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Abstract
The “Porta Férrea” (Iron Gate) is the main access to the “Paço das Escolas” (University Palace) at the University of Coimbra, 
Portugal. It has undergone several adaptations and reconstructions from an original castle gate until the present portal that 
was built in 1634. The inscription of “University of Coimbra, Alta and Sofia” in the UNESCO Word Heritage list increased 
the interest in developing conservation works and to do the characterization of the limestone materials of the “Porta Férrea” 
portal. To support the conservation works, a research project was developed. The intervention plan, the sampling and testing 
performed and the conservation developed are presented. The rock material in the portal is the Ançã limestone, showing 
very high porosity around 30%, creating quite important degradation and conservation problems. The deterioration pattern, 
analyses performed, and the conservative works are presented. In this study it can be confirmed that Ançã limestone of “Porta 
Férrea” do not decay according a theoretical predictable pattern in response to polluted environments, as the defined for 
Portland limestone, assuming erosion rates and forms controlled by a range of micro-environment conditions particularly 
related with architectural constraints.
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Introduction

University of Coimbra is recognized as the oldest university 
of Portugal and belong to the small group of the 15 univer-
sities dating back to the thirteenth century in Europe. As 
the oldest Portuguese university, Coimbra has become an 
important cultural pole with strong influence on its students 
and people from different geographical areas in country 
and overseas. The oldest nucleus of the actual university 

campus is located in the set of the “Paço das Escolas” (Uni-
versity Palace) and corresponds to the former Royal Palace 
of Coimbra (University of Coimbra 2016).

The inscription of the “University of Coimbra, Alta and 
Sofia” in the UNESCO Word Heritage list in 2013 (Univer-
sity of Coimbra 2016) requires a continuous effort to pre-
serve and valuate the outstanding constructions and valuable 
architecture heritage, which illustrates significant periods 
of Portuguese history and of scientific progress. The “Porta 
Férrea” (Iron Gate) is the main access to the University Pal-
ace of Coimbra. It was built in 1634 to replace a castle gate 
and it has undergone several adaptations and reconstructions 
until the present portal.

In order to respond of the demands associated with the 
UNESCO classification, it was decided to realize some 
repairs in the “Porta Férrea”. To support the intervention 
process of conservation (project and works), a characteriza-
tion of the stone applied, properties and pathologies, was 
done. The similarity of the stone used in the sculptures of 
this construction, Ançã limestone, with the Portland lime-
stone used as an ICP material in the International Co-oper-
ative Programme on Effects on Materials including Historic 
and Cultural Monuments (Tidblad et al. 2012) allow us to 
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compare both stones in terms of degradation process and 
verify if the degradation processes referred for this ICP 
material are related with this stone and its localization in 
the portal.

Constructive historical framework

The Mozarabic architecture in Coimbra (Portugal) was 
enhanced after Almansor have reconquered the city in 987 
and marked decisively the monumentality of the Royal Pal-
ace, which would be the residence of successive Portuguese 
monarchs between the twelfth and the fifteenth centuries.

The transition from Royal Palace to University Palace 
was made through time. The main reforms started during 
the reign of King Manuel I (1495–1521) and lasted until the 
reign of King José I (1750–1777) by the administration of 
the Secretary of State of Internal Affairs, Marquis of Pom-
bal. During this transitions the constructions were adapted, 
new areas created for the new university occupations and the 
buildings gained different functions.

The present monumental architectural composition of 
“Paços das Escolas” (Fig. 1) show a grandiosity, that goes 

from the finesse of the portals carved stones, to the elegance 
of Via Latina stairway and colonnade.

The white Ançã limestone and the yellow Coimbra dolo-
mitic stone are characteristic of the historical buildings in 
the city, creating a quite rich heritage, from an architectonic 
and artistic point of view. The sculptors, stonemasons and 
carvers joined together to create an intersection of the nobil-
ity of the stone with the creativity and know-how.

The ancient fortification gate of the medieval fortress, 
the “Porta Férrea” portal, symbolize a very special way of 
accessing the courtyard of the oldest nucleus of the uni-
versity campus, named “Pátio da Universidade” (Schools 
Courtyard). The actual portal was built by the initiative 
of the Rector Don Álvaro da Costa between 1633 and 
1634. It is marked by Renaissance style with a manner-
ist influence and Flemish roots. The architect António 
Tavares was the author of this double portal, connecting 
the two fronts through a vaulted inner rectangular gal-
lery (Fig. 1), flanked by Corinthian columns, with niches 
(in the East portal the statue of King João III and in the 
West portal the statue of King Dinis), both crowned by 
curved pediment with an image of Wisdom, the insig-
nia of the University. In each portal symmetric niches 

Fig. 1   General plan of “Paço das Escolas” with pictures of “Porta Férrea” (Iron Gate): East portal, vaulted inner gallery, West portal and detail 
of the four statues
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present allegorical images with representations of the 
ancient colleges: Medicine and Laws on the East portal; 
Theology and Canons in the West portal. All sculptural 
groups are authored by Manuel de Sousa (Bonifácio et al. 
2006). The Ançã limestone was used to carve the sculp-
tural groups and all the decorative elements namely stat-
ues, columns, friezes and niches.

The Ançã limestone was exploited in a region close 
to Cantanhede in the surrounds of Coimbra, in Portu-
gal, and corresponds to a carbonated formation of Bajo-
cian–Bathonian (Middle Jurassic) (Trindade et al. 1998; 
Barbosa et al. 2008). It is almost composed by calcite, but 
the presence of silica in the form of quartz is also com-
mon (Ferreira Pinto and Delgado-Rodrigues 2008). It is 
a light-colored to yellow-white limestone, homogeneous 
fine-grained, bioclastic and calciclastic, showing oolitic 
tendency and containing very little spathized micritic 
cement (INETI 2017; Barbosa et al. 2008). In the portal, 
the stone presents a white color, sometimes with an ochre 
lime cover, that gives a yellow color tone to the facade.

The good workability of the Ançã limestone promoted 
its use in architecture and sculpture since ancient times, 
so it can be found in many monuments and important 
buildings all over Portugal. Due to its open porosity 
(20–27.2%), water absorption (10–14%), low mechani-
cal strength and frost resistance (INETI 2017; Trindade 
et al. 1998; Ferreira Pinto and Delgado-Rodrigues 2008; 
Costa and Delgado-Rodrigues 2012; Delgado-Rodrigues 
and Ferreira Pinto 2015), it is very susceptible to dete-
rioration by many degradation processes, including salt 
damage (Costa and Delgado-Rodrigues 2012).

For the structural elements of the “Porta Férrea”, was 
applied a different stone from the same region named 
Outil limestone, due to its higher compression break-
ing load, lower porosity and water absorption (INETI 
2017). The visibility of these stones is in small exten-
sion, because most of the portal is covered with decora-
tive elements.

After its construction, many repairs have been done, 
with particular incidence in the decades of 30 and 40 of 
the last century, with replacement of four columns and 
three decorative slabs, in the East portal. This fact is 
documented, but can also be observed in situ, due to the 
much higher degradation of the original decorative ele-
ments when compared with the quite low degradation of 
the parts repaired in the same portal.

The World Heritage classification of the University of 
Coimbra—Alta and Sofia, includes important procedures 
to protect the built heritage. The conservation and restora-
tion works of “Porta Férrea”, one of the priority jobs in 
the proposed interventions in the candidature, took place 
between November 2014 and April 2015.

Intervention plan

As refereed before, the “Porta Férrea” is an iconic symbol 
of the University of Coimbra. As part of an enormous her-
itage edifice, its maintenance is an important work, always 
needed. Besides the importance of the portal for the people 
from academia, it is also an important touristic attraction, 
so the physical integrity and the aspect of the portal is of 
great relevance. The main aspects of the intervention plan, 
authored by F. Marques (2013), as part of the University 
team responsible for the conservative works of the campus 
buildings, included:

•	 Preliminary conservation status report, complemented 
with information in formats such as graphic/photo-
graphic/architectural;

•	 Architectural photogrammetric survey based on ortho-
photography and the cartography of pathologies;

•	 Historical/architectural research;
•	 Tests and investigations during the intervention work;
•	 Conservation and restoration project to implement;
•	 Intervention works;
•	 Maintenance plan;
•	 Final report.

The historical and architectural studies were provided 
by specialists related to the archeology of architecture both 
before and while the work was in progress. Following the 
authorization from the heritage authorities, a set of proce-
dures was implemented, in order to minimize the impact 
and preserve the archeology in the site.

The planned intervention consisted of a soft clean-
ing (dry brush and aspiration; occasional soft brushing 
using deionized water), followed by the consolidation and 
protection of the materials. Previous conservative works 
done in University Palace, including the ones performed 
in the University Tower in 2010, allowed being aware of 
the needs for studies related with the degradation of rock 
materials, in order to understand the most suitable meth-
odologies of intervention.

The research work here presented was started with the 
need to assist the rehabilitation work, particularly in the 
item “Tests and investigations during the intervention 
work”.

Local atmospheric conditions

According the observed historical climatological values, 
in Coimbra from 1971 to 2000 (Table 1), the average tem-
perature ranges from 9.5 °C in January to 20.8 °C in July. 
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The rain is present in 138 days with a total of precipi-
tation of 957 mm, the air relative humidity (RH) ranges 
between 73 and 81% and the wind has preponderance from 
NW from March to October and S or SE in the four other 
months (IGUC 2016).

The conservation work was done in winter (Novem-
ber–April) and to control the atmospheric conditions, the 
air temperature and relative humidity in both portals were 
recorded (Fig. 2).

The temperature and relative humidity amplitudes in the 
West portal are higher than those observed in the East por-
tal, promoting successive cycles of wetting–drying favored 
by sun exposure and incidence of NW winds. The West 
portal generally presents a temperature peak 10–18 °C 
higher than the East portal. When compared with the 
normal climate those values are also higher. Considering 
the relative humidity during the period of the conserva-
tive works, the East portal showed higher values, 30–40% 
above the values in the West portal were the amplitude is 
higher, but with values close to the normal climate.

Table 1   Normal climate of 
Coimbra from 1971 to 2000 
(adapted from IGUC 2016)

Month Average T (°C) Average T 
max (°C)

Average t 
min (°C)

RH (%) Rainfall (mm) Wind

Jan 9.5 14.1 5.9 80 119.6 SE
Feb 10.7 15.7 7.0 78 114.2 SE
Mar 12.3 18.3 7.7 74 71.9 NW
Apr 13.4 19.2 8.9 75 88.6 NW
May 15.6 21.6 11.0 77 80.6 NW
Jun 18.8 25.5 13.8 75 42.6 NW
Jul 20.8 28.4 15.5 73 14.4 NW
Aug 20.7 28.7 15.4 73 16.5 NW
Sep 19.3 26.7 14.4 74 50.8 NW
Oct 16.2 22.0 12.0 78 104 NW/SE
Nov 12.7 17.4 9.0 80 113.3 S
Dec 10.7 14.7 7.4 81 139.8 SE
year 15.1 21.0 10.7 77 956.6

Fig. 2   Temperature (a) and 
relative humidity (b) values 
registered in East and West 
portals between November 2014 
and March 2015
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Deterioration patterns

According to the definitions of Illustrated Glossary on Stone 
Deterioration Patterns (ICOMOS-ISCS 2008), the deterio-
ration patterns observed in the limestone of “Porta Férrea” 
are alveolization, scaling, exfoliation, fissures, powdering, 
and chipping (Fig. 3). Flacking, black crust and material 
loss are also present but not in range to be mapped at this 
scale. The biological colonization in the form of mosses, 
algae and plants is observed mainly in the cornices, lintels 
and pedestals, indicating problems of joint degradation but 
also problems to drain rainwater in the upper portals areas. 
The joints mortar was also degraded, but are not the main 
subject of this study.

The asymmetries of stone degradation can be related to 
the different exposures to the atmospheric conditions (sun, 
rain and wind). As an example, the sculpture of the north-
east corner (4E—Medicine, East portal) present different 
pathologies when compared with the others located in the 
same portal (3E—Laws, East portal), but also with the ones 
located in the West portal (Fig. 1). The Medicine sculpture 
presents a homogeneous advanced degradation all over its 
surface, with powdering, alveolization and scaling (Fig. 4). 
In the remaining sculptures the degradation is in lower 
extension and intensity as can be observed in Fig. 3.

The differential degradation could be related with the par-
ticular atmospheric condition of the location of the statue. 

It is in a corner with poor ventilation and sun exposure that 
allow to maintain the moisture content due to rain and rela-
tive humidity in the stone. The intrinsic stone properties of 
the Medicine sculpture could also contribute to this differ-
ence, but it was not possible to confirm this assumption as 
no rock samples were possible to obtain from the sculptures.

The columns in the West portal show fissures, scaling 
and cavities, in a much more effective degradation when 
compared with the ones in the other portal, because they are 
original pieces, not replaced in earliest conservation works, 
as it happens in the East portal. However, if they were not 
substituted in the same occasion it can mean that, back then 
the degradation was not significant. In assumption, it can be 
said that the degradation process in both portals does not 
present the same rate.

Sampling methodology and tests

The selection of samples was based on two criteria: areas 
where the stone has not been replaced in previous resto-
rations with obvious degradation and areas that presented 
different types of degradation. Thus, on the East portal, 
samples were removed from the two sculptures and areas 
with detachments and, on the West portal, samples were 
extracted from the columns with evident disintegration and 
alveolar cavities.

Fig. 3   More significant pathologies of the stone identified in “Porta Férrea” and sample location (adapted from Marques 2013)
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Samples were collected by the conservation workers 
including: stone flakes, detaching parts from columns and 
dome; in surface weathering powder from sculpture 4E 
(Medicine, East portal) (Fig. 4) and yellow whitewash 
of sculpture 3E (Laws, East portal) summing 20 samples 
(Fig. 3). Additional 4 samples were collected to study the 
yellowish coloring in the East and West portals and to 
identify the pigments and binders. In order to evaluate the 
depth degradation of 4E sculpture, a small borehole with 
3 cm depth in a non-visible location was also carried out, 
seeking to identify the presence of crystalline salts within 
the sculpture. For each centimeter of drilling a sample was 
collected (sample EM—F1, F2, F3).

For a first assessment of the presence of salts and sul-
fates in the stone, the samples were analyzed under a 
stereographic microscope. After, their composition was 
analyzed using the powder X-ray diffraction (p-XRD) 
technique, to identify the presence of crystalline com-
pounds. In parallel, an elemental analysis was performed 
using the X-ray fluorescence (XRF) technique, in order to 
detect the presence of elements with atomic mass higher 
than sodium. This technique may indicate in some special 
cases, even non-crystalline substances. This is the case 
of heavy elements such as lead from atmospheric pollu-
tion. As a complement, some analyses were performed 
with micro-Raman spectroscopy, for the detection of com-
pounds, in particular the pigments that give the color on 
the surface of some samples and binders.

Open porosity (EN-1936) and water absorption (EN-
13755) were also determined in a few rock samples, as 
they are properties that can interfere with the application 

of consolidants, but can also give information about the 
stone characteristics.

In order to determine the better consolidant a few exper-
iments of small broken cannelure of columns were also 
made with Lafarge© Hydrated Lime and Nanorestore© 
consolidants (rate 1:1 and 1:2 with isopropyl alcohol), by 
brushing and immersion. Both consolidants were selected 
taking into account the compatibility of its active compo-
nents and the calcareous content of the stone (Oudbashi 
et al. 2008). Other consolidants have been tested and are 
referred in literature (Bracci et al. 2008; Pamplona et al. 
2008; Costa and Delgado-Rodrigues 2012; Delgado-Rod-
rigues and Ferreira Pinto 2015), but the decision of tech-
nical staff was to use one with a chemical composition 
that does not introduce contaminant substances. The sam-
ples obtained were analyzed using the scanning electron 
microscopy (SEM) technique. The strength resistance was 
not determined due to the small size and irregular shape 
of the samples tested.

The conductivity of the immersion water with cannelure 
fragments from a column of West portal was tested, in order 
to evaluate the salinity present in the samples. The fragments 
were immersed in demineralized water (with conductivity of 
3 µS/cm) and the variation of water conductivity with time 
was evaluated with a WTW Multi 340i equipment until sta-
bilized. The water temperature varied between 15 and 18 °C.

The analysis plan, relevant to the work was defined as:

•	 Whitewash and burnish (on stone or on plaster): identifi-
cation of pigments using X-ray diffraction (XRD) and/or 
X-ray fluorescence (XRF) and/or Raman spectroscopy; 

Fig. 4   Details of pathologies 
of Medicine statue (4E) on the 
East portal showing powdering 
and scaling
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determining the number and thickness of layers (under 
the stereographic microscope).

•	 Limestone weathering: identification of salts and oxides 
(XRD and/or XRF); measurement of porosity and water 
absorption.

The equipments used were XRD powder diffractometer 
Bruker D8 Advance in reflection mode with Bragg–Bren-
tano geometry and Cu k-alpha radiation; fluorescence X-ray 
analyzer by high-sensitivity energy dispersive Hitachi 
SEA6000VX HSfinder with X-ray tube with W target and 
Si multi-cathode detector; micro-Raman spectroscopy, using 
a Jobin–Yvon T64000 equipment with focal length 0.64 m, 
diffraction gratings with 1800 g/mm CCD detector with 
1024 × 256 pixels.

Results

The stereographic microscope observation reveals that 
several samples present powdery particles of salts on the 
surface (Fig. 5a–c). In the AbF1 sample, the crystals pre-
sent higher size then the others, probably due to its location 
in the vaulted inner gallery, where the environment condi-
tions are less exposed to the cycles of crystallization–dis-
solution. These bigger crystals can be correlated with the 
remains of trona (Na3(CO3)(HCO3)•2(H2O)) and gypsum 
(CaSO4·2H2O) detected by XRD (Fig. 6a).

Sample Am11 (Fig. 5b) shows a uniform distribution 
of white crystals when compared with sample C8. In the 
first case, the salt identified by XRD was halite (NaCl) 
and gypsum (CaSO4·2H2O) (Fig.  6b) and in the other 
one exists also a brown powdery crystals (Fig. 5c) corre-
sponding to weddellite (CaC2O4·2H2O) identified by XRD 
(Fig. 6c).

In the reverse of some stone samples that have been 
detached from the Medicine sculpture (sample 4E12 in 
Fig. 4), crust was observed due to the recrystallization of 
calcite and gypsum. Recrystallization was identified because 
of the presence of holes, due to the liberation of gases (CO2 
and H2O) associated with the chemical reaction of transfor-
mation of calcium oxide in calcium carbonate and also with 
the process of sulfation of calcium carbonate to give rise to 
gypsum (Figs. 5d, 6d).

The XRD patterns of different sample powders 
allowed to identify several salts and sulfates: weddellite 
(CaC2O4·2H2O), halite (NaCl) and gypsum (CaSO4·2H2O) 
(Fig. 6). The presence of trona is not very obvious (Fig. 6a), 
because it only matches two reflections in the diffractogram. 
The gypsum is the result of a sulfation processes associated 
with cycles of wetting/drying present in 8 of the 12 sam-
ples analyzed. Weddellite is a calcium oxalate which can 
occur by reaction between the rock and lichens (Wadsten 
and Moberg 1985; McAlister et al. 2000; Schiavon 2002; 
Giordani et al. 2003) or other chemical reactions (Cariati 
et al. 2000; Rusakov et al. 2017).

Fig. 5   Stereographic micro-
scope observation of several 
samples: a crystals of trona 
and gypsum in sample AbF1; b 
uniform distribution of salts in 
sample Am11; c brown crystal 
of weddellite in sample C8; d 
reverse of stone sample 4E12 
showing a crust with holes due 
to recrystallization
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The analysis obtained using the XRF equipment allows 
to identify other elements in small quantities. Some of these 
elements are lead (Pb), zinc (Zn), sulfur (S) and chlorine 
(Cl). The element lead is present in seven of the eight sam-
ples analyzed, with particular emphasis in the darker layers 
of the East portal sculptures (Fig. 7).

The presence of sulfur was also identified in many sam-
ples in dark areas, reaching high values. This element is 
directly related to the presence of gypsum (Graue et al. 
2012), already identified by X-ray diffraction. The pres-
ence of chlorine (Cl) was also registered in a great num-
ber of samples in XRF determinations, related with the salt 
contents.

The presence of potassium (K) in the stone samples is 
not unusual, but the quantity is, in some cases, higher than 
expected. This could be attributed to repairs made in the 
beginning of twentieth century, because at that time one of 
the techniques used to promote the resistance and durability 
of limestone was the superficial application of potassium 
silicate with a paint-brush in concentrations allowing the 
natural penetration (Segurado 1932).

The architectural and sculptural surface layers pre-
sent a pigmented lime in yellowish tones. It was detected 
by Raman spectroscopy calcite, ochre (iron oxide 
hydrate, α-FeO (OH)) and calcium oxalate monohydrate 

(CaC2O4·H2O). The pigmented lime could have been 
applied soon after the portal was built (1634), with the 
following layers being due to maintenance interventions 
or, later, when the degradation of some surfaces of Ançã 
limestone took place. Although there was the expectation 
of finding organic binders with micro-Raman spectros-
copy, it was not possible to confirm this fact.

Due to the huge powdering degradation observed at the 
surface of the statue Medicine (4E—East portal), we admit 
the hypothesis of the presence of salts, namely halite. How-
ever, the XRD analyses of samples EM-F1, F2, F3 only pre-
sent calcite and quartz.

In spite of the absence of identified halite in the samples 
of the outer parts of the portals, the conductivity of can-
nelure fragments from detachments of a column of West 
portal was tested in order to evaluate the presence of salts. 
The concentration was obtained after the correction of the 
conductivity for the reference temperature of 25 °C (Hayashi 
2004), and assuming the coefficient of 0.5 for the conver-
sion of conductivity to concentration for sodium chloride 
(Foxboro 1999).

The cycle of immersion was also realized with a sample 
of a similar stone from the portal but not exposed to the exte-
rior conditions, designated as reference limestone. In this 
experiment, the concentration obtained was 0.7% of salts.

Fig. 6   XRD patterns of samples a AbF1, b Am11, c C8 and d 4E12 (C calcite, Q quartz, G gypsum, H halite, W weddellite, T trona)
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The result obtained in the first cycle of the cannelure frag-
ment (Fig. 8) reveals a content of salts in the sample, close 
to 5.2%. Assuming the value of 0.7% as the natural con-
tent of soluble salts in the reference stone, remaining 4.5% 

corresponds to the additional concentration of salts, due to 
environmental contamination.

To verify that removal of the salt content into the water 
had been effective, a second immersion of the sample was 

Fig. 7   XRF spectra of a sample 
from a sculpture 3E in East 
portal, at high (top) and low 
(bottom) X-ray energy

Fig. 8   Comparison between the 
water conductivity values in 
the 1st and 2nd immersion of a 
cannelure sample and with the 
reference limestone sample
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performed. According to the results, the conductivity of the 
water in the second immersion is much lower than the first 
immersion, lower than the result obtained in the reference 
limestone. With this experiment, the existence of salts in 
samples in lower content was evident and hence was not 
detected in XRD diffraction.

The results of open porosity and water absorption of a 
cannelure sample and a reference limestone sample show 
mean values of 29.7% and 11.9%, respectively. The mean 
value for the bulk density was 1983 kg/m3. These values 
are consistent with those of Ançã stone determined by other 
authors (Ferreira Pinto and Delgado-Rodrigues 2012; Del-
gado-Rodrigues and Ferreira Pinto 2015), but higher than 
other limestones including Portland limestone (Fitzner et al. 
2002; Yates 2007; Hughes et al. 2013; Wilhelm 2016).

A sample of material that filled cavities in the columns of 
the West portal (sample C23 in Fig. 3) was also analyzed in 
order to recognize if that material was a result of the stone 
degradation. The diffraction pattern showed only the pres-
ence of quartz in abundant quantity and calcite. A more care-
ful analysis of the sample has revealed quartz particles with 
size of very fine sand. It is possible that this material cor-
responds to an anthropogenic replacement, using fine white 
quartz sand associated with lime or stone dust, possibly to 
fill cavities on the rock block used to carve the column or 
due to later degradations. These replacements could also 
be related with repairs and conservation works made in the 
last century.

The experiments made with consolidants reveal that the 
Lafarge© Hydraulic Lime can penetrate easier in small holes 
(Fig. 9a), than Nanorestore© consolidant in a rate 1:1, but 
both can achieve a uniform aspect when are applied by 
brushing. However, the immersion in Nanorestore© con-
solidant presents a different kind of crystallization with the 
formation of elongated particles (2.2 × 0.35 µm) creating a 
coating surface (Fig. 9b).

Conservative intervention

The conservation and restoration work that was necessary 
to be done was adapted to the stage of degradation of each 
piece. In areas less degraded as the pavement in the inner 
gallery, pilasters, friezes and capitals in the interiors, the 
conservation works were less demanding. Some pieces 
originally in stones but already substituted by plaster, also 
present significant missing parts in friezes and capitals, 
were replaced when necessary.

The cleaning standardization was a quite important issue 
considering the portal yellowish details due to patina, as it 
was necessary to maintain the chromatic balance between 
cleaned and patina surfaces, in order to have a correct lecture 
of the portal. A final chromatic correction using lime water 

with ochre was applied in the areas affected by biologi-
cal colonization, when the limestone presents white color. 
Along with the cleaning process, the closure of joints, cracks 
and fractures were common during all intervention. The dis-
integrated joint mortars were replaced and all the previous 
unwanted replacements in Portland cement were removed. 
The local corrections and reinforcements were made with 
fine sand plaster.

The biological colonization was not significant but plants, 
algae, mosses and lichens were removed using brushes or 
cutting tools. The decorative elements were in quite good 
conditions, except the one in the northeast side of East por-
tal, Medicine. Cleaning and consolidation was the devel-
oped works in all the elements. Lafarge© Hydraulic Lime 
was applied in the restoration actions to fill gaps by paint 
brush and the Nanostore© consolidant, which was easier to 
injections, was used for detachment situations (Costa and 
Delgado-Rodrigues 2012; Allanbrook and Wilson 2012; 
Zornoza-Indart et al. 2012). The responsible team decided 
not proceeded with desalination, due to the low content and 
the difficulties of the operation.

Discussion

The degradation of stone in urban areas is generally corre-
lated to the air taking into account the dose–response func-
tions (DRF). In the case of stones, DRF is only established 
for Portland limestone in a study realized all over the world 
from 1987 to 2009 (Tidblad et al. 2012). The DRF is defined 
as function of the concentration of sulfur dioxide, nitrogen 
oxide, hydrogen, ozone, PM10, rain, and relative humidity. 
As a remark, the authors observe that the last results com-
pared to the first exposure, are obviously lower, but there 
is significant year-to-year variation and there is no obvious 
decrease since 1998.

Pio et al. (1998) refer Coimbra as a region of low indus-
trialization, where the sheltered specimens of Portland lime-
stone used in tests increase in weight, while the unsheltered 
tablets lose weight, both in small amounts.

It is known that the concentration of pollutants in the city 
of Coimbra have decreased during the last decade and this 
can be seen in the pH of rain water: through 1978–1980 the 
value turns around 5.3–5.8 (Branco and Formosinho 1983) 
but from 2011 to 2014 the average value fits 6.85–6.86 (Sil-
veira et al. 2016). Data of governmental institute available 
on-line (http://quala​r.apamb​iente​.pt/) with measures of the 
principal contaminants of air also can demonstrate that, with 
no exceedances after 2011, following the global decrease of 
contaminants since the last decade of the twentieth century 
(Doehne and Price 2010; Urosevic et al. 2012).

In the XRF results obtained with the samples analyzed 
(Fig. 7), it was observed elements such as lead, zinc, and 

http://qualar.apambiente.pt/
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sulfur, elements that are not present in fresh stone. Those 
elements are present in the air as a contamination from com-
bustion of fuels (Graue et al. 2013). At present fuels do not 
contain lead, but until the 90 years of last century it was an 
important additive in gasoline. It is also important to men-
tion that until 2001 cars were allowed to enter in University 
Courtyard through the “Porta Férrea”, and intense traffic 
was present around. The zinc seems to be associated with 

the presence of lead, and can also be present in the chemical 
composition of lubricating oil of hydraulic motors and sys-
tems. It is expectable that future conservative works prove 
the absence of this kind of contaminants in the stone.

The characteristics of the Ançã limestone and the Port-
land limestone are similar in terms of water absorption, 
porosity, mineralogical and chemical composition, despite 
the different location and age. Portland limestone is an 

Fig. 9   SEM images of experiments made with consolidants a Lafarge© Hydraulic Lime applied by brushing, b Nanorestore© consolidant 
applied by immersion
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oolitic limestone with a fine-grained texture and an inter-
granular porosity of about 22–23% and is quarried on the 
isle of Portland in Dorset, England (Yates 2007; Hughes 
et al. 2013; Wilhelm et al. 2016). Under that point of view 
the correlation between them is possible. The response of 
Portland limestone to the detrimental effect of air pollu-
tion and meteorological factors is expressed by the DRF as 
surface recession. No DRF could be derived for the soiling 
of Portland limestone because the data revealed too much 
scatter (Watt et al. 2008). The average of surface recession 
observed in the last campaigns varies between 6 and 11 µm 
per year (Tidblad et al. 2012).

However, regarding the degradation pattern of the decora-
tive elements in “Porta Férrea” (Fig. 3) it can be observed 
that recession surface and soiling are not important dete-
riorations. On this topic and focus in the four statues, they 
also present different behaviors. Particularly, the Medicine 
and Laws in the East portal, present a very different degree 
of deterioration, despite they are in a similar architectoni-
cal condition and at a distance of 5.5 m. Medicine statue 
showed a high level of surface disintegration, mainly pow-
dering, scaling and alveolization. Intrinsic (stone-related 
properties) and extrinsic (environmental related variables 
such as exposure and micro-climatic conditions, pollution, 
etc.) factors can contribute to this difference (Pio et al. 1998) 
but assuming that the raw material was quarried in the same 
exploitation, at the same time, and the atmospheric condition 
are also identical, it is difficult to understand these process 
unless it is related with extrinsic factors.

Taking into account the NE location of the statue in the 
East portal (Fig. 1) and the predominant direction of the 
wind from NW (Table 1), it can be confirmed that the place 
corresponds to a corner where the wind have small impor-
tance in the drying effect of moisture content. Furthermore, 
when the small borehole was done in this statue for remove 
samples to identify salts, it was noticed that surface was 
dry despite the winter time, but at a 3 cm deep the stone 
was pasty with a great quantity of water. The problem was 
defined in a different condition as time of “wetness” (Smith 
et al. 2011) in response to the wet/drying cycles and related 
with the biological colonization. In our case, the biological 
colonization is not present but the presence of water in deep 
with a long residence time allow to a powdering disintegra-
tion favored by high porosity (29%) and water absorption 
(12%) of the Ançã limestone. The freeze–thaw cycles do 
not represent a problem in this case (De Kock et al. 2012) 
since the average temperatures in the city do not often reach 
negative values (Table 1). Due to the absence of wind this 
powder remains on the surface.

In this study, it can be confirmed that limestone of “Porta 
Férrea” do not decay according a theoretical predictable pat-
tern in response to polluted environments, as the defined 
for Portland limestone, assuming erosion rates and forms 

controlled by a range of micro-environment conditions 
(Smith et al. 2010) particularly related with architectural 
constraints.

Conclusions

Based on the research performed and on the works accom-
plished, a few main considerations can be pointed out:

•	 The East portal is less exposed to temperature varia-
tions, promoting the retention of both rainwater and air 
moisture, that combined with the high porosity and high 
water absorption of the Ançã limestone inducing mainly 
degradation by dissolution incremented by environmental 
contamination;

•	 The yellow pigments match with ochre (α-FeO (OH)), 
which is consistent with the results obtained by XRD, 
XRF and micro-Raman spectroscopy;

•	 No organic substances could be identified by the Raman 
spectroscopy;

•	 Lead was identified particularly in the East portal, associ-
ated with sulfur and zinc, due to atmospheric contamina-
tion;

•	 The presence of crystalline salts particularly halite is 
related with the atmospheric conditions because in 
reserved environment it is present but when exposed to 
higher moisture content it is present in a soluble form, 
detected only by the conductivity of the water and the 
presence of the chlorine element. If this work was devel-
oped in the summer, probably the results could be differ-
ent;

•	 Erosion rates and deterioration patterns are controlled by 
a range of micro-environments conditions particularly 
related with architectural constraints.

The results allowed a more comprehensive and wise 
intervention, seeking to preserve a monument that is part of 
the UNESCO Word Heritage and a quite strong icon of the 
University of Coimbra.
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