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Abstract: The presented study illustrates the characterisation of several artificial materials (bedding,
joint mortars, and plasters) belonging to the masonries of the UNESCO site of Panama Viejo, located
in Panama City (Panama). This monumental site represents the first Spanish settlement on the Pacific
Coast, founded 500 years ago, in 1519. Through mineralogical and petrographic analyses of the
collected samples, as stereomicroscope and polarized light microscopy (PLM) observations of bulk
and thin sections, respectively, environmental scanning electron microscopy and micro-chemical
investigations (ESEM-EDX) and X-Ray Powder diffraction (XRPD) analysis, it was possible to identify
the composition of the materials utilized for the production of mortars and plasters, in addition to
the determination of their state of conservation. Therefore, this work represents a substantial step
for the preservation of the Panama Viejo site, in order to support the selection of the most suitable
restoration products, such as consolidants, protectives, etc., but also for choosing the most compatible
materials for possible replacements/integrations in the masonries.

Keywords: mortars; plasters; central America heritage; Spanish colonial architecture; world heritage

1. Introduction

Panama Viejo (or Old Panama) is part of the World Heritage property named the “Ar-
chaeological Site of Panama Viejo and Historic District of Panama”. These two component
parts are located at opposite areas of Panama City, in the Republic of Panama. The first
one, subject of this study, also known as the “Panama Viejo Historical Monument Com-
plex'”, arises on a prosperous territory, where archaeological studies revealed that the first
human’s settlements date back to more than a thousand years ago. During the XVI century,
the Panamanian isthmus became a crucial crossroad for commercial routes between the
“New World” and the “Old World”. Consequently, Panama Viejo was founded in 1519, and
it is the oldest European settlement on the Pacific coast of the Americas. Abandoned in the
mid-17th century, during its existence, it was affected by fire and an earthquake, and it was
definitely destroyed during a pirate attack in 1671. After this, several materials belonging
to the buildings of Panama Viejo were used to construct a new settlement closer to the
Ancoén Hill, the currently named “Casco Antiguo”, or the “Historic District of Panama” [1].

Nevertheless, the remains and the original layout of this exceptional historical site
arevisible to date. Its current location and plan are reported in Figure 1.
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Figure 1. Ensembled image showing the geographical location of the archaeological site of Panama
Viejo (source of aerial photo: Bing maps; source of floor plan sketches: UNESCO official web-
site archive).

Natural stone started to be used in masonry construction towards the end of the XVI
century, and it was utilized only for government buildings, churches, convents, and in the
finest houses.

According to Mena Garcia [2] all the available documentation on the Panamanian
buildings, from the 16th century until the end of the colonial era, underlined the existence
of three types of construction: entirely built in wood; entirely built in stonework; and
another one, a mixed type, with the first floor in stone and the upper floor in wood.

Regarding the stonework, the raw materials utilized come from the region, which is
described as abundant of these materials, and their quality was also appreciated by the
neighboring regions, such as the Virreinato of Peru, where the Panamanian stones were
exported during the XVII century [2]. In addition, according to a research work performed
by Arroyo [3], the historical documents/records contemporary to the construction phases
did not mention the purchase of stones for the masonries. This strengthens the hypothesis of
using local stones, also supported by a letter addressed to the Spanish King from Bartolomé
Morquecho, dated 1608, where it was reported that there was a stone of good quality and
low cost in the outskirts of the town: “piedra la hay en los arrabales de esta ciudad muy buena y
a poca costa”.

Observing the geology of the area, the outcropping formations are both of sedimentary
and volcanic origin, respectively formed by marine facies (siltstones, algal and foraminifera
limestones, alluvium or fill sediments) and volcanic facies (agglomerates, generally an-
desitic in fine-grained tuffs and streamed deposited conglomerates) [4].

The masonries still visible nowadays belong to the stonework and mixed typologies
among the building types aforementioned, the majority of which were built or re-built after
a disastrous earthquake occurred in 1621.

Over recent years, Panama Viejo has been completely embedded in Panama City.
In particular, during the 60 years between 1950 and 2012, the archaeological site was
crossed by Via Cincuentenario, a traffic-congested street, which was successively moved
and nowadays runs along the northern side of the site [2,5-8].

Finally, in order to complete the analysis of the environmental context of Panama Viejo
site, we need to take into account the Panamanian climate. According to the update of the
Koppen—-Geiger climate classification, performed by Kottek et al. [9], the area of Panama
Viejo is considered: fully humid equatorial rainforest (Af) and equatorial monsoon (Am).
In addition, according to the Panamanian geographer and historian Alberto McKay [10],
the climate of this area is also defined as a tropical climate with a prolonged dry season,
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characterized by quite high yearly temperature (average values 27-28 °C) and two seasons:
the dry (from January to March) and the rainy season (April-December, approximately),
with annual values of precipitation around 2500 mm.

The aim of this work is to characterize the composition and to evaluate the state of
conservation of the mortars of the sites’ masonries, which are exposed to a warm and
humid climate and embedded in a rather congested metropolis. Further, we address the
integration of the studies previously conducted by the authors at the Panama Viejo Complex
on the characterization of stone building materials and the evaluation of impacts due to
climate change [11,12]. Indeed, the analysis performed by Ciantelli et al. [11], utilizing
damage functions validated for natural stones, showed that the Panama Viejo area is likely
to undergo, in the near and far future, an increment of surface recession of carbonate rocks
and of biomass accumulation on the volcanic ones. Both phenomena depend mainly on the
rain amount, a factor that can affect also the mortars of the site, since heavy rains drive a
considerable amount of moisture within the masonries.

2. Materials and Methods
2.1. Sampling Campaign

Samples of mortars have been collected from seven buildings/monuments and from
archaeological excavations during a sampling campaign performed in July and August
2014 (except for 5 samples belonging to previous campaigns, as specified in Table 1). The
photos and plans reported in Figure 2 display the location of the investigated buildings
and related sampling points.
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Figure 2. Map of Panama Viejo Historical Monument Complex (modified from Google Maps) show-
ing the monuments sampled and the corresponding plans, with specimen locations and some pictures
of the referred monuments. Plans are courtesy of the Patronato de Panama Viejo. Legend: Fortin de
la Natividad (FN); Convento de la Merced (CM); Convento de San Francisco (FC); Compaiiia de Jestis
(JM); Aljibe del Convento de la Concepcion (CC); Casas Reales (CR); Torre de la cathedral (TC).

In particular, the sites selected are described as follows [11,13,14]. Samples’ labels,
according to the site of collection, are indicated within brackets:
e  Fortin de la Natividad (PV FN): the fort, built during the XVII century, arises in the
eastern side of the archaeological site. Nowadays, it is located in proximity to the new
Via Cincuentenario and just in front of a gas station.
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e Convento de la Merced (PV CM): built during the XVII century. Both specimens were
sampled from a buttress, originally located at the North corner of the Convent and
removed in April 2013, in order to allow the passage of the new Via Cincuentenario.

e  Convento de San Francisco (PV FC): the convent is located in the eastern side of the
archaeological site, close to the new Via Cincuentenario.

e Compaiia de Jesus (PV JM): located close to the Plaza Mayor, it was founded in
1578 and built out of wood. From the beginning of the 17th century, the convent
was converted in stone masonries and pre-made structures, where the use of clay is
mentioned for the production of joint mortar. The remains visible today correspond to
the church and the main cloisters, dating from the period after the 1621 earthquake.

e  Aljibe del Convento de la Concepcion (PV CC): the cistern of the Convento de la
Concepcion is located on one side of the church, in the center of the land occupied by
the convent, where the patio was probably located. It can be deduced that its capacity
was 124,000 L. It is known that, in 1604, there was a well of 10 feet or approximately
2.70 m of depth, but the exact date of construction of the well is not known, probably
after 1640. Furthermore, in the past, it has been buried, as shown in an image of the
beginning of the 1900s, showing the presence of soil and vascular plants within the
cistern [15].

o  Casas Reales (PV CR): these structures were the most important architectural complex
in the town, representing the highest position in the public hierarchy. Its location was
the most salubrious because it was erected on bare rock foundations. With a dominant
position on the town and the sea, these buildings were built in order to realize a fortress
with sufficient capacity to store goods and treasures. Seriously damaged during the
1621 earthquake, the complex was subjected to constant remodeling during the XVII
and XVIII centuries. After the abandonment of the town, their walls underwent tidal
wave erosion.

o Torre de la cathedral (PV TC): the tower was built, as we currently know, in stone
masonry between 1619 and 1626, after several wooden structures. In particular, the
tower (used as a belfry and watchtower) was much more solidly built than the rest of
the building. From the tower of the cathedral, joint mortar samples were taken at the
first level, since the other three levels underwent interventions between 2001 and 2006,
and now, they are covered by a protective layer of lime mortar.

e  Excavaciones arqueologicas (PV AE): in conjunction with the Department of Archeol-
ogy, 3 samples of mortars were chosen, which were collected during the archaeological
excavations carried out in recent years.

Detailed descriptions of each sample and sampling or macro image are reported in
Table 1.

2.2. Performed Analysis

With the purpose of characterizing the composition and the state of conservation of the
mortars, the following analyses were carried out. First, the petrographic and mineralogical
features of the mortars were studied by observation of thin sections through Polarized Light
Microscopy (PLM) in transmitted light, utilizing an Olympus BX 51 microscope, equipped
with PixeLINK PL-A642-STA scanner and the Alexasoft software “X-Series” vers. 9.01.08.
for acquiring, archiving, analyzing, and processing images with interactive measurement
functions. Thin sections were prepared by impregnating the specimens under vacuum with
a resin and then cutting and polishing the samples to obtain thin sections of 25-30 um thick.
The petrographic analysis has been focused on the determination of the compositional
characteristics and texture of both aggregate and binder (e.g., mineralogy, size distribution
and shape of grains and pores).
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Table 1. Description of the sampling of the 21 specimens, of the macro observation and the state of conservation, using the ICOMOS-ISCS’ terminology for
deterioration patterns [16]; macro images of each sample are reported.

. Sample . . o . Macro Observations/ . .
Site Code Type Sampling Location and Description State of Conservation Sampling/Macro Picture
Fortin PV EN 3M Bedding/ Sampled from the South wall (3.45 m distant form East ;?(i(rel:ngalies}i:ibelacfoisa%eld glflgli
de la Natividad Joint mortar wall), 70 em of height above the natural ground level. a’ side, probably
biological colonization.
PVCM 1 Joint mortar Collected from a buttress before its dismantlement. Greenish biological colonization
Height ~ 1 m above natural ground level. present on the external surface
Convento
de la Merced
Joint mortar/ Collected from a buttress before its dismantlement. Dark grey—black aspect of the
PVCM2 o . external side, probably due to
repointing mortar Height ~ 3 m above natural ground level. S L
biological colonization.
Joint mortar,/ Collected from the external wall of the Church Greyish aspect of the external side,
PVFC1 o (perpendicular to the previous via Cincuentenario), probably due to biological
repointing mortar . .
probably from a side chapel. colonization.
Sampled towards the interior part of the west wall
(perpendicular to the previous via Cincuentenario) at During the sampling, the mortar
PV FC2 Joint mortar 3.04 m of height above the natural ground level. appeared highly deteriorated,
Convento de Probably, it was part of the cloister and the wall showing powdering.
San Francisco sampled could the most ancient one.
Sampled from an internal wall of the convent, which The joint shows material loss. No
PVFC3 Joint mortar probably divided the church from the cloister. Height significant superficial alteration
1.32 m above the natural ground level. was observed.
Beddine / Collected from a corner of the South wall. Height 1.20 Dark grey-black aspect of the
PV EC 10M ¢ & m above the natural ground level and distant 10 m from external side, probably due to

repointing mortar

the new via Cincuentenario.

biological colonization.
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Table 1. Cont.
. Sample . . .. Macro Observations/ . .
Site Code Type Sampling Location and Description State of Conservation Sampling/Macro Picture
Collected from the south-east corner of the convent The ioint shows material loss. No
. church, located towards the external part or towards . ]. . .. “.
PVIM1 Joint mortar . . significant superficial alteration
the street of the Empedrada. Height of sampling 1.30 m was observed
above the natural ground level. ’
Sampled during a previous study in 1999. Possibly, it ;%};;mplfaz\;:rs if;crj)iifhis
Compaiifa de Jestis PVIM2 Plaster was located on the altar and the height of sampling is lavers NE(;) I; nificant slfl erfic%al
P assumed to be at a level no higher than 1.80 m. yers. 518 P
alteration was observed
External west wall of the convent, which corresponds to The joint shows material loss. No
PV M3 Joint mortars the inner wall of the altar. The height above natural significant superficial alteration
ground level was 3.06 m. was observed.
Sampled in proximity of a
Sampled from the south wall of the inner part of the detachement of the plaster. The
PVCC1 Plaster cistern, next to the central arcade at 50 cm above external surface shows a dark
ground level grey-black probably due to
biological colonization.
Aljibe del Convento PV CC2 Joint mortar Collected from the external part of the north wall of the gzl;filZ?l?‘;’;;egcfl;igﬁitg{;ndir;i ;1
de la Concepcion cistern, 1.40 m above the level of natural ground. biological colonization.
The specimen was described as a
grayish mortar of lime and sand
PVCC3 Mortar from pavement Collected from the cistern during the archaeological with small stones and some shells,

excavations of 2013.

heterogenous, with a thickness of
approx. 11 em. [17]. No significant
superficial alteration was observed.




652

Heritage 2022, 5
Table 1. Cont.
. Sample . . e Macro Observations/ . .
Site Code Type Sampling Location and Description State of Conservation Sampling/Macro Picture
. Collected on the east wall, facing the beach. Height of Mortar showing alveolization and a
PVCR1 Joint mortar . grey-black aspect probably due to
sampling 95 cm above natural ground level. By .
biological colonization.
Sampled in proximity of a
Collected from the interior part of the west wall at an detachement of the plaster which
Casas Reales PVCR2 Plaster approximate height of 1.20 m above the level of natural showed also thin cracks. Dark
ground. grey-black aspect probably due to
biological colonization.
Sampled on the east wall, which faces the beach.
PVCR3 Joint mortar Height of sampling 3.17 m above the level of the Dark grey—l')laclf aspect, p rqbably
due to biological colonization.
natural ground.
PVTC 1 Joint mortar South wall of the tower at a height of 1 m above the Dark grey—"blaclf aspect, Prgbably
level of natural ground. due to biological colonization.
Torre de la
Cathedral

. Partial differential erosion observed.
PVTC2 Joint mortar Collected from the west wall of the tower at a height of No significant superficial alteration

3.05 m above the level of natural ground.

was observed.
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Table 1. Cont.
. Sample . . e Macro Observations/ . .
Site Code Type Sampling Location and Description State of Conservation Sampling/Macro Picture

Collected from a wall disassembled in March 2012, No information regarding the state
PV AE1 Plaster during the project via Cincuentenario (2012-2013), of conservation of the plaster

Section 5 of Casal Norte, coordinate micro 825N-1020E.  during the sampling was reported.

. . . PV AE2
. No information regarding the state [ |

Excavacio.nes PV AE2 Mortar from pavement Eolllectf}fl rllearlthfe::l?lr; Slqurzrjl’lzt ?nlgﬁloigfzooi? of conservation of the mortar

arqueologicas clow the levelof natural g ’ ' during the sampling was reported.

Collected from a pavement found in the Puente del Rey =~ No information regarding the state
PV AE 3 Mortar from pavement (October 2012), at a depth of 40 cm below the level of of conservation of the mortar

natural ground.

during the sampling was reported.
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Along with this investigation, specific samples were selected according to their repre-
sentativeness and an adequate material amount for performing X-Ray Powder Diffraction
analysis (XRPD) in order to identify the mineralogical composition of the samples. A
Philips PW 1050/37 diffractometer was utilized with a Panalytical X'Pert PRO and High
Score software data acquisition and interpretation system, operating at 40 kV-20 mA, with
a Cu anode, a graphite monochromator, and with 2°/min goniometry speed in a scanning
range between 5-70° 26; the slits were 1-01-1, and the detection limit was 4%. For this
technique, a partial separation of the coarse aggregate fraction was performed by soft
mechanical grinding and manual removal by tweezers.

For confirming and detecting in detail the elemental composition of specific areas
already highlighted by PLM observations, Environmental Scanning Electron Microscopy
and microchemical investigations (ESEM-EDS) were carried out on uncovered thin sections.
An EVO LS10 Zeiss Scanning Electron Microscope coupled to a QUANTAX XFlash 6130
Energy Dispersive Spectrometer (Bruker Microanalysis). The software employed for data
acquisition and treatment was Bruker ESPRIT 1.9.

3. Results and Discussion

The following section illustrates the microscopical observations by PLM and ESEM-
EDS techniques for the characterization of the materials (Section 3.1) and for the evaluation
of their state of conservation (Section 3.2) [18,19]. The final sub-paragraph (Section 3.3)
describes the XRPD results, which confirm and enhance the outcomes of the previous
observations [20,21].

3.1. PLM and ESEM-EDS Characterization of Materials

The majority of samples were formed by bedding and joint mortars (Section 3.1.1),
except for seven samples. A plaster, PV CR 2, and two masonry mortars showing traces of a
finishing layer on the external surface, PV JM 2 and PV AE 1, are investigated and described
in Section 3.1.2. Furthermore, two samples belonging to the pavements from previous
archaeological excavations, PV AE 2 and PV AE 3, were analyzed (Section 3.1.3). Finally,
two samples were collected from the internal part of the aljibe (cistern) of the Convento de la
Concepcion, specifically from the masonries (PV CC 1) and from the pavement (PV CC 3)
(Section 3.1.4).

3.1.1. Bedding and Joint Mortars

Considering the bedding and joint mortars collected from the masonries, the binder/
aggregate ratio is variable; thus, from PLM observations, it is possible to highlight both
fat and lean mortars [22]. In addition, two samples, PV TC 1 and PV JM 1, showed scarce
and almost absent aggregate; however, they presented lumps as remnants of burnt stones
(from the process for obtaining lime) and the remains of fossils/of shells (e.g., foraminifera,
echinoderms, etc.—Figure 3).

In general, the binder is attributable to lime-based mortars, presenting a brownish
color, often inhomogeneous. Nevertheless, the presence of clay minerals, thus of a marly
lime binder, has not be excluded since the ESEM-EDS analysis performed on the binders
confirmed the carbonate nature of it but, in some cases, also revealed traces of Si, Al, and
Fe. In addition, the fat mortars, with a higher presence of binder than the aggregate, are
more affected by shrinkage (as in Figure 3b) than the lean ones [19,22-24].

The presence of lumps, as remnants of burning and sometimes also over burnt frag-
ments, was diffused in almost all samples, proof of a poor production technology, as
inhomogeneity in the distribution of temperature within the kiln and/or due to a difficult
calcination of the stone [19,22-24]. In addition, lumps often show fissuring due to shrinkage
(Figure 4).

The aggregate is largely formed by both carbonate and silicate fragments (Figure 5).
The first ones are represented by fragments of shells/fossils, as foraminifera, bivalves,
echinoderms, etc., with rounded /subrounded shapes and dimensions varying between
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tens/hundreds to thousands of microns, probably ascribable to the use of beach sand
(Figure 5a,b). Notwithstanding, the presence of these fragments can be due also to the use
of local rocks, as polygenic breccias, characterized by the presence of both clasts of volcanic
rocks and fragments of bioclastic rocks (Figure 5c), as reported in Ciantelli [11,12]. This
hypothesis is also supported by the manifestation of remnants of fragments of local rocks
and of shells/fossils, as described before (Figure 5d).

i 5
Signal A = HDBSG Date 12 Fabh 2019
Photo Mo, = 4404 Tirme 105531

ST K Tk

(a) (b) (c)

Figure 3. PLM micrographs showing rests of shells/fossils (highlighted by red arrows), respectively,
in sample (a) PV JM1 and (b) PV TC 1: (a) xpl, clearly shows a rest of an echinoderm; (b) xpl, shows
the rest of several fossils, including echinoderms. (¢) ESEM micrograph of PV TC 1 showing a detail
of echinoderm fossils.

(©) (d)

Figure 4. PLM micrographs showing lumps with dissolution and fissuring (highlighted by red
arrows), respectively, in samples (a) xpl, PV JM3 and (b) ppl, PV FC 10M; (c) ppl, remnant of a rest of
fossil shell fragment in sample PV JM2; (d) ppl, PV CM2 shows the rest of bio-clasts embedded in a
lump of unmixed binder.
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(c) (d)

Figure 5. PLM micrographs (xpl) of: (a) PV FC 10M showing the aggregate formed by carbonate (cb)
and silicate fragments; (b) PV CC 2, detail of the aggregate formed by sub-rounded shell fragments
(cb) and silicate fraction, mainly formed by pyroxenes (cpx); (c) PV CM 2 volcanic rock fragment rich
in feldspars (pl) and iron oxides (ox); (d) PV CM 2 remnant of an under-burnt carbonate fragment,
showing calcite re-crystallization within the cracks and fissures.

The silicate fraction of the aggregate can be generally ascribable to altered volcanic
rock fragments and presence of single crystals of quartz, plagioclases (frequently showing
sericitization), and pyroxenes, also with the sporadic presence of micas and zeolites. This
fraction is mostly characterized by sub-rounded shapes and millimetric dimension for the
rock fragments, and by angular/sub-angular shapes with maximum dimension of about
500 pm for the single minerals. The exception was the zeolites; indeed, these latter ones
are usually present within amygdales as secondary minerals. Furthermore, the presence
of iron oxides was largely diffused. Our results agree with a previous study, performed
in 2001 by Garcia de Miguel, who characterized samples from the Torre de la Cathedral and
evaluated their state of conservation [25]. This research work analyzed two plasters and two
embedding/pointing mortars, classifying them as lime mortars with heterometric rests of
carbonated fossils, from marine or fluvial sand and fragments of volcanic rocks. Moreover,
the presence of crystals such as plagioclases, pyroxenes (e.g., augite), quartz, and iron
oxides was detected. The author hypothesized that the plagioclases and pyroxenes derived
from the disaggregation of the volcanic rock fragments, whereas quartz was probably
obtained by using fluvial quartz-sand. Finally, the mortars showed the presence of iron
oxides and high porosity.

In addition, the obtained results concerning the aggregate composition are in agree-
ment with the characterization of the stone mansonries (identified mainly as local volcanic
rocks) conducted by Ciantelli [11,12], showing, therefore, the provenance from local quar-
ries also for the raw materials used for mortar production [12]. Even historical documents
support this theory; indeed, Arroyo [3] reports sources affirming that, in the second half
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of XVI century, excellent and copious quarries were found near the town for producing
lime and bricks. In addition, for the construction of Casas Reales, commercial documents
indicate that materials such as lime, tiles, and bricks were brought in small boats through
the rivers. In particular, lime was transported from Pacora (east of Panamd Viejo) and /or
from the west, near the Cardenas River.

In addition, samples of PV FC 10M and PV AE 1 showed cocciopesto fragments, which
can be ascribed to be the main reason of the presence of hematite detected in these samples
by XRPD (Table 2). Finally, it has to be mentioned that some specimens (PV FN 3M, PV
FC1) showed a preferential orientation of the aggregate, parallel to the external surface,
deriving from the application on the wall.

3.1.2. Plasters

Regarding the masonries, three samples were collected from a plaster (PV CR 2) and
from wall mortars showing a finishing layer on the external surface (PV JM 2 and PV AE 1),
respectively.

PV CR 2 was a covering/finishing layer, ascribable to a lime plaster. The aggregate
was almost absent, and the binder was quite compact, with few fissures/pores but showing
quite inhomogeneous color and structure. Indeed, it presented remnants of burning and
unmixed lime lumps. Finally, iron oxides were detected (Figure 6a).

(0) (d)

Figure 6. PLM micrographs (xpl) of plaster samples: (a) PV CR 2, the aggregate is almost absent, the
binder shows inhomogeneity color, with the presence of lumps and pores; (b) PV AE 1 sample, the
calcite finishing layer showing an irregular and porous surface, rich in dissolution and recrystalliza-
tion phenomena; (c,d) PV JM 2, two main layers of mortar are clearly visible in both micrographs: the
lean mortar with an aggregate constituted by bioclasts (cb), and silicate fragments (pl, cpx), whereas
the thin external layer showing a homogeneous and quite regular and plane surface. In micrograph
(d), the magnification of the finishing layer shows the presence of the remnant of another thin surface
layer over the finishing one.
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PV JM 2 and PV AE 1 are almost lean mortars with a superimposed finishing layer
with scarce or absent aggregate mainly constituted by carbonate (bioclasts) and silicate
fragments (plagioclase, piroxene) (Figure 6b—d). The thickness of the finishing layer varied
from about 100 pm to 350 um in sample PV JM 2 and from about 700 pm to 2500 um in
sample PV AE 1. Considering the first sample, the analysis in cross-section confirms the
presence of a thin surface layer over the finishing one, which can be likely ascribable to the
presence of painting layer as detected during the sampling campaign conducted in 1999.

3.1.3. Pavements

Considering the mortars from the pavements belonging to previous archaeological
excavations, PV AE 2 and PV AE 3 are both lean mortars, with scarce lime binder and abun-
dant aggregate (Figure 7a,b). This latter one is formed by a carbonate fraction (sub-rounded
fragments of shells/fragments, also remnants of burning) and a silicate fraction (subangular
and angular shaped crystals of quartz, pyroxenes, plagioclase, volcanic rock fragments). In
addition, iron oxides and of altered zoned plagioclase are observed (Figure 7b).

() (b)

Figure 7. PLM micrographs (xpl) of: (a) PV AE 2, detail of the aggregate. The traces of under-burnt

of the shell (cb) are evident; (b) PV AE 3, silicate fragments of the aggregate, formed by altered
pyroxenes (cpx), volcanic rocks, and plagioclases (pl-a zoned one on the right bottom). The pore rims
show the crystallization of secondary calcite.

3.1.4. Mortars from the Cistern

Lastly, as previously mentioned, two samples were collected from the inner part of the
cistern of the Convento de la Concepcion. Precisely, they were sampled from the masonries,
the plaster PV CC 1, and from the pavement, PV CC 3.

The latter one, sample PV CC 3, was sampled from a mortar described as “greyish
mortar of lime and sand with small stones fragments and some shells”. Under PLM,
the material presents scarce binder and an aggregate constituted by both carbonate and
silicate fractions. The first ones consisting of sub-rounded fragments of shells and fossils,
whereas the second ones are mainly represented by both single crystals of quartz (observed
also as calcedony) and pyroxenes, and volcanic rock fragments. Among this latter one,
the quartz crystals result affected by fracturing with subsequent deposition of secondary
mineral phases, including calcite, within them and around the crystal rim, as represented
in Figure 8a.

PV CC 1 is a plaster, sampled from the south wall of the inner part of the cistern.
Through the PLM observations, the mortar showed a superimposing layer, probably
intentionally applied (with a variable thickness from hundreds to thousands microns).
Within the interface between this external layer and the inner mortar, secondary calcite
wasobserved (Figures 8b and 9¢,d). The inner internal layer of lime mortar presented
as aggregate cocciopesto fragments, volcanic rock fragments and quartz, scarce shells
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fragments, and pyroxenes (Figure 8b). The presence of cocciopesto gives hydraulicity to
the lime plaster, which is expected, as it is covering a wall of the cistern and thus exposed
to the almost constant presence of water and moisture [26].

(a) (b)

Figure 8. PLM micrographs of: (a) xpl PV CC 3 detail of the silicate aggregate, pyroxenes (cpx), and
quartz (qtz) affected by precipitation of secondary minerals; (b) ppl PV CC 1, general view of the
“mortar with cocciopesto”, showing an external layer.

Figure 9. (a—c) PLM micrographs of, respectively: (a) xpl, PV FN 3M, presence of lump rounded
shaped, showing dissolution and precipitation of calcite (red arrow); (b) xpl, PV CCl1, secondary
calcite re-crystallized within a pore (red arrow); (¢) ppl, PV CC1 showing the external altered layer.
The secondary calcite, re-crystallized within the interface between the mortar and the external layer,
is more evident under the ESEM microscope (d), where also the presence of iron and phosphorus is
detected by EDS maps (analyzed area is indicated by the rectangle, with dashed line, within c,d).

3.2. PLM and SEM-EDS Analysis of the State of Conservation

During the sampling campaign, several mortars showed evidence of decay and weath-
ering, as material loss, erosion, alveolization, thin cracks, and powdering. Furthermore,
several specimens presented a superficial blackening/dark grey-black aspect (see Table 1),
which was not detected by PLM and ESEM-EDS analysis. This alteration could be due to
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the presence of a cyanobacteria, called “alga negra” (Oscillatoria sp.), which was identified
by a previous study [27] and observed on the stones of the masonries [11]. According to
Macedo et al. [28], the presence of algal biofilms on stones can be responsible not only for an
aesthetic damage, due to the blackening, but also for an enhancement of soil formation and
water retention. Nevertheless, observing the samples, after the thin sections’ preparation,
the presence of this “alteration layer” was not detectable, as it has been removed.

The majority of the observed samples showed diffused porosity (as pores and fis-
sures/cracks), some of them with the presence of secondary mineral crystallization of
calcite within pores (PV FN 3M, PV CM1, PV CM2, PV CC1, PV CR2, PV AEl, PV AE3),
as shown in Figure 8a,b. In particular, in sample PV CM1 and in PV CC1, the calcite
precipitation is present near the external surface, whereas in the case of PV CCl, it is
located in the interface between the inner mortar and the external layer (probably due to
decay phenomena, also given by the presence of iron oxides and phosphorous Figure 9¢,d).
Furthermore, dissolution phenomena of carbonate fragments/lumps are often detected, as
in sample PV FN3M (Figure 9a).

3.3. XRPD Investigation

In order to precisely determine the crystalline phases present within these samples, a
selection of them have been analyzed through X-Ray Powder Diffraction analysis (XRPD).
The obtained results, listed in Table 2, confirmed the PLM observations; indeed, all the
specimens show high amounts of calcite due to the carbonate nature of the binder and
of the part of the aggregate, sometimes with low amount/traces of aragonite. Traces of
aragonite were detected also by the research work by Garcia de Miguel (2001) [25], defined
as an index of presence of marine lamellibranch shells from beach sand. Furthermore,
low amounts/traces of plagioclase (albite), quartz and pyroxenes (diopside and augite)
were detected due to the silicate aggregate already described by the previous observations.
Finally, traces/low amounts of hematite were identified, endorsing the diffused presence
of iron oxides, also in cocciopesto, whereas only in PV AE 1 were traces of mica (muscovite)
found. Considering the PV CC1 sample, the altered superficial layer (called PV CC1 black
part) was separated in order to perform a distinct analysis on the two parts. Therefore,
XRPD investigation on the altered part revealed a high amount of calcite, followed by low
amounts of quartz, zeolite, and brushite.

Brushite, a hydrated calcium phosphate mineral with the formula CaHPO42(H,0),
is a decomposition product of guano (seafowl excrement), formed at low pH by reaction of
phosphate-rich solutions with calcite and clay [29], which can derive from soil, since the
aljibe has being buried in the past [15]. The presence of phosphorus within this layer were
confirmed also by ESEM investigations previously described (Figure 9d).

Table 2. XRPD results. Abbreviation of minerals according to the list of mineral abbreviations
TUGS [30] xxx = high amount; xx = medium amount; x = low amount; tr = trace.

Samples Cal Otz Arg Pl Px Hem Brushite Zeo Mca
PV CC1 XXX X X X X tr - - -
PVCC1 external layer XXX X - - - - X X -
PV CC2 XXX X X X X - - - -
PV AE1 XXX X tr X X X - - tr
PV CM2 XXX tr X X X tr - - -
PV CR3 XXX tr - X X % - - _
PV FC10M XXX X X X X tr - - -
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Table 2. Cont.

Samples Cal Qtz Arg P1 Px Hem Brushite Zeo Mca
PV FC1 XXX X X X X tr - - -
PV FC3 XXX - X X X - - - -

PV FN 3M XXX X X X X tr - - -
PV M3 XXX X - X - - - - _
PV TC2 XXX tr - X - X - - -

4. Final Considerations and Conclusions

The present work analyzed in detail joint/bedding mortars from masonries, plasters,
and mortars belonging to pavements (twenty-one total specimens) from seven monuments
and from archaeological excavations of the Panama Viejo Historical Monument Complex
in Panama.

With the exception of two specimens, which belonged to the walls (both the inner and
outer part) of a cistern, all the other joint/bedding mortars and plasters were collected from
the masonries of the buildings.

Regarding the characterization of the bedding/joint mortars, both fat and lean mortars
were observed. Among them, two samples present scarce and almost absent aggregate;
however, they showed lumps from residual fossils/shells (e.g., foraminifera, echinoderms,
etc.). The presence of lumps (often affected by fissuring due to shrinkage), such as rem-
nants of burning stone (under-burnt) and fragments of over-burnt of stone for lime, was
observed in almost all samples. This may be due to an inhomogeneity in the distribution of
temperature within the kiln and/or due to a difficult calcination of the stone because of
its composition.

All the samples under study can be attributable to lime-based mortars, presenting a
brownish color, often inhomogeneous. The aggregate is largely formed by both carbonate
and silicate fragments. The carbonate fraction is represented by fragments of bioclasts (as
foraminifera, bivalves, echinoderms, etc.), with rounded /subrounded shapes and dimen-
sions varying between tens/hundreds to thousands of microns, probably ascribable to the
use of the beach sand. Nevertheless, the use of local rocks, such as polygenic breccias, which
show the presence of these fossils, cannot be excluded. Considering the silicate fraction,
generally, altered volcanic rock fragments, quartz, plagioclases (frequently showing sericiti-
zation), pyroxenes, with the sporadic presence also of micas and zeolites, were detected.
They presented mostly sub-rounded shapes (rock fragments) and angular/sub-angular
shapes (single minerals). With the exception of the zeolites, indeed, these latter ones are
usually present within amygdales as secondary minerals. Furthermore, the presence of
iron oxides was largely observed.

The plasters utilized were lime plasters, without aggregate. With the exception of the
plaster used on the cistern wall, indeed, in this case, cocciopesto fragments were identified
in order to give hydraulicity to the material.

Finally, the mortars belonging to the pavements, both from previous archaeological
excavations and from the cistern, show scarce binder, whereas the nature of aggregate is
similar to the one described for the masonries mortars.

Evaluating the state of conservation of these materials, considering the macro-observation,
it can be stated that the majority showed an alteration probably ascribable to biological
colonization, exhibiting a dark-grey black or greenish aspect of the surface. Furthermore,
materials loss, thin cracks, and powdering were detected. By micro-investigations, the majority
of the samples showed diffused porosity (as pores and fissures/cracks), some of them with
the presence of secondary mineral crystallization of calcite within. In addition, two specimens
showed the precipitation of calcite near the external surface. One of them, specifically, the
plaster from the cistern, presented a further outer altered layer, rich in iron oxides, which
also revealed the presence of brushite, a hydrated calcium phosphate, detected by XRPD
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investigation, and the presence of phosphorous was also confirmed by ESEM-EDX. This
compound could be due to a reaction of phosphate-rich solutions (probably deriving from the
presence of guano) with calcite and clay derived from the soil that in the past buried the area.

Finally, by naked eye, several specimens presented a superficial blackening, an alter-
ation that could be due to the presence of a cyanobacteria, called “alga negra” (Oscillatoria
sp.), also observed on the surface of the stone masonries. Its presence can be responsi-
ble for an aesthetic damage, in addition to representing a substrate for further biological
deterioration and water retention.

In conclusion, the mortars analyzed were produced utilizing local rocks, both for the
carbonate and for the silicate fraction of the aggregate, and for determining the lime binder,
even if the technology used was quite poor/limited. The majority of the samples had a
similar composition; nevertheless, it is not possible to state that these mortars belong to the
same intervention and so to the same period, as the site and the monuments underwent
several modifications during the 16th and 17th centuries. Finally, they showed quite a poor
state of conservation, exhibiting evidence of alteration due to dissolution phenomena (as
the secondary calcite within pores and on the surface), diffused porosity, and the presence
of biodeterioration, as a result of the high moisture to which these materials are exposed.
The characterization of the original materials and their weathering and decay processes
is necessary for choosing the most compatible products for their proper restauration [31].
Therefore, this information can support the regular maintenance and the restoration works
performed by the Patronato Panama Viejo, fundamental for the best conservation of the
site, which aims to preserve and enhance the tangible and intangible features of this
unique place.

Author Contributions: Conceptualization, C.C., A.S. and A.B.; methodology, C.C., A.S.,E.P, AB. and
S.A.D,; formal analysis, C.C., E.P. and A.S.; investigation, C.C., E.P,, A.S. and S.A.D.; resources, A.B.
and S.A.D.; data curation, C.C. and A.S.; writing—original draft preparation, C.C.; writing—review
and editing, C.C., E.P,, A.S., S.A.D. and A.B; supervision, A.B. and E.P; funding acquisition, A.B. and
S.A.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Thanks to a collaboration realized among the Patronato Panama Viejo, which is
devoted to the protection of this unique heritage, the Institute of Atmospheric Sciences and Climate
of the Italian National Research Council (ISAC-CNR), a research work aimed at supporting the
conservation and valorization of this site has been developed as a part of the management plan of the
archaeological site. The authors wish to acknowledge the “Secretaria Nacional de Ciencia, Tecnologia
e Innovaciéon (SENACYT)” and the “Sistema Nacional de Investigacion (SNI)” of the Republic of
Panama for the funds of the historical research carried out.

Conflicts of Interest: The authors declare no conflict of interest.

“Archaeological Site of Panama Viejo” is the official name of the site, used internationally; nevertheless, the “Monumental

Complex of Panama Viejo” is the nationally used name by law.

References

1.  UNESCO World Heritage Centre. Archaeological Site of Panamd Viejo and Historic District of Panama. Available online:
https:/ /whc.unesco.org/en/list/790 (accessed on 21 January 2022).
2. Mena Garcia, C. Panama en el siglo XVIII: Trazado urbano, materiales y técnica constructiva. Rev. Indias 1997, 57, 369-398.

[CrossRef]

3. Arroyo Duarte, S. Transformaciones En El Sitio Arqueolégico de Panama Viejo: El Ejemplo de Las Casas Reales. Ph.D. Thesis,
Universitat Politécnica de Valéncia, Valencia, Spain, 2016.


https://whc.unesco.org/en/list/790
http://doi.org/10.3989/revindias.1997.i210.783

Heritage 2022, 5 663

10.

11.
12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.
31.

Stewart, R.H.; Stewart, J.L.; Woodring, W.P. Geologic Map of the Panama Canal and Vicinity, Republic of Panama; USGS Publications
Warehouse, IMAP: Reston, VA, USA, 1980.

Correa de Sanjur, N. Historia de Panamd Afio I.; M. Fernandez y Cia.: Madrid, Spain, 1986; ISBN 978-84-401-1515-7.

Juan Guillermo, M.; Julieta, D.A. Panama Viejo: Una experiencia exitosa de gestion patrimonial. Rev. Estud. Soc. 2013, 158-169.
[CrossRef]

Embajada de Espafia en Panama. Panamd Viejo: De La Aldea a La Urbe = Panamd Viejo: From Village to City; Aratdjo, W., Patronato
Panama Viejo, Programa de Patrimonio de la Cooperacion Espafiola, Eds.; Embajada de Espafia en Panama, Patronato Panama
Viejo: Ciudad de Panama, Panama, 2007; ISBN 978-9962-8811-4-8.

Arroyo, S.I. El plan maestro del conjunto monumental de Panama Viejo. Diez afios después. Canto Rodado Rev. Espec. En Patrim.
2010, 5, 191-218.

Kottek, M.; Grieser, J.; Beck, C.; Rudolf, B.; Rubel, F. World map of the Képpen-Geiger climate classification updated. Metz 2006,
15,259-263. [CrossRef]

Autoridad Nacional del Ambiente. Atlas Ambiental de La Repiiblica De Panamad, 1st ed.; Autoridad Nacional del Ambiente (ANAM):
Panama, Republica de Panam4, 2010; p. 190. ISBN 978-9962-651-49-9.

Ciantelli, C. Environmental Impact on UNESCO Heritage Sites in Panama. Ph.D. Thesis, University of Ferrara, Ferrara, Italy, 2017.
Ciantelli, C.; Palazzi, E.; von Hardenberg, ].; Vaccaro, C.; Tittarelli, F.; Bonazza, A. How can climate change affect the UNESCO
cultural heritage sites in Panama? Geosciences 2018, 8, 296. [CrossRef]

Garcia, M.D.C.M. La Ciudad En Un Cruce de Caminos (Panamd y Sus Origenes Urbanos); Escuela de Estudios Hispanoamericanos
(CSIC), Junta de Andalucia, Consejeria de Cultura y Medio Ambiente: Sevilla, Spain, 1992; ISBN 84-00-072822-0.

Tejeira-Davis, E. Panamd: Guia de Arquitectura y Paisaje; Junta de Andalucia: Sevilla, Spain, 2007; ISBN 978-84-8095-518-8.

Silvia, I.; Arroyo, D. El Aljibe Del Convento de Las Monjas de La Concepcion. Intervencion En El Aljibe: Consolidacion Exterior;
Departamento de Arquitectura y bienes inmuebles Patronato Panama Viejo: Ciudad de Panama, Panama, 2011; p. 22.
Verges-Belmin, V. ICOMOS-ISCS: Illustrated Glossary on Stone Deterioration Patterns; ICOMOS: Paris, France, 2008; ISBN 978-2-918086-00-0.
Linero Baroni, M. Proyecto de Restauracion y Rehabilitacion del Aljibe, Convento de las Monjas de la Inmaculada Concepcion. Panamd
Viejo (1609-1671) Coordenadas Reticula Macro: 450N-800E Informe técnico de la Fase Arqueoldgica Enero-Febrero; Patronato Panama
Viejo-Departamento De Arqueologia: Ciudad de Panamad, Panama, 2013.

Leslie, A.B.; Hughes, ].J. Binder microstructure in lime mortars: Implications for the interpretation of analysis results. Q. J. Eng.
Geol. Hydrogeol. 2002, 53, 257-263. [CrossRef]

Cantisani, E.; Fratini, F.; Pecchioni, E. Optical and electronic microscope for minero-petrographicand microchemical studies of
lime binders of ancient mortars. Minerals 2022, 12, 41. [CrossRef]

Adriano, P; Silva, A.S.; Veiga, R.; Mirao, ].; Candeias, A.E. Microscopic characterisation of old mortars from the Santa Maria
Church in Evora. Mater. Charact. 2009, 60, 610-620. [CrossRef]

Loureiro, AM.S.; Paz, S.P.A.D.; Veiga, M.D.R.; Anggélica, R.S. Investigation of historical mortars from Belém do Para, Northern
Brazil. Constr. Build. Mater. 2020, 233, 117284. [CrossRef]

Pecchioni, E.; Fratini, F.; Cantisani, E. Atlante Delle Malte Antiche in Sezione Sottile Al Microscopio Ottico = Atlas of the Ancient Mortars
in Thin Section under Optical Microscope; Nardini: Florence, Italy, 2020; ISBN 978-88-404-4378-2.

Elsen, J. Microscopy of historic mortars—A review. Cem. Concr. Res. 2006, 36, 1416-1424. [CrossRef]

Arizzi, A.; Cultrone, G. Mortars and plasters-how to characterize hydraulic mortars. Archaeol. Anthr. Sci. 2021, 13, 2-22. [CrossRef]
Garcia de Miguel, ].M. Panama Vieja, Informe Sobre La Analitica Realizada; Catedra de Petrologia y Mineralogia, Universidad
Politécnica de Madrid: Madrid, Spain, 2001.

Zendri, E. Interaction between clay and lime in “cocciopesto” mortars: A study by 29S5i MAS spectroscopy. Appl. Clay Sci. 2004,
25,1-7. [CrossRef]

Torres Montes, L. Informe Preliminar Del Examen Mesoscopico de Las Ruinas de Panamd Viejo;, Panama, Reptblica de Panama, 1996.
Macedo, M.E; Miller, A.Z.; Dionisio, A.; Saiz-Jimenez, C. Biodiversity of cyanobacteria and green algae on monuments in the
mediterranean basin: An overview. Microbiology 2009, 155, 3476-3490. [CrossRef] [PubMed]

Anthony, ].W,; Bideaux, R.A.; Bladh, K-W.; Nichols, M.C. Handbook of Mineralogy; Mineralogical Society of America: Chantilly,
VA, USA.

Whitney, D.L.; Evans, B.W. Abbreviations for names of rock-forming minerals. Am. Mineral. 2010, 95, 185-187. [CrossRef]

John, J.H.; Van Balen, K.; Bicer-Simsir, B.; Binda, L.; Elsen, J.; Van Hees, R.; Von Konow, T.; Lindqvist, J.E.; Maurenbrecher, P.;
Papayanni, I; et al. RILEM TC 203-RHM: Repair mortars for historic masonry the role of mortar in masonry: An introduction to
requirements for the design of repair mortars. Mater. Struct. 2012, 45, 1287-1294. [CrossRef]


http://doi.org/10.7440/res45.2013.13
http://doi.org/10.1127/0941-2948/2006/0130
http://doi.org/10.3390/geosciences8080296
http://doi.org/10.1144/1470-923601-27
http://doi.org/10.3390/min12010041
http://doi.org/10.1016/j.matchar.2008.11.008
http://doi.org/10.1016/j.conbuildmat.2019.117284
http://doi.org/10.1016/j.cemconres.2005.12.006
http://doi.org/10.1007/s12520-021-01404-2
http://doi.org/10.1016/S0169-1317(03)00155-8
http://doi.org/10.1099/mic.0.032508-0
http://www.ncbi.nlm.nih.gov/pubmed/19778965
http://doi.org/10.2138/am.2010.3371
http://doi.org/10.1617/s11527-012-9847-9

	Introduction 
	Materials and Methods 
	Sampling Campaign 
	Performed Analysis 

	Results and Discussion 
	PLM and ESEM-EDS Characterization of Materials 
	Bedding and Joint Mortars 
	Plasters 
	Pavements 
	Mortars from the Cistern 

	PLM and SEM-EDS Analysis of the State of Conservation 
	XRPD Investigation 

	Final Considerations and Conclusions 
	References

