchez et al., 2010). These sources can contribute
diverse substances such as carbonates, sulphates, chlorides and nitrates or
alkaline and earth alkaline elements (Sanjurjo-Sanchez and Alves, 2012a).
Previous studies on buildings regarding chemical weathering indices have been
focused on the surface and subsurface weathering (comparing weathering vs.
depth), but not in the weathering rates (comparing weathering vs. time). To
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assess such rates, it is important to check the suitability of different weathering
indices to assess the relation age/weathering for these stones and buildings. For
this purpose, the behaviour of major and minor components of rock minerals
was previously studied on building granite in an urban area (Sanjurjo-Sanchez
et al., 2011a). Depending on the considered elements, different weathering
indices provide variable results in the leaching of some mobile elements.
The aim of this paper is to compare the suitability of weathering indices to
study the weathering rates on granite surfaces in a polluted environment
and to assess them (relation age/weathering) for granitic stones taken
from different parts of four historical buildings (built in different historical
time periods) of an urban area. Such comparison must be taken carefully
as the weathering process could be variable in different time periods.
In this sense, the exposition of the rock ashlars to strong air pollution
conditions has been limited, above all, to the last century or half-century.

2. Determination of Weathering Indices

Several chemical weathering indices have been proposed for quantification of
weathering (table 1) and tested to assess weathering depth profiles in natural
outcrops or weathering rates after exposure to artificial weathering tests. In
general, a good result has been observed for most indices to assess weathering
(Irfan, 1996; Kim and Park, 2003), but they usually provide scattered data
depending on the type of weathering (chemical or not), heterogeneity of the
studied rocks and the rate of weathering. The indices that have been proposed can
be classified as either absolute or relative. Relative indices allow determining the
weathering degree of different samples from the same rock type by comparing
the proportion of some mobile and immobile oxides. Absolute indices are based
on the assumption that the fresh rock composition is known. They assume that
some elements (i.e. Al, Ti) remain constant during the weathering process. Thus,
the degree of weathering can be measured by the loss of mobile oxides from
the analysis of a reference non-weathered rock sample (Kim and Park, 2003).
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Figure 1. Pictures of the studied granitic rocks: (a) San Pedro leucogranite
quarry front (left fresh rock. right weathered rock). (b) W fagade of Colegiata de
Santa Maria built with San Pedro leucogranite. (c¢) Detail of a wall of the S fagade
of Colegiata de Santa Maria built with San Pedro leucogranite (bottom) and Bregua
granodiorite (top). (d) Bregua granodiorite ashlars of Casas de Paredes (note
erosive features on the window lintel).
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Multiplerelative indices have been proposed and tested from the first insight of Reiche (1943 ) who proposed several weathering indices to assess weathering, taking into
accountadecrease inmobile cations. Relative indices are based on the decrease of some mobile cations (Ca, Na, K) compared with immobile ones (Al, Fe, Si), expressed
asratios (Parker, 1970; Irfan, 1996; Guptaand Rao,2001; Ngetal.,2001; Areland Tugrul, 2001; Kimand Park,2003). In other cases, the indices compare the loss of major
cations (Harnois and Moore, 1988; Jayaverdena and Izawa, 1994; Singetal., 1998). Alternative indices consider the loss on ignition (LOI) or the water content, reflecting
the increase of weathering caused by hydration of clays, and they are considered as sensitive to weathering under humid conditions (Ngetal.,2001; Kim and Park, 2003).
Other authors have proposed absolute indices such as the Lixiviation Index (B), insensitive to mild chemical weathering processes, but useful to compare

Chemical Weathering Index | Key | Formula | Reference |
Relative Indices

Weathering Potential Index | WPI [(K:20+Na:0+Ca0+MgO-H20)/ Ruxton (1968)

(Si02+A103+Fe:03+Ti02+K:0+Na0+Ca0+Mg0)]*100

Product Index PI 100*[8i02/(8i02+Ti02+Fe203+A103)1*100 Ruxton (1968)

Modified Weathering MWPI [(K20+Na:0+Ca0+MgO)/(Si0:+Al:03+Fe:0:+ K204 Na:0+CaO+Mg0)]*100 | Vogel (1975)

Potential Index

Silica-Alumina Ratio index SA (RR) S5i102/A1203 Ruxton (1968)

(RuxtonRatio)

Parker index Wp [(2Na:0/0.35)+(Mg0/0.9)+(2K20/0.25)+(Ca0/0.7)]*100 Parker (1970)

Vogt Ratio VR (AL:0:+K20)/(MgO+Ca0+Na:0) Vogt;1927. in Guan et al. (2001)

Chemical Index of CIA [ALO:(Al:0:+Ca0+Na:0+K:0)]*100 Nesbitt and Young (1982)

Alteration

Si-Ti Index Si-Ti Index (8i02/ALO:)[(8i102/Ti02)HSi02/ Al203)+(Al203+Ti02)] Jayawardena and [zawa (1994)

Silica-Sesquioxide Ratio Kr 5i02/(Al:03+Fe01) Moignien (1966)

Alumina-Sodium to ACN AlLO1(Al:0:+K20+Naz0) Harnois and Moore (1988)

Calcium Oxide Ratio

Alumina to Potassium- AKN Al03/(K20+Naz0) Harnois and Moore (1988)

Sodium Oxide Ratio

Alkaline Ratio ALK [K:0/( K20+ Na:0)]*100 Harnois and Moore (1988)

Hydration coefficient He H:0/(K:0+Na;0+Ca0+MgO) Ngetal (2001)

Leaching Coefficient Le 5i02/(K204+Na:0+Ca0+Mg0) Ngetal (2001)

Residual Coefficient Rc (ALO:+Fe:0:)/(K20+Na:0+Ca0+Mg0) Ngetal (2001)

Sesquoxide content 50C AlO3+Fez0s Irfan (1996)

R:0; Ratio R:03 (Al203+Fe:0:+MgO+K:0+Na:0+Ca0+Ti02+P:05+Zn0+MnO+Rb20)/ MgO Duzgoren-Aydin et al.. 2002

index of desilication 5i02/R20: 5i02/R:03 Singh et al.. (1998)

Loss on Ignition LOI LOI content in weight of specimen heated to 900-1000°C Suoeka et al. (1985)
|Absolute Indices

Lixiviation Index B [(K20+Na:0)/ Al:O:]weathered’ {[((K20+Na:0)/A20:]frest H{CaO/MgO) } Rocha-Fihlo et al. (1985)

Mobiles Index Imob [(K20+Naz0+Ca0)/Al203]fresh- Irfan (1996)

(K20+Naz0+Ca0)weatnered)/ [(K20+Na:0+Ca0 Ysresn]

Table 1. Summary of chemical weathering indices used in the study.

the evolution of mobile cations to Al (Ng et al, 2001). Irfan (1996)
identified the different behaviour of mobile and immobile elements
during weathering and devised an index that is considered a good indicator
of weathering, known as the Mobiles Index (I, ,) (Guan et al, 2001).
The use of weathering index on building stones has been scarce. Esaki and
Jiang (2000) used the LOI index in the study of the weathered condition of
tuffs (vs. depth) applied in historical bridges, inferring that chemical weathering
attained around 10 cm of depth. Topal and S6zmen (2003), in a study of tuffs
in the Midas monument (carved in tuffs in a little village of Central Anatolia,
Turkey) compared diverse chemical indices and refer that LOI and WPI indices
were good indicators for weathering depth quantification. Lee and Yi (2007)
studied the weathering degree of diverse igneous rocks (tuffs, granites, andesitic
and basaltic rocks) used in a stone pagoda located in a rural area of South
Korea (near a medium-size city), concluding that the chemical index values
were high for all the rock types. They also observed that weathering indices
showed very active potential for studying chemical weathering in all the stone
materials presented (basaltic and andesitic rocks being the most sensitive).
Lee et al. (2009), in a study of granite stones in an historical building (located
10 km far from the city of Gyeongju, South Korea), stated that the weathered
stones presented slightly higher weathering index than the fresh granite.

The scarcity of studies performed on historical buildings is due to the
difficulties to get and analyse samples from materials considered of high
cultural value. In the last years, non-destructive techniques such as portable
XRF have allowed obtaining chemical analyses on the surface of stones

of historical buildings. However, the non-destructive techniques do not
allow obtaining information in depth or they can be difficult to apply in
heterogeneous rocks. To consider reference values (unweathered samples)
to compare the indices, we have used quarry samples as an alternative to
surface-depth comparison. Thus, the study of quarry samples provides
essential information to assess the weathering degree of building stones.

Despite some weathering indices were tested on building rock surfaces some
aspects must be considered in urban environments that not occur either on
natural outcrops or buildings in non-urban environments. These are pollution
sources and fagade orientations. Several pollution sources lead to different
geochemical signatures (Sanjurjo-Sanchez and Alves, 2012a) being the sources
correlated to natural sources, such as sea spray or anthropic sources such as
air pollution due to human activities (e.g., traffic exhaust, industrial emissions,
heating system emissions). Moreover, water inputs in building materials can
come either from the ground (capillary rising), atmospheric water (air pollution)
or other building materials, being the pollutants present in the water different,
but dissolving and transporting carbonates, sulphates, chlorides or nitrates to the
building rocks (Sanjurjo-Sanchez and Alves 2012a, 2012b). These effects must
be considered in the interpretation of the results of the use of weathering indices.

Moreover, some aspects must be taken into account referring rock weathering
in buildings. The direct or not direct exposure to sunlight of could result in more
or less marked thermal and wetting/drying cycles (Wendler et al., 1990). Wetter
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conditions can cause stronger dissolution and leaching of some mobile elements in
the rock while more marked thermal cycles can cause more physical weathering.
Besides, the exposure of fagades to pollutants can be variable depending on their
distance and orientation to air pollution sources (e.g. sea spray, atmospheric
pollution) as it has been observed (Sanjurjo-Sanchez et al., 2009, 2011a, 2012).

3. Study Area

The studied building stones are located in A Corufia, a town on the NW
coast of Spain with approximately 250 000 inhabitants and about 600 000
in the metropolitan area. The downtown is located on a peninsula with the
seacoast to the north, east and west and dominant winds came from the SSW
and N. Thus, the climate of the city is mild, sub-humid Mediterranean with
Atlantic trend and strong seaside influence, average annual temperatures
of 13.9°C and average annual rainfall of 1000 mm. Air pollution in the
town is not very high but important in some urban areas due to industrial
activities and car traffic. Previous studies have referred a marked occurrence
of gypsum-rich black crusts (Sanjurjo-Sanchez et al., 2009, 2011b), a
feature generally considered as indicator of the effect of air pollution.
Heritage buildings of the city have been constructed with two types of
granitic rocks from local quarries: San Pedro leucogranite and Bregua
granodiorite. The San Pedro leucogranite is the most used rock in the
historic buildings of the town. It is a white-yellowish fine-grained granite
with quartz (forming heterogranular aggregates), feldspars (with plagioclase
> microcline) and muscovite, while biotite is absent (IGME, 1975).
Feldspars and muscovite grains are slightly deformed and oriented. In the
quarry, near the town centre (3 km W) and abandoned in the middle 20™
Century, two granitic varieties can be observed in relation to natural rock
weathering. In the NW part of the quarry, the leucogranite is white and hard
(fresh leucogranite) and few joints are observed. In the SE part, the granite
is white-yellowish, weathered and joints are very frequent. Both parts of
the quarry were historically used for buildings. It has been observed that
weathering sharply decreases the mechanical strength of the rock surface
and increases the porosity from ~1.1% in the non-weathered leucogranite
to ~4% in weathered specimens (Sanjurjo-Sanchez and Alves, 2006).
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The Bregua granodiorite (IGME. 1975) is a milky gray coarse-grain rock
with biotite and muscovite. Plagioclase is dominant but it shows major
microcline megacrystals. It also shows biotite as well as muscovite,
apatite, zircon, epidote and opaque minerals. When weathered, the
granodiorite shows a reddish colour. This can be observed in most ashlars
of buildings and most areas of the present quarry front, located about
8 km S from the town centre, and abandoned in the early 20" Century.
The mechanical strength of the weathered rock is lower than that of
the weathered leucogranite (in both cases building ashlars and quarry
surfaces) and porosity is around ~4% (Sanjurjo-Sanchez and Alves. 20006).

The studied buildings are Las Capuchinas Church (CAP), the Colegiata
de Santa Maria del Campo (CSM), the Church of Santiago (SC) and
the Casas de Paredes (P). The first one was built using only San Pedro
leucogranite ashlars and the last one only using Bregua granodiorite,
while the others were built with both rock types. The studied buildings
were constructed in different historic periods and re-buildings were
made with the same rock type (table 2). This fact allows us to get rock
samples exposed to surface weathering during different periods from
one to more than seven centuries. They are also exposed to different air
pollution intensities, at least in the last decades, due to traffic exhaust and
industrial air pollution, as data from previous studies have shown (Sanjurjo-
Sanchez et al., 2009, 2011b, 2012). Exposure to sea spray should be similar
as the studied buildings are between 50 and 500 m from the seaside.
To define a weathering geochemical baseline, samples from both quarries
were taken. Samples CSP-1 and CSP-2 correspond to the fresh (unweathered)
and weathered rock of San Pedro leucogranite in the quarry, respectively.
The sample BRE-1 corresponds to the Bregua granodiorite quarry. In this last
quarry the rock shows a red pale colour indicating some weathering effects.

Building Rock Fagade  Construction year Shortest Sample Exposure
distance time (years)
seaside (m)
San Pedro leucogranite Sp - - TONE CSP-1 50(7)
Quarry
SP CSP-2 50(7)
Bregua granodiorite Quarry BR - - 5500 NW BRE-1 70(N
Las Capuchinas Church 1715 I0WorSs
SP S CAP-3 297
SP ) CAP-6 297
SP B CAP-7 297
Sp S CAP-8 297
SP S CAP-9 297
Colegiata Santa Maria del 1302- 1899 500 E
Campo
Sp W 1899 CSM-1 113
Sp N 1302(-1795) CSM-2 710
BR N 1302(-1795) CSM-4 710
SP N 1302(-1795) CSM-15 367
Sp N 1745 CSM-17 267
BR E 1290/1302(-1795) CSM-12 730
BR E 1290/1302(-1795) CSM-18 207
SP E 1290/1302(-1795) CSM-19 207
Sp E 1290/1302(-1795) CSM-13 710
BR S CSM-21 710
SP s CSM-22 710
Church of Santiago 12% Century - 100 W
1502
SP N 8C-11 510
BR N SC-12 510
Casas de Paredes BR S 1785 50 SE P-08 227

Table 2. Studied samples and orientation of the facades and time exposure in the built environment (A Corufa. Spain).
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4. Methods

To compare the weathering indices and the age of exposition of building stones,
samples were taken from fagades of known age (construction period) and this
information is presented in Table 1. For our study, samples taken from the
quarries are considered as no exposed in the built environment (that is zero age).
Sampling was carefully carried out on the studied buildings causing the least
possible damage to the fagades. Material was removed from the surface
of ashlars (about 1 cm in depth) with a chisel by gentle hammering. Quarry
samples were taken by taking rock blocks in order to use the sample for other
analyses (water absorption) being results previously published (Sanjurjo-
Sanchez and Alves, 2006). The samples were taken at least 10 cm far from
ashlars joints, to minimise contamination from nearby joint mortars. About
40 samples were taken from the fagades. Major and trace elements were
estimated by X-ray Fluorescence (XRF). Thirty grams of every sample were
taken and two 10 g aliquots were powdered and analyzed in a Fluorescence
Spectrometer S4 Pioneer of wavelength dispersion Bruker-Nonius. Two
other 5 g aliquots were fired to 975°C to obtain loss on ignition (LOI).

5. Results
The results obtained must be analysed considering the behaviour of all the

analysed elements with increasing weathering and the suitability of the used
indices to assess such weathering. Values of different oxides (Table 3) show

Jorge Sanjurjo Sanchez, Carlos Alves and Juan Ramoén Vidal Romani

Oxides 5P BRE
8i0: -0.56 0.25
AlLO3 0.02 -0.85
FexOa -0.01 0.41
MgO -0.35 0.05
Na:0 -0.20 0.36
Ca0 0.39 0.09
K:0 0.30 -0.41
TiO: 0.21 -0.59
P:0: -0.07 -0.82
S50; 0.49 0.45
Cl 0.53 0.61
Zn0O -0.09 -0.36
MnO -0.16 0.81
Rb:0O 0.04 -0.49
H:0 0.03 0.25
Zr0: -0.30 -0.13

Table 4. Pearson’s correlation coefficient (r) of the elements in oxides for

samples with the time exposure in the building environment.

Sample Rock | WPI | MPWI PI Wp | SA | S0C | Le Re | Kr | He | ACN| AKN | ALK | LOI | Iaos B | VR| CIA | R:0: | Si/R | Si-Ti
CSP1 SP 7.94 8.85 822 | 573 | 484 | 160 | B46 | 1.B4 | 461 |0.10] 0.64 | 1.81 | 464 | 090 | - 398 63.7 | 254 | 2.89 | 0.83
CSP2 SP 7.29 8.72 807 | 574 | 435 | 172 | B45)2.02) 419 |0.16] 0.67 | 2.00 | 506 | 140 - - |479] 662 | 263 | 2.74 | 0.81
CSM1 SP 6.21 9.48 823 | 586 | 487 | 152 | 787 | 1.69 | 4.66 |034] 0.63 | 1.73 | 52.0 | 3.09 | -0.03 | 0.040| 4.07] 61.7 | 25.1 | 2.81 | 0.83
CSM19a SP 8.97 10.26 812 | 598 | 458 | 161 | 711 ] 1.64 ) 433 |0.13] 0.65 | 1.82 | 53.2 | 1.23 [-0.13 | 0.038| 3.66| 61.4 | 268 | 2.60 | 0.82
CSM19b SP 8.99 10.28 812 | 59.7 | 457 | 161 | 7.09 ] 1.64 ) 432 |0.13] 0.65 | 1.83 | 53.2 | 1.23 [-0.13 | 0.038| 3.65| 61.4 | 268 | 2.59 | 0.82
CSM15a SP 6.52 10.07 822 | 569 | 484 | 150 | 734 | 1.59 | 461 |035| 0.64 | 1.75 | 459 | 332 |-0.11 | 0.039(3.17| 603 | 25.1 | 2.76 | 0.83
CSM15b SP 6.06 9.59 823 | 544 | 486 | 151 | 776 1.67 | 464 |037] 0.65 | 1.85 | 45.7 | 332 |-0.06|0.037|3.28) 61.5 | 247 | 2.84 | 0.83
CAP3 SP 7.05 9.51 794 | 579 | 408 | 177 | 756 | 1.95 ] 3.87 |0.26] 0.67 | 2.07 | 556 [ 234 [-0.07|0.033|4.67]| 650 | 279 | 2.46 | 0.80
CAP6 SP 6.47 8.14 799 | 555 | 419 | 180 | 902)227 ) 398 |021] 0.68 | 2.16 | 57.0 | 1.63 | 0.06 | 0.032| 6.26| 683 | 26.7 | 2.68 | 0.81
CAP7 SP 7.22 8.55 B0.9 | 56.7 | 445 | 171 | 866 | 204 | 425 |0.16] 0.67 | 1.99 | 51.2 | 1.30 | 0.02 | 0.035[4.92] 66.1 | 262 | 2.77 | 0.82
CAPS SP 6.41 8.52 80.2 | 548 | 428 | 175 | 862 | 2.12 | 406 |0.25| 0.68 | 2.16 | 57.1 | 2.04 | 0.03 | 0.032|547| 668 | 26.1 | 2.72 | 0.81
CAPY SP 7.38 9.02 81O | 573 | 444 | 169 | 817 ] 1.92 ] 426 |0.18] 0.67 | 2.00 | 543 | 1.60 [ -0.03 | 0.034| 4.67]| 649 | 263 | 2.74 | 0.82
CSM17 SP 3.00 9.44 B1.B | 50.1 | 469 | 152 | 785 | 1.75 ) 449 |0.68| 0.68 | 2.08 | 493 | 591 [-0.02|0.033[3.42] 62.6 | 244 | 2.79 | 0.82
SC11 SP 5.55 11.27 82.1 555 | 483 | 142 | 647 | 141 | 460 |0.51) 0.64 | 1.81 | 543 | 511 [-0.19|0.038[251| 573 | 25.1 | 2.60 | 0.83
CSM2a SP 7.62 10.34 813 | 598 | 458 | IS8 | 705 ] 1.62 ) 436 |026] 0.64 | 1.79 | 51.8 | 2.57 [-0.15| 0.038 | 3.58) 60.6 | 26.2 | 2.62 | 0.82
CSM2b SP 7.52 10.25 Bl.S | 595 | 463 | 157 | 714 | 162 | 441 |027]| 0.64 | 1.78 | 51.4 | 2,57 [ -0.14| 0.039| 3.58| 60.6 | 26.0 | 2.66 | 0.82
CSM22a SP 7.36 9.34 80.0 | 59.1 | 418 | 175 | 776 | 1.94 | 4.00 | 0.21| 0.67 | 2.01 | 56.1 | 1.91 | -0.06 | 0.034|4.93| 65.0 | 27.1 | 2.57 | 0.81
CSM22b SP 7.30 9.29 798 | 588 | 415 | 176 | T8O | 1.97 ) 396 |021] 0.67 | 2.04 | 56.5 | 1.91 [-0.05|0.034|5.02] 653 | 272 | 2.56 | 0.80
CSM13a SP 7.81 10.31 809 | 598 | 444 | 162 | 704 | 1.66 | 423 |024] 0.65 | 1.83 | 50.8 | 235 [-0.14| 0.038| 3.62| 61.3 | 269 | 2.54 | 0.82
CSM13b SP 7.63 10.12 B0.9 | 59.1 | 446 | 162 | 7.19 | 1.69 | 425 |025| 0.65 | 1.85 | 51.6 | 235 | 0.12 | 0.037[3.74| 61.7 | 26,7 | 2.57 | 0.82
BRE-1 BRE 8.87 9.91 7871 | 63.24 | 4.14 | 1852 | 718 | 191 | 3.75 | 0.10] 0.66 | 1.98 | 68.58 (099 |-0.20) - |5.83| 64.07|2846| 244 | 0.79
CSM-18 BRE | 11.21 12.43 7935 | 67.89 | 438 | 1711 | 561 | 1.43 | 391 |0.09] 0.64 | 1.75 | 68.61 | 1.13 | -0.20] 0.03 | 3.59| 57.93 | 29.13 | 2.30 | 0.80
CSM-18 BRE | 11.14 12.35 79.50 | 67.42 | 442 | 1699 | 566 | 1.43 | 3.95|0.10] 0.64 | 1.76 | 69.13 | 1.13 | -0.20] 0.03 | 3.61| 59.40 | 28.93 | 2.32 | 0.80
P-08 BRE 9.21 10.19 80.99 | 62.38 | 484 | 1642 | 7.16 | 1.65 | 433 | 0.09] 0.63 | 1.74 | 62.84 [ 093 | -0.02] 0.01 | 433| 60.97 | 26.75| 2.66 | 0.82
P-08 BRE 9.18 10.16 80.76 | 62.18 | 4.76 | 16,63 | 7.16 | 1.68 | 427 | 0.09] 0.64 | 1.77 | 62.51 [ 0.93 | -0.02] 0.01 | 4.35| 60.57 | 26.95| 2.63 | 0.81
SC-12 BRE 9.82 10.79 80.02 | 63.40 | 4.76 | 17.16 | 6.64 | 1.63 | 4.08 | 0.09] 0.64 | 1.75 | 66.11[0.92 | -0.06] 0.02 | 4.05| 60.00 | 27.70 | 2.53 | 0.81
SC-12 BRE 9.80 10.77 79.96 | 63.17 | 476 | 17.20 | 6.65 | 1.64 | 4.06 | 0.09] 0.64 | 1.76 | 6631 (092 | -0.06] 0.02 | 4.06| 60.79 | 27.71 | 2.52 | 0.81
CSMda BRE 8.82 10.49 80.55 | 60.61 | 477 | 1645 | 6.89 | 1.64 | 420 | 0.16] 0.64 | 1.80 | 65.09 | 1.58 | -0.02] 0.02 | 4.12| 60.47 | 26.66 | 2.59 | 0.82
CSM4b BRE 8.99 10.66 8032 | 61.60 | 471 | 1662 | 675 | 1.63 | 414 | 0.15] 0.64 | 1.78 | 64.71 | 1.58 | -0.04] 0.02 | 4.06| 62.34 | 27.03 | 2.55 | 0.81
CSM21a BRE 8.03 9.72 82.00 | 56.20 | 530 | 1556 | 7.64 | 1.65 | 463 | 0.17] 0.64 | 1.79 |59.13 [ 1.62 | 0.04 | 0.02 | 3.67| 60.53 | 25.05 | 2.88 | 0.83
CSM21b BRE 8.05 9.74 81.94 | 56.19 | 529 | 1558 | 7.61 | 1.65 | 461 |0.17] 0.64 | 1.79 |59.00| 1.62 | 0.04 | 0.02 | 3.65| 56.67 | 25.09 | 2.87 | 0.83
CSM12a BRE 9.52 11.01 80.80 | 65.94 | 4.80 | 1622 | 6.55 | 1.53 | 427 | 0.13] 0.62 | 1.66 | 68.97 | 1.4]1 |-0.09] 0.02 | 4.46| 58.78 | 26.87 | 2.58 | 0.82
CSM12b BRE 9.54 11.04 80.69 | 66.07 | 476 | 1631 | 6.52 | 1.54 | 423 | 0.13] 0.62 | 1.66 | 6923|141 |-0.09) 0.02 | 4.50| 78.21 | 26.97 | 2.56 | 0.82

Table 5. Weathering indices calculated for the samples.
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r/r |WPI|{MPWI(PI (Wp (SA (SOC|Le (Re |Kr |[He |ACN|AKN|ALK | LOI |Lua |PB VR |CIA [R:0; |Si/R |Si-Ti | Age
WPI X 012 -0.24 | 0.88 | -0.22) 031 |-0.16|-0.01 |-0.25)|-0.50)-0.31 | -0.32 | 0.14 |-0.54|-0.34|030 |0.09 |0.03 |0.65 |-036 |-0.21 | 0.04
MPWI | 0.01 X 0.41 (033 (044 | 070099093042 1032 |-0.70|-0.70 | -0.17 |0.52 |-098|0.76 |-0.84 |-0.93 |-0.11 |-0.44 043 | 043
PI 0.06 [0.17 X |-0.20)1.00 |-0.91]-0.31(-0.71|1.00 |0.40 |-0.75|-0.74 |-0.76 [0.44 |-0.40|0.74 [-0.77 |-0.71 |-0.86 | 0.63 |1.00 |-0.28
Wp 0.77 [0.11 004 | X [-0.19|0.17 |-0.38]-0.20 | -0.21|-0.69|-0.47 | -0.47 [0.19 |-027|-0.49]| 048 |-0.04 |-0.17 [0.63 |-0.51 |-0.19 | 0.30
SA 0.05 | 0.19 0.99 1004 X |-052]-034]-073]1.00 | 040 |-0.76|-0.75|-0.75 047 |-041|075 |-0.78 |-0.73 |-0.84 | 060 |1.00 |-0.29
SOC | 0.10 (049 0.83 |003 (085 | X |0.62 |0.89 [-092(-0.60(0.76 |0.75 [0.62 |0.03 |0.60 |-0.76 | 091 050 [0.77 |[-0.30 [-0.51 [0.01
Le 0.03 [0.98 0.10 |0.15 [0.11 | 038 X [0.89 |-031)-028]|0.65 |0.65 |0.11 |-0.52 098 [-0.72 [0.79 |0.89 |0.00 |0.53 [-0.32 | -0.48
Re 0.00 | 0.86 0.51 {004 [053 |080 079 | X |-071[-039|0.85 |0.85 [046 |-0.59|0.88 |-0.86 | 096 [0.99 |041 [0.09 [-0.72 |-0.22
Kr 0.07 |0.17 1.00 [0.04 | 099 |0.84 |0.10 |0.51 X |042 -074]-0.74 |-0.76 |0.14 |-039|0.73 |-0.77 |-0.71 |-0.86 | 0.62 |1.00 |-0.29
He 0.81 [0.10 0.16 {047 [0.16 [036 |0.08 |0.15 [0.17 [ X |0.00 |0.00 [-0.22 077 |-0.07]|0.04 |-0.45 |-043 [-0.66 |0.15 |[038 |[0.16
ACN | 0.10 | 0.49 0.56 | 022 [ 0.58 [0.57 | 042 |0.71 (055 [000 | X |1.00 |0.57 |-0.10)0.76 |-1.00 | 0.79 [0.83 |034 |-0.11 [-0.76 | -0.04
AKN | 0.10 |0.50 0.55 |0.23 | 0.57 | 0.57 | 043 |0.72 |0.55 | 0.00 | 1.00 X |057 |-034|0797 |-1.00 |0.79 |0.83 |033 |-0.11 |-0.75 | -0.04
ALK | 0.02 |0.03 0.58 |0.04 1056 | 039 |0.01 021 |058 |0.05 1032 |033 X [-032|030 |-0.58 |0.64 |043 |066 |-0.61 |-0.76 | 029
LOI 0.29 [0.27 0.19 {007 {022 | 000 |0.27 |0.35 [0.02 [0.59 [0.01 |0.12 [0.10 X |-0.04|049 |-0.60 |-0.6]1 |-0.51 | 0.01 [0.44 |0.16
Imob | 0.12 [0.95 0.16 |024 [0.17 | 036 | 097 |0.78 [0.15 [0.01 |0.58 | 0.60 [0.09 |0.00 X [-0.76 [0.8]1 |0.88 |0.00 (046 |-0.41 |-0.42
B 0.09 | 0.58 0.54 |0.23 | 0.56 | 057 |0.53 |0.75 |0.54 |0.00 | 1.00 | 1.0 |034 (024 |0.58 X |-0.78 | -0.85 |-032 [0.07 [0.75 | 0.06
VR 0.01 {0.70 0.59 |0.00 | 061 (083 (063 (052 |059 1020 (062 |0.63 |041 |036 |0.65 |0.61 X 095 [051 |-005|-077]-011
CIA 0.00 | 0.87 0.50 {003 [0.53 |0.81 |0.79 |0.99 [0.50 [0.18 |0.69 | 0.69 [0.19 |037 |0.78 | 0.73 | 0.89 X |042 [010 [-0.72 |-0.24
R:0; | 042 [0.01 0.74 {040 [ 0.71 |0.59 | 0.00 |0.17 [0.75 {043 |0.12 [0.11 [043 |026 |0.00 |0.10 |0.26 [0.18 X |-0.78 |-0.84 | 0.31
SilR 0.13 | 0.19 0.39 1026 | 036 | 0.09 | 028 |0.01 |039 |0.02 001 |0.01 |037 |000 |021 |0.00 |0.00 [0.01 |0.60 X |0.] |-D.62
Si-Ti | 0.04 [0.18 0.99 [ 003 | 1.00 |0.84 | 0.10 |0.52 [0.99 [0.14 |0.57 | 0.57 [0.57 |0.19 |0.17 |0.56 |0.60 [0.51 [0.71 |037 X |-0.29
Age 0.00 | 0.18 0.08 | 0.09 [ 0.08 |0.00 | 0.23 |0.05 [0.08 [D.02 |0.00 |0.00 |0.08 |0.03 |0.17 |0.00 |0.01 [0.06 |0.10 |D.38 |0.08 X

Table 6. Pearson's correlation coefficient (r) and squared coefficient (1?) of the weathering indices for the San Pedro leucogranite.

some overlapping between samples of both considered lithologies, Bregua
samples present higher values of iron, calcium, titanium, potassium, zirconium
and magnesium (which has null results in most of the San Pedro samples)
while San Pedro samples present higher sodium and rubidium content. These
differences might be explained by primary mineralogical differences between
the considered rock types, with Bregua being richer in mafic minerals while
San Pedro having higher albite content as is frequent in leucogranitic rocks.
The oxide with higher variation is SO, (between 0% and 4.59%), probably
reflecting the effects of weathering processes in the built environment. The
possible correlations between oxides and the time elapsed since the sampled
ashlars have been placed in the building fagades are discussed considering the
plots presented in Figures 2 and 3 as well as tables 3 and 4. For the San Pedro
leucogranite changes in the content in most of the studied oxides did not showed
correlation with the exposure time. Thus, no clear correlation between oxides
and the exposition time in the built environment is observed to assess if leaching
progress with time at a more or less constant rate. However, a decrease in Si is
observed with time for San Pedro samples (correlation coefficient of -0.56),
being clearer in fagades not oriented to South (table 3 and figure 2). There seems
to be some positive trend with time in relation to SO, (correlation coefficient =

0.49), a result that might represent the effect of sulphate contamination in more
recent works. Soluble elements such as Cl and Ca seem to show increase with
time, above all in fagades not oriented to South. It must be considered that,
depending on the orientation of the studied fagades, different erosive patterns
are commonly observed on buildings due to the different weathering rates
because the different exposure to possible leaching effects by rainwater (and/
or capillary rise), wind (with the consequent transport of pollutants), hydration-
dehydration and thermal cycles (depending on direct exposure to sunlight).
In relation to the Bregua granodiorite samples, it is observed that some oxides,
such as AL O, and P,O,, show a negative correlation with age (correlation
coefficients of -0.85 and -0.81, respectively), that is, it seems that there is a
leaching of such cations with increasing exposure and weathering. In this case,
this seems not to be correlated with the orientation of fagades. However, the
correlation of other ions with age is positive, as occurs again in the case of
Cl, SO, and this time with MnO (correlation coefficients of 0.61, 0.45 and
0.81, respectively). Some scatter can be observed in most of these correlations,
significantly increased due to the deviation of some samples (above all the
quarry sample BRE-1 and the sample from Casas de Paredes, P-08), but

r2/r WPI | MPWI | PI Wp | SA | SOC | Le Re Kr He | ACN [ AKN | ALK | LOI | Imob B VR | CIA | R:O: | SR | Si-Ti | Age
WPL X 0.90 | -0.67 | 0.80 [-0.64| 045 | -091 | -0.61 | -0.67 [ -0.67 | -0.19 | -0.19 | 063 | -0.50 | -0.91 | 082 | -0.25 | -0.10 | 0.85 | -0.86 | -0.68 | -0.56
MPWI 0.81 X -0.54 | 0.83 |-0.53| 023 | -0.99 | -0.81 | -0.55 | -027 | -040 | -0.40 | 0.71 | -0.07 | -0.99 | 089 | -034 | 0.02 | 0.74 | -0.81 | -0.53 | -0.28
PI 044 | 029 X -0.66 | 0.96 | -094 | 063 | -0.06 | 1.00 | 057 | -040 | -041 | -0.73 | 046 | 085 | -0.77 | -039 | -0.02 | -095 | 092 | D98 | 0.70
Wp 0.63 | 0.69 0.44 X [-0.73| 045 | -0.88 | -0.53 | -0.70 | -036 | -040 | -0.37 | 092 | -0.17 | -0.92 | 057 | 0.17 | 031 | 0.81 | -0.87 | -0.66 | -0.35
SA 0.41 0.28 0.93 | 0.53 X |-088 ) 062 | 004 ) 097 | 052 | 034 | 036 | 077 | 041 | 089 | 069 | 049 | -0.12 | 093 | 051 | 098 | 0.70
sS0C 0.20 | 0.05 0.87 | 020 ) 0.78 X -0.34 | 037 | 093 | 062 | 0.59 | 0.60 | 055 | -0.58 | -0.64 | 0.57 | 0.57 | 001 | 081 | -0.73 | 092 | -0.74
Le 0.83 | 058 039 | 0.78 | 0.39 | 011 X 074 | 064 | 032 | 035 [ 035 | 079 | 011 | 099 | -0.86 | 023 | -0.07 | -0.80 [ 0.88 | 0.61 | 031
Re 0.37 | 0.66 0.00 | 028 | 0.00 | 0.14 | 055 X 004 | 006 | 075 | 077 | 034 | 023 | 053 | -0.83 | 0.68 | -0.01 | -022 | 033 | -0.06 | -017
Kr 045 | 030 0.99 | 049 | 0.54 | 0.86 | 042 | 0.00 X 057 | -035 ) -036 | -0.76 | 045 | 0.84 | -0.72 | 041 | -0.07 | 095 | 093 | 097 | 0.67
He 0.44 | 0.07 032 ) 013)027| 038 | 0.10 | 0.00 | 032 X -025 | -025 | -0.21 | 058 | 037 | -0.32 | -0.08 | 024 | -0.63 | 052 | 061 | 0.77
ACN 0.03 | 0.16 016 | 0.6 ) 0.11 | 035 | 012 | 0.57 | 0.12 | 0.06 X 1.00 | 023 | 036 | 037 | 0.09 | 038 | -030 | 0.16 | -005 | -043 | -0.51
AKN 0.04 | 0.16 017 | 013 ) 013|036 | 012 | 0.59 | 0.13 | 0.06 | 1.00 X -0.20 | 035 | -0.35 | 0.09 | 041 | -028 | 0.17 | -0.06 | -0.44 | -0.51
ALK 0.40 | 0.50 053 | 085 ) 059 | 031 | 0.62 | 0.11 | 0O.58 | 0.04 | 0.05 | 0.04 X -0.04 | -0.85 | 054 | 037 | 041 | 0.77 | -0.84 | -0.69 | 0.95
LOI 0.25 | 0.01 021 | 003 ) 016|033 | 001 | 0.05 ] 020 | 096 | 013 | 012 | 0.00 X 026 | -0.17 | -0.12 | 0.28 | 048 | 035 | 050 | 0.73
Imob 0.83 | 098 072 | 084 | 079 | 042 | 097 | 086 | 0.70 | 014 | 013 | 012 | 072 | 007 X -0.84 | -032 | -0.13 | -091 | 051 | 091 | 0.59
B 0.68 | 0.80 059 | 032 ) 048 | 033 | 073 | 0.68 | 052 | 0.10 | 0.01 | 0.01 | 029 | 0.03 | 071 X -0.61 | -0.21 | 079 | -0.79 | -0.78 | -0.49
VR 0.06 | 0.12 0.15 | 0.03 ) 024 | 032 | 0.05 | 047 | 017 | 001 | 014 | 017 | 014 | 001 | 0.10 | 037 X 042 | 0.19 | -0.15 | -0.40 | -0.20
CIA 0.01 0.00 0.00 | 0.10 ) 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 006 | 009 [ 0.08 | 017 | 008 | 0.02 | 0.04 | 0.IB X 0.00 | -0.07 | 0.00 | 031
R203 0.73 | 0.54 0.89 | 066 | 0.B6 | 066 | 0.65 | 0.05 | 0.90 | 040 | 003 | 0.03 | 059 | 024 | 083 | 062 | 0.04 | 0.00 X -098 | -095 | -0.72
8i02/R203 | 0.74 | 0.66 0.8 | 075 | 0.83 | 0.53 | 077 | 011 | 0.86 | 027 | 0.00 | 0.00 | 0.71 | 012 | 0.83 | 063 | 002 | 000 | 096 X 0.90 | 0.59
Si-Ti 0.46 | 0.28 096 | 044 | 0.9 | 0.84 | 037 | 0.00 | 094 | 037 | 018 | 019 | 047 | 025 | 082 | 061 | 016 | 0.00 | 050 | 082 X 0.78
Age 0.31 0.08 0.49 | 012 | 0.49 | 055 | 0.10 | 0.03 | 0.46 | 059 | 0.26 | 0.26 | 090 | 054 | 035 | 024 | 0.04 | 0.10 | 052 | 035 | 0.62 X

Table 7. Pearson’s correlation coefficient (r) and squared coefficient (1?) of the weathering indices for the Bregua granodiorite.
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evident in the figure 3 and table 3. Despite the low number of samples in relation
to the considered orientations of fagades, it is noteworthy the good correlation of
some ions with age in both rocks, such as Cl and SO,, as this could result from
salts typically found in the building environment (Arnold and Zehnder. 1989),
namely in coastal regions and in the urban environment (and uptake with time).

As expected, the calculated weathering indices showed different trends. There
is some overlapping of values between the two rock types and the only one that
shows a clear separation is the ALK index for which San Pedro presents lower
values (between 45.7 and 57.1) than the Bregua type (between 59.00 and 69.23).
Regarding the San Pedro leucogranite samples, it is observed a good correlation
(correlation coefficients > 0.90) for some indices (figure 4, tables 5 and 6),
especially because several of them consider some same elements. The observed
differences can be attributed to the variation in the concentration of some oxides.
For the Bregua granodiorite (tables 5 and 7. figure 5), absolute weathering
indices (/, , and Lc) show a good correlation with most relative weathering
indices as the Pearson’s correlation coefficient shows (it can achieve 0.99
between I and Lc). Thus, absolute indices seem to be more consistent and
considerable to assess weathering in such complex environment. The relative
indices based on the consideration of AL O, and/or LOI as reference parameter
(He, ACN, AKN, LOI, VR and CIA) show several low correlation values
in this rock type. This can be indicative of leaching of some elements in the
built environment (and not previously in the quarry). Moreover, the results
indicate that hydration effects related to weathering of minerals are negligible.

Regarding the possible correlation between weathering degree and exposure
time in the built environment, only some indices show a weak correlation (r=-
0.48 to +0.43) for the San Pedro leucogranite (/. ,. MWPI. Lc and SiO/R,O,
Index). In addition, the rate of variation of the indices observed in south fagades
seems to be lower than for other fagades, indicating a slower weathering rate and
leaching of some elements (figure 6). If we consider that south fagades are more
exposed to direct sunlight and dry environments (and water remains in the porous
systems of the rock surface and subsurface) than north fagades, this weaker trend
would indicate that south fagades could be affected to lower weathering rates.
Moreover, it must be remarked that the granite of this buildings comes at least
from two varieties of the rock with different weathering degrees. This certainly
affects to the obtained result and it can be observed by visual inspection of
the ashlars surfaces on the buildings that show very variable states of decay.

For the Bregua granodiorite, a very good positive correlation (correlation
coefficient of 0.90) is found for ALK (it considers K,O and NaO) and a
weak (more scattered) correlation for PI S4. SOC He. LOI RR. R,0, and
SiO/R,0, index. The correlation of some indices is also different if we
consider south and other fagades (figure 7), as occurs with the leucogranite.
Thus, this consideration must be taken into account for the discussion of
the results. It is remarkable that the number of samples considered for this
granodiorite is lower (n=13) than the number of samples used for the San
Pedro leucogranite (n=21). In this case, the use of an only rock type (an
only weathering degree observed in the quarry) is an important factor for
the final results that provide the weathering indices. From these, index that
consider K, Al and H,O seem to provide a weathering vs. age correlation.

6. Discussion
6.1. Variability of the chemical composition of samples

Although some substances are not typically considered to assess most
weathering indices, it is very interesting the apparent correlation between Cl
and SO; with age in the Bregua granodiorite samples (and weaker for CaO). For
the San Pedro leucogranite, a good correlation is observed for CaO and SO,
and weaker for Cl. This cannot be correlated with the distance to the seaside,
as can be observed in the table 1. In the case of the built environment, such
substances can be considered indicators of weathering effects, and thus should
be included in the weathering assessment, as they are due to uptake from the
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atmospheric environment (seaside air and air pollution in the case of Cl and
SO,, respectively) or other sources (joint mortars and capillarity rise for SO,).
In the case of building walls made with the San Pedro leucogranite it has been
observed that gypsum coatings are present sometimes due to the migration of
calcium from mortars (Sanjurjo-Sanchez et al., 2008; Sanjurjo-Sanchez et al.,
2009). Considering that the porosity of the weathered granite increases about
four times (with reference to the fresh granite), the uptake of calcium and
sulphate from joint mortars is possible through the porous system. Air pollution
in the area also supports the presence of sulphates (Sajurjo-Sanchez et al.,
2011). Thus, it is plausible that joint mortars are an important source of salts
and weathering, but difficult to assess by most weathering indices. It would
be considered that the Ca and S content must be considered in similar cases
(building stones in urban environments). The porosity of the Bregua granodiorite
is similar to the weathered leucogranite. Thus, these elements (Ca and S) could
also be used to assess the uptake of pollutants in granite rocks in buildings and
to assess the risk of damage due to salt growth, responsible for some typical
decay features in these kinds of stone and environments (Amoroso and Fassina,
1983; Sanjurjo-Sanchez et al., 2009; Sanjurjo-Sanchez and Alves, 2012b).

6.2. Variability of the Chemical Indices

The weathering indices calculated for a same rock type should reflect the
degree of weathering of every sample. Comparing the most common indices
in the studied samples, a good correlation (among them) is observed for
the most part (tables 6 and 7). However, an important scatter is observed.

For the San Pedro leucogranite, we cannot dismiss the leaching of some
elements due to in situ chemical weathering (as observed in the case of Si)
and two probable causes are considered for the scatter. The first one is related
to the previous weathering of the rock in the massif, as can be observed in
the quarry. As referred above this rock quarry shows two varieties regarding
weathering (fresh and weathered). Both varieties show slight differences in
some minor and major components (table 3, CSP-1 and CSP-2). This makes
difficult the identification of both types within the buildings. However, the
porosity observed in the studied samples implies that some of the sampled rock
ashlars probably come from the weathered variety of the quarry and some others
from the fresh variety (Sanjurjo-Sanchez and Alves, 2006; Sanjurjo-Sanchez
and Vidal Vazquez, 2013). Thus, differences would be more significant in the
weathering indices than in the oxides. This is due to the different starting point
of the weathering process when the rock ashlars are placed in the fagades. The
higher differences found in the relationship between weathering indices and
age for this rock type could be due to the rate of weathering not being high
enough to affect significantly the weathering state of the rock in comparison
with the quarry rock (either for an initial weathered or fresh variety). Moreover,
the samples taken from both Las Capuchinas Church (CAP) and from the oldest
part of the Colegiata de Santa Maria de Campo (CSM) are more scattered
than the others. This may be attributed to two reasons. On one hand, the two
different varieties found in the quarry and the different weathering progress, as
related above. This can be observed in the present state of conservation of Las
Capuchinas Church, with strong decay of most ashlars and as the building was
plastered with gypsum after construction as it has been demonstrated (Sanjurjo-
Sanchez et al., 2009). On the other hand, some samples have been taken from
facades of different orientation. While the samples taken from younger fagades
(one to five centuries) come from North fagades, the older samples come
from South (Las Capuchinas Church and some Colegiata de Santa Maria del
Campo samples) or East (only the CSM-13 sample) fagades and this is a typical
cause of different rates of decay (Sanjurjo-Sanchez and Alves, 2012a, 2012b).

The most important source of scatter for Bregua granodiorite samples are the
samples taken from the quarry (BRE-1) and from Casas de Paredes (P-08). In
the first case, the quarry front shows that the rock has suffered some weathering,
as can be observed in its pale red colour. The Casas de Paredes were built
some years after the other considered buildings, and thus some scatter can be
expected as the rock used was taken from other parts of the quarry, where some
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differences in the weathering processes could occur. Moreover, the weathering
of a fagade can also vary depending on its relation to the sources of air pollution.
In this sense, P-08 corresponds to a building located in a street which supports
intense car traffic (Sanjurjo-Sanchez et al., 2009, 2011b), being more exposed
to some pollutants (higher concentration of air pollutants) that cause decay
(Amoroso and Fassina, 1983; Sanjurjo Sanchez and Alves. 2012a, 2012b).
This is the most probable cause of the gypsum crusts observed in that building
(Sanjurjo-Sanchez et al., 2008), despite analysed sample P-08) does not show an
important uptake of Ca and S. However, another source of scatter is the different
orientation of fagades. The weathering degree seems to occur at different rates
depending on the orientation of fagades that is different in several studied
buildings (figures 2 and 3). Despite this, some of the used indices provided
good results (figure 4) and a good weathering vs. exposure age correlation,
due to the leaching of some elements (Al, K) and the increase of porosity
(H,O content). Thus, these elements must be considered to choose reliable
indices to assess weathering on building rock surfaces in urban environments.
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In buildings, the direct exposition to the sun of south fagades could result in
marked wetting/drying cycles (Wendler et al., 1990). Wetter conditions can cause
stronger dissolution and leaching of some mobile elements in the rock. However,
the concentration of some mobile elements, such as Ca, increase with exposition
time to weathering (Figure 2). The increase of CaO with exposition time could
be due to the dissolution of Ca from lime mortars (joint mortars) and uptake
within the rock ashlars’ porous system. This hypothesis is also supported by the
uptake of SO, observed on samples, as the lime of mortars easily gives origin
to the neoformation of gypsum under polluted air conditions in buildings of A
Corufia (Sanjurjo-Sanchez et al., 2009). Therefore, indices that do not consider
CaO as a mobile oxide would be independent from influence of dissolution of Ca
form mortars. Other mobile elements do not show this or any other clear trend.
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Figure 2. Plots of oxides content vs. exposition time in the built environment for San Pedro leucogranite. Key: Open circles (south fagades).

filled squares (other fagades). filled circles (quarry).



F10

Jorge Sanjurjo Sanchez, Carlos Alves and Juan Ramoén Vidal Romani

18 010
L]
17 - 308 -
. 0.08 - a
18 o
2 006 4
g g -
a | 2
g5 a =
< g . £ oo | |
iy B
14 4 0.02 - .
o
13 T T T T T T T T .00 T T T T T T T T
o 100 200 300 400 500 &0l 700 o 100 200 300 400 500 800 T00
Expaosition time in the building environment (yr}) Exposition time in the building environment {yr)
06 o 10 d I x
2.5 ,
= 084 [
0.4
05
— '] —
£ 034 ¢ & 8
(e} 3
a” ] 2 04
024
014 || 02 -
g [ ]
Q0 T T T T T T T T 0.0 +—= T T o T T T T
0 100 200 300 400 500 800 700 ) 10C 200 0 400 500 800 700
Exposition time in the building environment {yr) Exposition time in the building environment
Figure 3. Plots of oxides content vs. exposition time in the built environment for the Bregua granodiorite.
Key: Open circles (south fagades). filled squares (other fagades). filled circles (quarry).
4 084
n U |
34 . 083
-~ ]
o o
od o < [
- 3 o
5 2 o o0 - B 082+ =] "
S E
[a] o s Q o0 0
[a) @ .
1 . 0814 [s]
sl
v} o
s
0 T T T T T T T 080 T T T T T
2 3 4 5 & 7 B a 10 13 14 15 16 7 18 19
WFI s0C
0.00 25
. Cc d
o ] 25
-0.05 - o ] -
)
o
1.5 4
Q -
3 -0.10 . _ Q5 o]
N 1.0+ u
[
o] | ] e
0.75 o o o o 4
0.5 4 fe
- o
-0.20 T T T T T 0.0 T T T T -
85 20 @5 100 108 no ns 13 14 15 16 7 12 12
MWPI 500

Figure 4. Plots of selected weathering indices (indices that show similar trend) for the San Pedro leucogranite.
Key: Open circles (south fagades). filled squares (other fagades). filled circles (quarry).



Assessing the weathering of granitic stones on historical urban buildings by geochemical indices

Figure 6. Plots of weathering indices vs. exposition time in the built environment for the San Pedro leucogranite.
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Regarding again the scatter of indices, despite the considered questions it
seems that relative weathering indices using a high number of elements will
usually be more consistent than those that consider a few oxides (tables 6
and 7). Moreover, indices that consider the leaching of some elements (Si,
Al, K) or the water content (that can be directly correlated with the increase
of porosity) seem to be more consistent. Thus, it must be considered in future
studies that the use of weathering indices to assess weathering in buildings
constructed with granite rocks in urban environments should consider: (i)
any causes of the scatter observed in this study (fagade orientation, exposure
to direct air pollution, inherited weathering of rock in the quarry) previously
to sampling, (ii) indices that include alkaline elements (mainly, Ca, S and
Cl) will show the effects of pollution and interaction with building materials
that will cause some physical and chemical weathering processes (e.g. salt
weathering), and (iii) indices that include some elements (such as Si, Al and
K) seem to be generally more consistent in these complex environments.

7. Conclusions

The applicability of weathering indices to the weathering of rocks used as
building materials of historic buildings in urban environments has been assessed
considering two igneous rock types in buildings of a coastal region with a certain
amount of atmospheric pollution. Theoretically, the progress of weathering on
the stone surfaces can be assessed due to the leaching of some mobile elements.
However, this effect is not clearly observed in the studied granite rocks from the
considered urban environment in most elements. This is due to different factors
that cause scatter of results. In this case, previous rock weathering in the quarry,
the different orientation of fagades and the different exposure to pollutants are
proposed as the cause of such scatter. Also, at the considered timescale (from
one to seven centuries), weathering rates in south and other fagades seem to
be different. Thus, future studies should consider these questions before
sampling. If possible it is also recommended the use of a significant number of
samples, as the use of 13-21 samples in this case is not very conclusive due to

the referred scattering factors. In addition, the interference of some mobile ions
that migrate from other building materials, as occurs with Ca dissolved from
lime joint mortars, does not advise the use of weathering indices that consider
CaO for the assessment of weathering losses. Some other mobile oxides, such
as SO, or Cl, commonly related with other building materials, air pollution
or other environmental factors should be monitored and used to assess the
influence of such factors on the decay and weathering in the built environment.

Despite scattering, the use of weathering indices can be useful to assess
the degree of surface weathering of granitic rocks used as construction
materials in historical buildings of urban environments, as it has been
observed in one of the studied rocks. Moreover, indices that include
some elements (such as Si, Al and K) seem to be more consistent.
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