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Abstract

Relating damage development to the specific environmental conditions is of paramount
importance to design effective conservation strategies for archaeological and historical sites.
For this reason, artificial weathering is a highly debated topic in materials science applied to
Cultural Heritage. In this work, we report on the weathering of decorated earthen plasters
from Templo Pintado in Pachacamac (Region of Lima, Peru) and define a methodology to
accelerate aging of painted raw earth surfaces. Weathering was simulated by exposing the
surfaces to wet-dry and sandblasting cycles and resulting damage was estimated via the
amount of material removed from the original surface. The results are in agreement with
weathering dynamics observed in situ, which allows designing suitable methodology for the
preparation of samples to be used in testing procedures addressing the preservation of

surfaces.
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1. Introduction

Raw earth is, by far, one of the most widely used materials by mankind throughout the
ages and in all hemispheres to construct homes, buildings and cities. Its presence gives us
continuity between the present and the past. It is still one of the most widely used materials: it
is estimated that even today about 50% of the population lives in the buildings made from
this material [1]. Evidence of the past has come down to us in the form of buildings and
towns that are now an important part of our archaeological and cultural heritage [2-6]. Some
of these testimonies are also enriched and embellished by the examples of wall paintings
made with different coloured earths, which are often a fundamental element in improving our
understanding of cultures far away in time [7—10]. Currently, more than 180 sites of the
UNESCO World Heritage List [11-13] are fully or partially built in raw earth. Unfortunately,
about 25% of such sites are also included in the UNESCO World Heritage in Danger List

owing to their extreme sensitivity to the atmospheric agents [2,6,14,15].

Combined with its inherent complexity [16], the propensity of raw earth to weathering
calls for constant maintenance of earthen architectures [5,17-19]. Unfortunately, at
archaeological sites, maintenance operations were interrupted hundreds of years, with the
consequent, unavoidable deterioration of structures and surfaces. In addition, the excavation
operations expose the archaeological structures to significant thermo-hygrometric shock,
which accelerates their degradation [3,9,10]. At present, only effective conservation,
restoration and protection strategies can allow depressing degradation rates and preserving

historical evidences.

In the case of painted surfaces, the several deterioration processes are pulverization,
peeling and flaking as well as different types of fracturing mostly due to the action of water
in all its forms [8,10,17,20] and the preservation requires consolidation and re-adhesion

operations [21].

Accordingly, inorganic and organic materials with aggregating properties are applied to

deteriorated surfaces by impregnation or injection to enhance the cohesion of pictorial layers



and their adhesion to the support [20]. Nevertheless, consolidation of earth-painted surfaces is
still an open issue [22]. Although a vast literature debates on the use of consolidants on earth
surfaces [3,23,24], information concerning earth paintings is scarce [18,22,25-27]. In several
cases, the lack of reliable evidence on the effects induced by the use of given consolidants
has even worsened the deterioration process in the long term [26,28]. It follows that finding a
suitable solution to avoid, or at least limit, damage caused by consolidant aging is highly
desirable [29,30].

In this respect, consolidants for earthen surfaces should be tested before their application
on original surfaces [31]. For non-decorated surfaces, it is possible to sample very small
amounts of material and evaluate the effects of consolidants on the original surfaces [21,32].
Sampling is not recommended for decorated surfaces [33], so that surfaces expressly built to
mimic original ones are typically used in experimental tests [26,34,35]. In this case, to avoid
unrealistic outcomes stemming from non-deteriorated surfaces, newly built surfaces are
subjected to accelerated aging [36]. Accordingly, suitable methods are utilized to reproduce

in short time the processes nature operates on very long time scales [37—39].

Literature is relatively rich in this regard [40-47]. In most cases, the methods consist of
destructive tests that do not allow re-using the specimens to evaluate consolidation efficiency
[36]. Less frequently, artificial aging is designed to reproduce the damage suffered by real
surfaces from atmospheric agents [42] through wet-dry cycling [25,48] or mild mechanical
solicitation [49-51]. One of the difficulties raised in this latter case is that the intimate
relationship between environmental parameters and deterioration requires a case-sensitive

assessment of the accelerated aging methodology.

Considering all the above, this work focuses on the painted surfaces of the Templo Pintado
in the archaeological site of Pachacamac, located in the coastal region of Peru [52].

First, the environmental data collected in situ were studied and correlated with surface
degradation pathologies. In specific portions of the painted surfaces of the Templo Pintado,
the degree of cohesion and adhesion was evaluated by Scotch Tape Test (STT)
measurements. Subsequently, some plaster fragments were characterised in the laboratory
and similar soils were chosen to reproduce them. Then, an artificial aging methodology based
on wet-dry and sandblasting cycles has been presented. The degree of the obtained
weathering shows data in agreement with experimental ones acquired in situ and allows to

have reliable samples for testing new preservation approaches.



2. The archaeological site

The Archaeological Sanctuary of Pachacamac (Region of Lima, Peru) was one of the
most important oracles and destinations of pilgrimage in the central Peruvian coast for more
than 1000 years (200 - 1533). Pachacamac was a deity of the ancient Incas pantheon. Son of
the Sun god, he was believed to be the god of fire and to have rejuvenated the world
originally created by Viracocha. Incas defined him as He who moves Earth [53], thus

interpreting the fearful earthquakes affecting Peru as an expression of his wrath.

The Pachacamac site covers an area of about 465 hectares in the desert. It is located about
31 km South-East of Lima, in the lower part of the Lurin Valley. The climate is hot
arid/humid, typical of subtropical coastal areas, and it is characterised by extremely reduced
rainfall, high relative humidity and prevailing South/South East winds with speeds generally
ranging from 9.6 km h? to 13.6 km h?' with spikes in summer up to 35 km h[54].
Environmental data recorded in situ for four years by the Davis Vantage Pro 2 weather
station revealed that average temperature is around 22 °C in summer and 16 °C in winter,
with temperature fluctuations between day and night of about + 4 °C. Relative humidity is
90% =* 6%, with highest values recorded during the night. Rarely, in the Autumn and Spring
months, it can take lower values around 85% * 3%. From August to September, strong winds
blow from North-East coming from the coast located at 4 km, with peaks of 35 km h*, and
affecting the so-called Frontis Norte (FN) of Templo Pintado. In summer days, solar

radiation reaches values of 7.90 kW h/mZ in a few hours.

Presently, the area includes more than 50 structures from different historical periods and

built with different techniques and materials [55,56]. The Templo Pintado is one of them.

The Templo Pintado is situated in the north-centre part of the Sacred Precinct and consists
of a rectangular structure built in adobe with stepped walls and a total surface area of about
120%x65 m?. It is the only building within the Sanctuary area that exhibits polychrome mural
paintings. Mostly located on the FN, a picture of which is shown in Fig. 1a, mural paintings
were used to distinguish the house of the deity from the rest, thus allowing the pilgrims

entering the Sanctuary to enjoy the celebration of Pachacamac power [54,57].

Templo Pintado’s paintings have been created on an earthen plaster of variable thickness.

Due to continuous maintenance, plasters and pictorial layers have been renewed several times



and they are stratified. Sometimes, they have been simply refreshed, a sort of maintenance
when drawings got almost completely erased. In other cases, a new, thin layer of plaster was
applied and the drawings were renewed or changed, as evident from Fig. 1b [54]. The
pictorial method used was temple mate. Garnet red, ochre yellow, vermilion red, pale yellow,
black and green are well recognisable colours, with vermilion red and pale yellow being the

predominant colours on the surfaces of FN.

Fig. 1 - (a) Detail of Frontis Northe of Templo Pintado; (b) Sample of archaeological

plaster of Templo Pintado.

After the Spanish conquest, the Templo Pintado was gradually abandoned and buried by
desert sand, which allowed its conservation for about 400 years. The temple became exposed
again to atmospheric agents in 1939, when excavations began [58], and only in 2008, an
international research programme started a systematic conservation activity on the main
structure and mural paintings [54].

Decorated surfaces have been exposed to weathering and anthropic factors for over 70
years, causing the loss of valuable archaeological information. Degradation of paintings is
mostly related to temperature and relative humidity variation along with solar irradiation and
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wind exposure. Day by day, clay components of the earth paintings undergo swelling and
contraction, eventually causing pulverization, chalking, peeling, flaking and cracking of
decorated surfaces. The composition of different pictorial layers determines which
degradation process prevails on the others. For instance, pale yellow surfaces are mostly

affected by pulverization, while red vermillion surfaces mostly suffer from flaking.

The strong winds significantly erode the loosely bound layers of decorated surfaces,
particularly along the FN during the summer season. In addition, they mediate saltation, i.e.
the mass transport of sand particles from the desert around the Templo Pintado. Typically, the
particles involved have diameter between 0.1 and 0.5 mm [59], and they can hit the decorated
surfaces at a height of up to 120 cm, although most of them do not go above 30 cm. The steps
of Templo Pintado are 40 to 120 cm high and dust and sand accumulate easily on each tread
of the steps, contributing to its erosion by frictional processes. To mitigate such phenomena,
a removable shelter was also constructed in 2010.

3. Materials and Methods
3.1 Archaeological surfaces

Seven pale yellow and six vermilion red portions of painted plaster in the FN such as those
shown in Fig. 2 were chosen to evaluate the degree of cohesion and adhesion among different
layers/plasters. All the fragments investigated come from the sector 1 of FN and have
undergone similar exposure to atmospheric agents and similar state of preservation. Tests
were carried out according to the so-called Scotch Tape Test (STT) described by Ferron [35]
and Malpartida [60], and inspired by ASTM 4214-07 [61]. A 3M® Scotch® 550 tape in
polypropylene with acrylic adhesive was used. Portions with a 40x19 mm? surface area were
cut, gently applied to the surface and leaned on for 90 seconds. Then, they were removed at
the constant speed of 10 mm s at an angle of 90° and placed on a sheet of white photo paper.
In order to estimate the fractional area occupied by particles removed from the sample, the
tape surface was acquired using Epson® image scanner and the obtained images were
analysed using the ImageJ® 1.46 software. STT can be strongly influenced by extremal
fluctuations of relative humidity and temperature due to the sensitivity of the test material and
the tape adhesive layer . Thus, it is highly desirable to maintain similar values of temperature

and relative humidity [62]. For this reason, measurements were performed during the spring



season, when temperature and relative humidity undergo reduced excursion. The
measurement campaign was carried out from 9 to 10 am with an average T of 16.5°C and an
average RH of 88%.
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Fig. 2 - Two of the pictorial fragments on which monitoring and STT were carried out:

pale yellow (a) and vermilion red (b).

For each painted portion studied, 3 measurements were taken at different points with
diverse tape orientation on the surface (21 measurements for each colour). The obtained data
were then averaged, for each surface, to have a more representative value. Final data were
obtained averaging over the seven surfaces having the same colour. For pale yellow surfaces,
the average value relative to the seven surfaces is 26.93%, with a maximum value of 28.93%
and a minimum value of 25.02%. For vermilion red surfaces, the average value is 13.70%,
with a minimum value of 12.17% and a maximum value of 15.97%. Such values have been
used as the reference for accelerated aging in the laboratory. Furthermore, in the case of pale
yellow, the material removed from the tape was dust, indicating a pulverization due to the
lack of cohesion between the particles of the layer. In the case of vermillion red, the removed
material consisted of small flakes, indicating a lack of adhesion between the surface layer and
the underlying one. Differences in the two degradation forms affect the evidence obtained via



STT. In fact, for pale yellow surfaces, the maximum deviation recorded between the three
measurements for each surface is 0.8%, while it is 1.5% for vermillion red surfaces. The
measurements carried out on pale yellow surfaces appear more uniform because of the
greater homogeneity of the surface affected by pulverisation. For vermilion red surfaces,
which are themselves more cohesive but subject to detachment from the underlying layers,
the flakes of pictorial layer are removed from the surface mostly where micro-cracks and

weaknesses are present. Flake removal results in larger fluctuations in measurements..
3.2 Archaeological samples

Fragments were collected from the excavation of the FN performed in 2014. The
mineralogical composition of mortar plaster and painted layers was determined by X-ray
diffraction (XRD) using a Rigaku MiniFlex Il diffractometer. XRD patterns were analysed
taking advantage of the X’Pert software and the Rietveld method [63]. The qualitative
identification and characterisation of clay minerals were performed on a plaster mortar,
consisting of (i) concentration of the clay fraction, (ii) exposure to an atmosphere saturated
with ethylene glycol for 8 hours at 60°C and (iii) muffle furnace at 550°C for 2 hours [64]. It
was not possible to perform the same qualitative characterisation of the clays on the pictorial
layers due to the small amount of samples available. The results of XRD analyses are shown
in Tab. 1. Albite is, invariably, the predominant crystalline phase. An analysis of the weight
fractions of the plaster mortar shows that the amount of clay present is about 3% and its
qualitative interpretation reveals the presence of a smectitic clay, which makes the plaster
particularly susceptible to hygrometric variations caused by the changes in the humidity
inside the material. The earth used for the pale yellow surfaces shows that the mineral to
which the typical colouring can be ascribed is Jarosite. The quantitative analysis shows the
presence of clay species belonging to the chlorite group in weight percentages of 2%. The
analysis also clearly identified a high % (approximately 13%) of a clay mineral belonging to
the Illite group. Finally, in the case of the earth used for the vermilion red surfaces, the colour
is given by the presence of haematite, about 2%. The clay species present belong to the group

of chlorites and illites in total weight percentages of about 14.5 %.



Tab. 1 - Mineralogical composition (MC) of the archaeological earthen plaster and pictorial layers; Mohs value (MV) of
different minerals in archaeological painted surfaces.

Mortar Pale yellow Vermillon red
MC MC MV MC MV
Albite: 51.07 £ 2.01 Albite: 40.27 +1.45 6.25 Albite: 35.17 + 2.57 6.25
Clinochlore: 2.98 £ 0.12 Clinochlore: 1.90 £ 0.16 3.00 Gypsum: 1.61 + 0.06 2.00
Hornblende: 4.33 +0.14 Gypsum: 0.90 £+ 0.02 2.00 Hematite: 2.25+0.14 6.50
Laumontite: 3.04 + 0.42 Ilite: 12.78 + 0.80 1.50 Ilite: 11.84 +1.95 1.50
Muscovite: 1.79 + 0.09 Jarosite: 31.81 £ 0.84 3.50 Muscovite: 15.28 + 4.44 2.25
Orthoclase 19.44 + 0.98 Kozulite: 3.25 £0.12 5.00 Orthoclase: 6.99 + 1.06 6.00
Quartz: 17.34 £ 0.03 Quartz: 9.08 £ 0.05 7.00 Quartz: 23.31 £ 0.07 7.00

Riebeckite: 0.35 + 0.03 6.00
Sigma: 2.20 Sigma: 1.93 Sudoite: 2.33 £ 0.15 3.00
Rwp%: 14.54 Rwp%: 16.70 Wollastonite: 0.86 + 0.62 4.75

Sigma: 1.34

Rwp%: 9.59

Clay minerals group- qualitative identification

Ilite - --
Chlorite
Smectite

Particle size of mortar plaster was determined by humid granulometry [63,64]. The
obtained curve (Fig. 3a) follows a rather vertical trend, indicating uniformity in the size of the
grains belonging to the fine sands, which are the most abundant granulometric fractions of
the earth. The percentage of retained earth in different sieves showed that the mortar mixture
is mostly made up of particles with a diameter between 0.250 cm and 0.125 cm (45%), thus a
mortar is characterised by a high fine sand content. The fine fraction passing g 0.063 cm,
consisting of silt and clay particles, is 27% and is the second most abundant fraction. In the
larger diameter fractions, i.e. 2 to 0.5 mm, numerous shell fragments are present due to the
fact that the site is located on the coastal strip and the materials used for plastering and
construction were found locally or in a restricted geographical area. Due to the small amount

of sample available, such analysis was not possible for painted layers.
3.3 Earth materials for samples

The mineralogical composition of earths is known to exhibit remarkable elements of
uniqueness. Materials taken from different geographical areas, even close to each other,
usually have completely different mineralogical composition, which greatly complicates any
comparative analysis, making it virtually impossible to prepare test samples fully comparable
with historical earth materials.



Since weathering is mostly caused due to wind erosion and thermal-hygrometric
excursion, a rational strategy to enable a meaningful comparison is to select the earth material
to be used for preparing test samples based on the hardness of the mineralogical phases and
similar typologies of clay minerals. Indeed, such characteristics influence durability

performance of the plaster and painted surfaces [65].

In our case, historical earthen materials have mineralogical composition characterised
either by a relatively large fraction of quartz and smaller fractions of clay minerals or by a
comparable amounts of such two components. Accordingly, two different earths available in
Sardinia (Italian region) to simulate the plaster used by different Cultures of Pachacamac
were chosen. The first earthen material, hereafter denoted as named TN, was collected from
the Nurachi area in the province of Oristano. The second earth, hereafter denoted as VNF,
was collected from the territory between Villanovafranca and Isili. The earths mentioned
above, selected to be used for support, were characterised by XRD with the same procedure

as discussed for archaeological samples, humid granulometry and Atterberg limits.

The resulting mineralogical compositions are reported in Tab. 2. It can be seen that the
principal mineralogical phase is quartz. TN shows a little amount of smectite clay, which can
also be found in the plaster samples taken from Templo Pintado. VNF earth has a high
calcium carbonate content due to its pedogenetic process on marl soils and shows clay
minerals belonging to the illite and chlorite groups.

Tab. 2 - Mineralogical composition of TN and VNT.

Mineralogical composition of TN and VNT

TN VNF

Albite 35.93 +2.34 Biotite: 0.61 £ 0.09
Anorthite: 41.51 +4.03 Calcite: 45.78 £ 0.03
Hematite: 1.21 +0.25 Muscovite 10.42 + 0.44
Illite: 1.23 £0.22 Orthoclase: 28.52 + 1.28
Kaolinite 3.27 £ 0.13 Quartz: 11.79 £ 0.41
Muscovite 2.69 + 0.28 Sudoite: 2.88 +0.13
Quartz: 14.16 £ 0.04

Sigma: 1.70 Sigma: 1.44

Rwp%: 11.34 Rwp%: 12.70

Clay minerals group- qualitative identification

Kaolinite Chlorite
Smectite Illite




The particle size distributions obtained by humid granulometry [63,64] are shown in Fig.
3b. The TN earth consisted of approximately 89% of particles passing through the sieve with
a mesh opening of 0.063 mm (silt and clay), with a very low percentage of sand
(approximately 10% adding the percentages of coarse, medium and fine sand) and the total
absence of particles larger than 4 mm. The VNF Terra consists of approximately 82% of
particles passing through the 0.063 mm sieve (silt and clay). It also has a low percentage of
sand (18% between coarse, medium and fine sand) and a total absence of particles larger than
4 mm. The data reveal a greater granulometric assortment of the material characterised by a

slightly more consistent sandy skeleton than in the case of TN soil.
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Fig. 3 - (a) Particle size distribution of TN (blue) and VNF (red). (b) Particle size
distribution of archaeological earthen plaster.

The Atterberg limits [65] show an IP value of 20% for the TN sample, which therefore
places it in the range of plastic soils with a good propensity to be worked, while VNF, with
an IP value of 13%, is in the range of soils with low plasticity. The results obtained are given
in Tab. 3.



Tab. 3 - Atterberg limits of TN and VNT.

Atterberg limits

TN VNF
wL=45% wL= 35%
wp= 25% wp= 22%
IP=20% IP=13%
ws= 23.14% ws= 17.98%

Pictorials layers were prepared by grinding earth or stone fragments. Particle size was
selected below 0.063 mm using suitable mechanical sieving. A Sardinian earth sampled in the
territory of Serrenti was used for yellow finishing, hereafter denoted as FIN_Y. In contrast,
pink finishing, hereafter denoted as FIN_P, was obtained by grinding fragments of
sedimentary rock taken from a quarry in the Pachacamac site. The mineralogical

composition of these finishings is shown in Tab. 4.

Tab. 4 - Mineralogical composition (MC) of FIN_Y and FIN_P and Mohs value (MV) of different minerals.

FIN_Y FIN_P
MC MV MC MV
Albite 7.10 £ 0.72 6.25 Albite 16.46 + 2.80 6.25
Dickite 1.60 + 0.25 2.75 Calcite: 3.64 +0.29 3.00
Kaolinite 0.96 + 0.25 2.25 Clinochlore: 2.28 £ 0.20 3.00
Muscovite 4.03 £ 0.48 2.25 Kaolinite 0.70 £ 0.08 2.25
Orthoclase: 2.45 +0.33 6.00 Muscovite 7.95 + 0.83 2.25
Quartz: 83.85 + 0.08 7.00 NaCl 1.11 + 0.05 2.00
Quartz: 67.85 + 0.06 7.00
Sigma: 1.81
Rwp%: 22.32 Sigma: 1.32
Rwp%: 8.64
Clay minerals group — qualitative identification
Illite Illite
Kaolinite Kaolinite
Chlorite

After exploring the available literature, a phenomenological estimation of hardness of
principal minerals (observed by XRD tests on selected earths) has been made. For the
qualitative considerations, Mohs scale values have been taken into account [66]. It is evident
from Tab. 1 and Tab. 4 that average mineralogical composition hardness (evaluated by Mohs

scale) is comparable.



3.4 Sample preparation

The two earths to be used to simulate plasters were disaggregated utilizing a rubber
hammer. The 2-mm dry sieve-passing fraction was selected. In the case of TN, standard

siliceous natural sand conforming to norm EN 196-1 and I1SO 679:2009 was added.

Painted layers were prepared starting from rock fragments ground in an agate mortar. The
resulting powder was sieved to select the 0.063-mm dry sieve-passing fraction. This was used
to create coats of paint over the earthen tile support. In the case of FIN_P, the 0.125-mm dry
sieve-passing fraction of a standard siliceous natural sand conforming to norm EN 196-1 and
ISO 679:2009 was added.

All the materials were dried in an oven at 60 °C for about 12 h, which allows attaining
constant weight. TN, VNF, FIN_Y and FIN_P materials were mixed with distilled water. The
earths were placed in 7x7x15 cm® moulds. Support surfaces were moistened and FIN_Y and

FIN_P were applied with a fine brush.

To properly balance the different constituents, different compositions of tiles and pictorial

layers were considered. The compositions finally selected for tests are given in Tab. 5.

Tab.5 -Composition of tiles (TN and VNF) and pictorial layers (FIN_Y and FIN_P) expressed as weight fractions.

Designation Earth Sand Water
TN 0.40 0.44 0.16
VNF 0.77 0 0.23
FIN_Y 0.54 0 0.46
FIN_P 0.39 0.26 0.35

32 samples prepared were given a single layer and 32 with three layers. In the samples
with 3 layers, yellow and pink colours were interspersed in order to make the underlying
pigment clearly visible in case of surface de-cohesion with the aim of evaluating the

interaction between several pictorial layers.

Overall, 64 samples on 7x7x15 cm? tiles were prepared and divided into 8 groups with 8
samples each. The samples have different combinations of earth plaster, coating and number

of surface layers as detailed in Tab. 6.



Tab. 6 - Summary table of the samples produced.

Samples group Earth of plaster N° of painted layers Painted layers
Al - A8 TN 1 FIN_Y
A9 - Al6 VNF 1 FIN_Y
Al7 - A24 TN 1 FIN_P
A25 - A32 VNF 1 FIN_P
FIN_Y
AP1 - AP8 TN 3 FIN_P
FIN_Y
FIN_Y
AP9 — AP16 VNF 3 FIN_P
FIN_Y
FIN_P
AP17 — AP24 TN 3 FIN_Y
FIN_P
FIN_P
AP25 — AP32 VNF 3 FIN_Y
FIN_P

The samples were kept at 23 + 3 °C and relative humidity of 65 £ 5% for 4 months.
Afterwards, surface cohesion and adhesion were evaluated by STT. The L™ a" b" colour
coordinates by Konica Minolta CM-700 were measured according to UNI EN 15886:2010
[67].

For each sample, three measurements (repeated six times) within an area of approximately
1 cm? were evaluated. The final average value obtained for each sample is therefore the result

of 18 measurements.

4. Accelerated aging

Accelerated aging was performed with the aim of simulating surface pulverization and loss
of adhesion between pairs of pictorial layers as well as between pictorial layers and earthen
support.

Based on the most important deterioration forms observed on-site and taking into account
the meteorological dataset recorded, we simulated cycles of strong humidity and rapid drying
by performing 2 wet-dry cycles (W-D) as well as the impact of sand particles carried by

winds on the earthen surfaces by performing 2 sandblasting cycles (SB). This order W-D and



SB has been chosen to have the worst condition. Indeed, in Pachacamac, humidity is very

high throughout the year, while winds become intense only in some months.

Several experiments have been designed to identify the conditions approaching real
weathering. The W-D cycles were carried out in an Angelantoni DY 250 climatic chamber,
while an home-made device was fabricated ad hoc for the sandblasting cycles based on the
work of Atzeni et al. [49,50].

At the end of each W-D or SB cycle, pictures of the exposed earthen surfaces were
observed and subjected to STT and colorimetric measures to evaluate AE in accordance with
UNI EN 15886:2010:

B3y = (= 137 + (@ — ap)? + (b - bi)?

4.1 W-D cycles

Several preliminary tests have been designed for the W-D cycles. In particular, the

protocols tested were:

Protocol 1: the samples were introduced into the climatic chamber at a temperature of
20° C and RH of 30%. RH values were increased each 24 h reaching progressively 50%,
75%, 90% and 98%. When 98% RH has been reached, the temperature has been increased
by 10°C every 24 h. When 50°C has been reached, this condition was maintained for 24 h
and then the RH was brought to 11%. Even though this procedure has been repeated 4

times, the produced aging is too slow and soft.

Protocol 2: the samples were introduced into the climatic chamber at a temperature of
20°C and RH of 30%. RH values were increased each 12 h reaching progressively 50%,
75%, 90% and 98%. When 98% RH has been reached, the temperature has been increased
by 10°C every 12 h. When 50°C has been reached, this condition was maintained for 12 h
and then the RH was brought to 11%. Even though this procedure has been repeated 8
times, the produced aging is too slow and soft.

Protocol 3: the samples were sprayed for 10 s in the two major faces with distilled

water using nebulizing nozzles 50 cm away from each surface. In the same manner, the



sides of the sample were sprayed for 5 seconds. In this way, moistening is visually
homogeneous over the entire surface. Water absorbed by samples at the end of the
spraying time was found to be 8.4 g + 0.5 g. Moistened samples were placed in a climatic
chamber previously conditioned at 50 °C and RH of about 11% for 2 h to induce the
strong heating of surfaces and then their rapid drying. Once extracted from the climatic
chamber, the samples were left at T = 23 £ 3 °C and RH = 65 + 5% for 4 h. Every sample
was exposed twice to the W-D cycle. However, these cycles degraded the samples too

rapidly.

Protocol 4: the samples were sprayed for 5 s with distilled water using nebulizing
nozzles 50 cm away from the painted surface. Water absorbed by samples at the end of the
spraying time was found to be 1.5 £ 0.2 g. Moistened surfaces appeared homogeneous.
Moistened samples were placed in a climatic chamber previously conditioned at 50 °C and
RH of about 11% for 2 h to induce the strong heating of surfaces and then their rapid
drying. Once extracted from the climatic chamber, the samples were leftat T =23 £ 3 °C
and RH = 65 = 5% for 4 h. Every sample was exposed twice to the W-D cycle. The
obtained samples show a deterioration characterised by the typical features (observed by
STT method) usually due to RH variation. For this reason, the protocol 4 was chosen for

the accelerated aging and after SB cycles were carried out.

4.2 SB cycles

Sandblasting cycles were performed according to the methods illustrated in Atzeni et al.

[49,50].

The experimental apparatus consists of: (a) 24 L electric compressor for generating dry air

flow at constant temperature and pressure. The internal pressure of the compressor chamber

is set at 4.5 bar, while the outlet pressure is adjustable through a pressure reducer; (b)

sandblasting gun with 6 mm nozzle for the flow of air and abrasive with a 6 mm hole for the

attachment of a tube that allows the suction of the abrasive; (c) 20 cm diameter tube to

confine the jet; (d)system for collecting the abrasive in output; (e) sample holder for the

arrangement of the facsimile perfectly aligned with the abrasive jet.

A quartz sand was used as the abrasive. Sand particles had nominal average diameter of

300 um within the range typically undergoing saltation [68,69] in Pachacamac.



The optimal nozzle-sample distance of the nozzle and the optimal outlet pressure of the
abrasive jet were identified by studying the radial air speed profiles within the jet. Air speed
was measured using Hot Wire Anemometer HHF-SD1 by Omega placed at 18 and 28 cm
from the nozzle. Three different airflow exit pressures, namely 1, 2 and 3 bar, were
considered. The obtained results are summarised in Fig. 4. It can be seen that the air speed,
which is maximum along the jet axis, reduces by half as the nozzle distance increases from
18 to 28 cm.
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Fig. 4 - Velocity profiles obtained at 18 cm (a) and 28 cm (b) for the three pressures.

SB experiments were carried out with the nozzle placed at 28 cm from the surface and an
airflow pressure of 1 bar. This results in a quite uniform air speed all over the sample area.
Under these working conditions, the measured airflow speed was about 3.32 m s*. The
earthen surface was exposed to the abrasive jet for 5 s, then monitored with STT, and
exposed again for 5 s. Accordingly, the earthen surface was hit by 2.77 + 0.3 g s}, i.e. about
13.85 g of sand during each 5-s long exposure time. Since sand particle are about 300 um in
diameter and have specific weight of about 2.5 g cm3, approximately 1.64x10° sand particles

reached the sample surface. Every sample was exposed twice to the SB cycle.



5. Results and discussion
5.1 Observations and measurements before accelerated aging on prepared samples

On the macroscopic scale, every series showed samples with fairly homogeneous
properties. In general, all the yellow and single-layer coatings display a slightly rough
surface, with some marks left by the brush. Pink surfaces appear rougher due to the presence
of sand. Roughness is also clearly detected on yellow surfaces in multi-layered samples due

to the direct contact with the surface of the pink coating underneath.

After 4 months, the surfaces constituted by FIN_P were found to be less cohesive because
of the presence of sand and the consequent decrease in clay-binder fraction that made them
more susceptible to microcracking (AP 17 sample in Fig. 5a). Particularly, surfaces AP17-
AP24 started showing the first signs of degradation and superficial hairline cracks appeared.
The reason lies in the very strong sensitivity to small variations in RH% that cause swelling
of the smectitic clay fraction of support TN. The pictorial layers deform differently due to

diverse nature, stressing each other.

STT values measurements performed after 4 months were the reference point for
evaluating, respectively, the variation of surface cohesion and adhesion and the visual change
induced by aging.The initial removed materials (BAA) for each type of sample are shown in
the Tab. 7.

Tab. 7 - Summary table of the colour coordinates before (L*1 - a*1 - b*1) and after accelerated aging (L*2 - a*2 - b*2),
AE and the average of removed material by STT. BAA: Before Accelerated aging; 1 W-D: 1° wet-dry cycle; 2° W-D: 1°
wet-dry cycle; 1 SB: 1° sandblasting cycle; 2 SB: 2° sandblasting cycle. DT: degradation type for lab samples (F: flaking - P:
pulverisation). CD: archaeological samples comparable to lab ones, relative deterioration and STT values. The comparable
data are reported in bold.

Samples L" a1 b* AE BAA 1W-D 2 W-D 1SB 2SB DT CD
group L" a" b (%) (%) (%) (%) (%) (%)
64.75 10.89 32.79 F Vermillon red
- 0,
Al - A8 65.18 9.25 2792 5.20 0.38 0.87 1.18 14.80 30.16 (13.3:0 %)
6465 1136 33.87 F
A9 - Al6 6673 1022 3092 3.80 0.45 0.78 2.10 8.76 30.93
60.04 13.52 19.98 p
Al7 - A24 5918 1417 2075 1.30 3.47 37.00 63.73 100.00 --
61.21 13.86 20.11 P
A25 - A32 6325 1361 2082 2.21 2.25 7.84 18.72 58.58 100.00
AP1 - AP8 68.13 9.32 3245 2.42 1.21 3.64 7.76 10.83 15.14 F Vermillon red
69.43 8.82 30.49
68.48 9.20 32.68 F (13.70%)
AP9 - AP16 69.81 8.62 3034 2.76 0.71 1.77 2.20 8.15 14.49 F
AP17 - AP24 6018 14.23 2082 1.94 1.60 5.86 15.43 27.58 47.49 P Pale yellow
6193 1378 20.71
60.76 14.27 20.33 P (26.93%)
P25 - AP32 : - : 2.01 2.51 7.72 10.96 26.16 46.60 P

6252 13.70 20.34




5.2 Observations and measurements after accelerated aging on prepared samples

The deterioration forms observed have been described by subdividing the pathologies
observed in the two types of cycles performed, while the evaluation of adhesion and surface
cohesion measured by STT will be discussed before for in situ inspections.

5.2.1 Wet-dry cycles

W-D cycles are responsible for most of peeling, flaking and cracking. Peeling and flaking
of the surface occur due to the loss of adhesion of the pictorial layers of the material, while
cracking depends on swelling. For these reasons, they particularly affect multi-layered

samples.

In particular, in the first phase of W-D cycles related to sample damping, a strong
sensitivity to water was observed. Bulges of different diameters (the sizes observed range
from 0.3 cm to 1.3 cm) formed on the surfaces, denoting the detachment of the superficial
layer from the underlying one (Fig. 5b and 5c¢). Water absorbed by clays and interposed
between coating grains causes a volume increase and the consequent detachment of the
superficial pictorial layer. The phenomenon is more frequent for AP1-AP8 and AP9-AP16
samples, which are different in type of support used, but both contain FIN_Y as surface layer
in direct contact with FIN_P. These samples exhibit weaker adhesion between the yellow and
the underlying pink surfaces. The lower cohesion of FIN_P does not allow the yellow layer to
adhere effectively and in the absence of obstacles to its expansion, it deforms and detaches
(Fig. 5b). In the rapid evaporation phase, for yellow surfaces, the dimension of bulges
decreases until external layer returns parallel and in contact with the pink coat. However,
when contraction takes place, the underlying pink layer is already completely dry. These two
layer are only in contact without any adhesion. The flake detachment, in the case of larger
bulges, is revealed by the STT which, through the superficial peeling, no longer removes the

grains but the entire surface layer.



(2)

Fig. 5 - (a) Laboratory samples before accelerated aging. surfaces AP17-AP24 samples
started showing the first signs of degradation and superficial hairline cracks appeared. Larger

bulges in (b) and subsequent flake detachment (c) after wet-dry cycles in AP4 sample.

Surface microcracking appears or intensifies after the W-D cycles. The phenomenon
originates from the different expansion and contraction of the diverse materials following
imbibition and subsequent rapid drying. The intensity of microcracking, referring to the
extension of the phenomenon on the surface and the thickness of microcracks, is greater in
the supports AP1-AP8 and AP17-AP24, both multilayer groups with TN earth plaster.

The observed degradation is similar to the one obtained with the wet-dry cycles carried out
by Ferron et al. [48] and Ogura et al. [51], which result in a reduced surface cohesion and an
intensified microcracking.



5.2.2 Sandblasting cycles

Erosion increased macroscopic surface roughness and the loss of cohesion in the surface
layer in each group of samples. Surface micro-craters were generated by particle impacts and

they represent the points where aging process induces further coating cracking.
5.2.3 Colorimetric measurements

After accelerated aging, the colour change of the surfaces was measured by colourimetry.

Tab. 7 shows the colour coordinates (L*, a", b") and the AE.

In general, substrates with only one layer (A1-A8, A9-Al16, A17-A24 and A25-A32) tend
to have a higher AE, while multilayered substrates show greater homogeneity. Deteriorated
monolayered samples exhibit, indeed, surface portions of the support which are characterised
by a very different colour. Contrarily, multilayered samples after deterioration expose the

underlyinglayer of the painted surface, which is more similar to the first layer (external).

Samples A17-A24 showed the smallest AE. This can be probably ascribed to the fact that
not all the aging cycles could be completed since they already underwent significant
degradation after the first erosion cycle.

All samples are more lightweight after aging, as shown by the increase in the L"
parameter. As demonstrated by Ogura et al. [51], mechanical degradation produces important
colorimetric variations, especially in the case of erosion cycles. In particular, the studies
carried out showed a discolouration of the surfaces ascribable to the erosion induced by sand
particles carried by wind, in agreement with what was also found in this study. The only case
in which L™ decreases is for samples A17-A24. It is due to the high degree of degradation
shown by the pictorial layer, which exhibits the darker TN support. Finally, the higher
pulverisation leads to an increase in surface roughness with a consequent decrease in L”

values.
5.2.4 Measurement by STT

STT was performed before accelerated aging and after each cycle. The average material
loss was evaluated over 3 tapes per sample after each cycle. The results obtained are shown
in Tab. 7.

Within group A, only the samples with FIN_Y (A1-A8 and A9-A16) have completed the



entire aging process. For A17-A24 and A25-A32 subgroups, the cycles were interrupted at

the second and third stages because of the extensive degradation undergone.

No significant difference was observed between subgroups A1-A8 and A9-Al6. Both
subgroups show an increase in the rate of degradation kinetics with erosion cycles. The
subgroups that mostly degrade are those with FIN_P. These surfaces contain fine sand to
reduce the cracking processes during drying. For samples which have a greater quantity of
sand, it has been observed that the cohesion decreases due to the minor quantity of binding
phase into the prepared system. Consequently, thermal-hygrometric and mechanical stresses

cause a remarkable deterioration.

In subgroup Al7-A24, the obtained values indicate that W-D cycles (the only ones
performed on this subgroup) caused very severe deterioration of the coating. After the first
cycle in the climatic chamber, FIN_P was removed very easily over a great area examined
(37%), demonstrating a total absence of cohesion and adhesion with the support. The TN
support is, indeed, highly susceptible to thermo-hygrometric variations induced by the W-D
cycles, which solicits the FIN_P layer. Furthermore, the presence of a single layer increases
the amount of water that reaches the earthen support and, consequently, the amount of TN
soil involved in the swelling process. Moreover, the importance of the support is emphasised
when the degradation obtained in this subgroup (A17-A24) is compared with that of the
subgroup A25-A32 constituted by the same FIN_P on the surface, but with VNF support. For
A25-A32, it is possible to note that the surfaces are more resistant to wet-dry cycles due to

the less swelling of the substrate.

Multi-layered AP samples show greater stability with respect to the overall aging process
compared to those of group A monolayer (Tab. 7). The groups consisting of multi-layered
surface FIN_Y (AP1-AP8 and AP9-AP16) once again appear to be the most resistant to both
W-D and SB cycles. However, it is possible to note a higher value reached at the end of the
second cycle with respect to the A samples due to a high roughness surface given the
presence of the underlying FIN_P layer. Roughness as well as surface defects greatly
influence the test results, making the surface more prone to be removed. Despite a lower
resistance to W-D cycles, at the end of the entire aging process, there is still a smaller amount
of coating removed since the sandblasting cycles are much less effective than that in the case

of group A.

For samples with FIN_P (AP17-AP24 and AP25-AP32) in the surface, W-D cycles are



less damaging. It is possible to see in Tab. 7 that the obtained results for AP17-AP24 and
AP25-AP32 are quite similar to each other, suggesting that the presence of the multilayer has

a greater influence than the difference in earthen substrates.

For multilayer FIN_Y (AP1-AP8 and AP9-AP16) samples, W-D and SB cycles caused
similar damage step by step due to the fact that FIN_Y upper layer is particularly cohesive
(especially regarding monolayer FIN_P), therefore it reduces the pulverization effect by
protecting the underlying layer which is more sensitive (FIN_P). After W-D cycles, the
surface is characterised by micro-cracks growth which increase their dimension. Their merge
gives rise to flakes which exfoliate exposing a new layer to damage process (Fig. 6).

AP4 AP17

BAL gl e Sy e lime e

2w-p g ;
1SB

2SB

Fig. 6 - Tapes of AP4 and AP17 samples during accelerated aging cycles. It is possible to
note the loss of adhesion between layers, evidenced by flake detachment, in sample AP4 and

the loss of surface cohesion manifested by pulverisation in sample AP17.

The reported results show that artificial weathering is comparable with real one observed
on the archaeological site. Indeed, in both cases, it is possible to note that the minor loss of
external layer (flakes) takes place for earth with a greater quantity of quartz, while
pulverization is higher for systems with more equal proportions between quantity of minerals
fractions (quartz + clays). Through phenomenological observations and XRD data, it is
possible to note that the percentage of minerals with Mohs hardness greater than 5 in the
pulverised samples is lower for both archaeological (49.5% for pale yellow vs. 68.1% for
vermillion red) and reproduced samples (83% in FIN_P vs. 93.40% in FIN_Y).



Particularly, as shown in Tab. 7, a remarkable agreement has been observed between
archaeological surfaces vermillonred and monolayer A1-A8 after 1 SB and multilayer
samples called AP1-AP8 and AP9-AP16 at the end of 2 SB. STT exhibits comparable results
of removed materials (about 14-15%) and deterioration type (flaking).

Moreover, for pale yellow (archaeological) samples, pulverisation results are comparable
with those obtained for AP17-AP24 and AP25-AP32 (experimental) samples at the third

cycle; estimated between 26 and 27%.

For A9-A16, A17-A24 and A25-A32, it is not possible to compare STT values which
result extremely different to those measured for the archaeological surfaces studied.

Overall, different samples have been prepared for the application of consolidant materials

and consequent conservation strategies and design.

Conclusions

This work presents a materials accelerated aging procedure for reproducing
weathering deterioration observed on painted surfaces of Pachacamac Templo. It allows to
obtain deteriorated samples which can be used for understanding weathering conditions
and testing new consolidants.

Thermal hygrometric variation and wind erosion are the typical deterioration causes
noticed in the study area. For this reason, wet-dry and sandblasting cycles are used in lab
for obtaining accelerated deteriorated samples prepared by using raw materials
composition with similar mechanical and composition properties.

In both archaeological and lab samples, weathering is estimated by the application of
STT which allows estimating removed material layers. According to similar mineralogical
compositions, the comparison between archaeological and lab samples shows that damage
observed in A1-A8, AP1-AP8 and AP9-AP16 is similar to that in vermillion red and
damage observed in AP17-AP24 and AP25-AP32 is close to that in pale yellow.

This result represents a step forward to formalise simple guidelines for artificial

damaging aimed at studying new consolidating materials and approaches.
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