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Abstract

Weathering processes of Templo Pintado (Painted Temple) caused by environmental and climatic
agents have been investigated in this work. The temple is part of the archaeological complex of
Pachacamac, situated in a desert area of Western Peru characterized by high relative humidity,
temperature, relevant winds, and remarkable solar radiation. These atmospheric conditions result in
wet-dry cycles and wind erosion, eventually inducing pulverization, exfoliation, and detachment in
plaster and painted surfaces. The seasonal variation of atmospheric conditions was monitored on a
daily basis for five years, revealing that the seasonal cycles exhibit great similarity. Experimental
results show a linear correlation between loss of material and environmental temperature. In
particular, degradation increases with temperature rises. Moreover, high temperatures are combined
with stronger winds and drying of materials (wet-dry cycles), which contribute to accelerating

degradation kinetics.
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1. Introduction

For hundreds of years, people throughout South America have walked the ancient pilgrimage routes
to consult and pay homage to the oracle of Pachacamac, a deity whose wrath was capable of
creating earthquakes [1]. The archaeological sanctuary of Pachacamac is located in Peru,
approximately 31 km South of Lima and 2 km from the Pacific coast, in the lower part of the Lurin
Valley (12°15'20.2"S 76°54'28.6"W). Covering an area of about 465 hectares, it is located on an
irregular plain dominated by four rocky promontories and surrounded by different ecosystems such
as the fluvial forest and the mouth of Lurin River, the coastal strip and its surroundings rich in
basins and wetlands, hills and valley, and the coastal desert characterised by sandy sediments [2].
According to Koppen-Geiger climate classification, the climate of the area may be explained as
BWh (hot desert climate) [3-6].

The initial settlements in the area date back to the Archaic period (5000 B.C.), but the
construction of the sanctuary was begun no later than 200 A.D. during the Lima culture (200 - 600
A.D.). With the Wari culture (600 - 1100 A.D.), the area progressively developed into a religious
centre able to attract a large number of pilgrims. Starting from 1100 A.D., Pachacamac became the
center of power of Ychsma people and a series of administrative buildings and dwellings including
pyramids with ramps and other buildings were erected. It was during this period that Pachacamac
oracle reached its peak. In 1470, Pachacamac was incorporated into the Inca Empire, evolving into
an important provincial capital with administrative and religious centres. The Inca Empire remained
in power until 1533 A.D., when the arrival of Spaniards caused the destruction of the oracle and the
gradual abandonment of the sanctuary [7]. Eventually, the sanctuary was buried by desert sand over

time.

The historical richness of the site is reflected in its urban fabric and architecture. Within the
sanctuary, there are currently more than 50 buildings from different eras, constructed by using
different techniques and materials, which give rise to squares, streets and cemeteries, and bear
witness to a great urban planning project [7,8]. A large proportion of the buildings are made of raw
earth, mostly using the adobe construction technique. Additionally, square ashlars made of lutite, a
shale found in the area, are also used, especially at the base of the walls [7]. At the urban level, it is
crossed by two north-south and east-west roads and surrounded by three systems of boundary walls

that divide the site into three sectors intended for different functions. In particular, within the first



sector, the smallest buildings housing the structures dedicated to worship are the Old Temple (200 -
600 A.D.), the Sun Temple (1470 — 1533 A.D.) and the Painted Temple (600 - 1533 A.D.) [2].

The Painted Temple represents one of the most important buildings of the sanctuary as it was the
place where the oracle resided and where pilgrims went to consult it. For this reason, it was made
clearly visible from afar to pilgrims arriving at the sanctuary. As shown in Fig. 1a, it was built
above a natural promontory and its surfaces decorated with polychrome paintings[2]. The building
has trapezoidal shape, with a rectangular floor plan measuring 12065 metres, and it is stepped
[2,9]. Currently, residual mural painting are mostly located along the steps of the North Front (FN),
a picture of which is shown in Fig. 1b [10,11].

Paintings are made using the Temple Mate technique. The pigments, all of mineral origin and
mostly available on site, were mixed with water and an agglutinative of vegetable origin [9,12]. The
colour palette has 6 main colours: garnet and vermillon red, yellow ocher, pale yellow, greenish-
grey and black. Pale yellow and vermilion red currently being the most abundant colours [2,13].
The background was done by using large cotton balls (motas) or woolen cloths to repeatedly dab
the paint on the plastered wall. In their description of the surfaces of the Painted Temple, Muelle
and Wells noted the presence of remnants of cotton balls adhering to the paint. Furthermore, during
excavations carried out in 1938 in the steps of the FN, cotton balls soaked in the same paint as the
surfaces were discovered among the findings [14]. After painting the background, the motifs were
added with a brush made of strands of human hair. The decorative figures were outlined in black to

make them more visible [14].

The study of the paintings has led to the recognition of three different pictorial periods. In the
second and third periods, staircases were painted by a succession of red and yellow bands of
approximately 2.5 m in length, within which animal, plant and human motifs were depicted
[2,9,13].

Although there is not much bibliographic information on pre-Hispanic mural paintings in South
America due to their fragility, Bonavia [15] mentions that it is an ancient artistic modality with a
tradition in the Andean region, developing throughout all Pre-Hispanic times. Bonavia's remarkable
and comprehensive registry of archaeological sites in Peru with evidence of mural painting from the
Initial Period (900 BC) to the Colonial Period (1534 AD) includes sites such as Incahuasi, Huarco,
Tambo Colorado, Huaca de la Centinela, Pachacamac, Armatambo, Huadca, and Mateo Salado,
where evidence of murals made from red, white, and yellow minerals has been found. These were

used to paint the exterior and interior of monumental buildings. During this period, the Painted



Temple of the Pachacamac Archaeological Sanctuary was constructed, considered a representative
example of pictorial technology and the use of mineral pigments for mural painting in South
America [12,15-21]. Bonavia mentions that "the best contribution to [the technique of manufacture]
is owed to Muelle and Wells [14], who were lucky enough to find a series of important evidence in
situ for the interpretation and technological reconstruction. They made their observations in
Pachacamac"[15]. In this sense, the mural paintings of the Painted Temple) of Pachacamac
represent one of the best examples of pre-Hispanic mural painting in South America, at least for

now.

Paintings are executed on a plaster of variable thickness that exhibit stratifications from a
succession of different applications that took place at different times. Indeed, paintings were
renewed on numerous occasions. In some cases, they were simply refreshed, repainting the motifs
or restoring them in places where they had been almost completely erased. In other cases, a thin

layer of plaster was applied over and drawings were renewed or repainted [10].

In 1938, at the time of the XXVII Congreso Internacional de Americanistas, large-scale
excavations were carried out on many archaeological sites in the Lima area, including Pachacamac,
aiming at increasing the sites to be exhibited during the conference [13]. Since 1938, the paintings
of the Painted Temple have been exposed to the elements without any care about conservation,
which determined the loss of a large part of found drawings. Since 2008, a conservation and
experimental archaeology programme has been underway to safeguard what remains of the painted
surfaces. In particular, in 2010 a removable 433 m? bracing and shelter, shown in Fig. 1c, was built
in the FN (Fig. 1d) to mitigate the aggressive weathering phenomena that threaten daily the survival
of Painted Temple [10].



Fig. 1 - (a) Painted Temple (Image courtesy of the Santuario

—&;ﬁ s Arqueologico de Pachacamac); (b) FN of Painted Temple
'Natura&rgmon Ory== “*““Sun Temple

(Image courtesy of the Santuario Arqueologico de Pachacamac);
(c) the shelter and bracing installed in 2010 to protect the

Painted Temple; (d) sectoralisation plan for the Painted Temple
(the image was adapted from D. Pozzi-Escot, G. Pacheco, C.R.
Uceda, Pachacamac: Templo Pintado.Conservacion e
Investigacion, 2013).

Literature shows that weathering processes and their kinetics can be understood only establishing
a definite relationship between the physical and chemical status of historical surfaces taking into
account the variation of environmental parameters [22—-28]. This is particularly important for earth-
based materials, given their complexity, heterogeneity and intrinsic sensitivity to large fluctuation
in temperature, relative humidity, solar radiation, wind power, salt aerosol and biovitality [29-33].
Specifically, the presence of hydrophilic phases such as clay minerals allows the material to have a

high affinity to water. This last, such as liquid or atmospheric moisture, is definitely the main threat



when it comes to earthen architecture. In humid environments, even in the absence of rain, the
stability of buildings is degraded by a high water content and alternating wet-dry cycles due to high
temperatures or solar radiation [22,34-39].

All these factors can result in different deterioration processes such as pulverisation, exfoliation,
cracking, detachments and aeolian corrasion [31,40-43], which makes conservation of
archaeological earthen sites the crucial challenge of materials science applied to cultural heritage
[44-47]. In this sense, constant and comprehensive monitoring of the dynamics between the
environment and historical ruins, in addition to material characterization and structural analysis, is
necessary to gain sufficient knowledge to plan effective strategies aimed at mitigating their rate of
degradation. The study of environmental site parameters, over long periods, is certainly among the
most common [36,48], along with modelling or tools like fuzzy logic approach [49,50] or GIS
technologies [51]. Moreover, the aspects related to the microclimate that can specifically affect the
degradation of the materials are also of considerable importance. An example is reported in
Gobakken et al., in which despite the arctic climate and the resulting extreme conditions,
temperatures on building materials could reach unexpected and very high values [52].

In this work, detailed information is provided on the seasonal variation of the most relevant
atmospheric quantities such as solar irradiation, temperature, wind strength, and relative humidity.
These quantities were measured on a daily basis for five consecutive years, obtaining a clear picture
of the environmental conditions to which the painted surface of the Painted Temple is exposed. In
parallel, the propensity of the painted surfaces to degradation was also monitored, measuring the
mass lost from the surface when an adhesive material is gently pressed against it. It is shown that
temperature is the most relevant environmental quantity affecting the cohesion of the surface layers.
Additionally, the combination of relatively high temperatures and strong winds appears to give rise

to the most intense degradation processes.
2. Materials and methods
2.1 Sampling and characterisation of archaeological samples

Ten samples were collected in situ for diagnostic investigations. The collected samples derived
from a collapse that occurred in the years following the excavations of 1938 (from this date
onwards, the structure was exposed without any kind of protection). These detachments have been
caused to atmospheric agents and mechanical actions typical of Peruvian coast seismic phenomena.
Selected samples were fragments of painted plasters in the two mostly recurrent colours in the
decorations of Painted Temple: pale yellow (PY) and vermilion red (VR). Sample surfaces were



observed with a Carl Zeiss Axioscop 40 light microscope at 2.5x, 5%, 10x, 20x, 40x, and 50x
magnifications. Plaster mortar (PM), PY and VR were subjected to X-ray powder diffractometry
using a Rigaku MiniFlex II diffractometer and analysed by X’Pert software and Rietveld method
which allows to determine primary minerals [53]. In order to identify secondary minerals (clay
minerals) in-depth analysis has been carried out according to Moore et al. method [54], which
consists of (i) concentrating the clay fraction, (ii) exposing it to an atmosphere saturated with
ethylene glycol for 8 hours at 60 °C, and (iii) heating it in a muffle furnace at 550 °C for 2 hours.
PM was characterised by wet granulometry according to UNI EN 1SO 17892-4:2017 [55,56]. The
particle size test on painted layers was not allowed by the smallness of samples that can be collected

from the site.
2.2 Atmospheric data

Data recorded every 30 min during 5 consecutive years by the Davis Vantage Pro 2 weather
station installed in the site were analysed and compared (about 17,500 readings per 5 years).
Temperature (T), relative humidity (RH), wind speed (WS) and solar radiation (SR) are taken into
account. Seasonal data happen to be highly homogeneous, with very small deviations. Due to the
extreme uniformity of the data in the different years analysed, the five-year average was taken for

each month.
2.3 Deterioration of painted surfaces

The status of painted surfaces during different seasons was carried out using the so-called scotch
tape test (STT). Introduced in conservation in 1960 by Mora and Torraca [57,58] to evaluate the
consolidation of stone surfaces and plasterwork, it has never been formalised through standards or
norms that could provide a rigorous procedure to standardise the method and make comparable the

results obtained in different studies.

At present, tapes with the adhesive on a single side or on the two sides are used [25,59-62] [63—
69]. In the present work, the tape with adhesive on one side only was used. The utilization of the
tape with adhesive on both sides resulted too invasive for the surfaces of Painted Temple. The test
is inspired by the standard for evaluating modern coatings described in ASTM 4214-07-D and UNI
EN 1SO 4682-6:2011 [70,71] and adapted to the field of conservation. It is mainly used for
materials with a weak degree of cohesion between the coating particles such as wall paintings [59—
61] and unfired earth surfaces [62].



The 3M® Scotch® 550 polypropylene tape with acrylic adhesive was used. A 40x19 mm piece
of tape was applied to the surface through a very light pressure to make it adhere to the entire area
under examination as well as to eliminate any air bubbles. It was left on the surface for 90 s,
removed with a constant speed of 10 mm/s at an angle of 90° and placed on a sheet with a white
background. The obtained pieces of tape were scanned and processed with the free software3
ImageJ® version 1.46 and the fractional area occupied by the removed particles was evaluated.
Although limited, this technique is compatible with the rules imposed by local authorities. The STT
and subsequent image analysis of the tapes made it possible to estimate the material loss in

archaeological surfaces.

The assessment of degradation was carried out by considering 14 portions of the step surfaces,
all located on the FN in order to have a similar exposure to weathering, each measuring
approximately 40 x 40 cm. Six areas on the third step and four areas on the fourth step of sector 1
were selected, as well as two areas on the fourth step and two areas on the fifth step of sector 2.
Their position was established based on the colours present in order to have 7 surfaces of PY and 7
surfaces of VR.

The selected surfaces exhibited a similar state of preservation, which allows a reliable
comparison. The STT was performed three times at different locations and with different tape
inclinations on each surface (about 2,100 measurements per year). Measurements were taken from
12 a.m. to 3 p.m. once a month for each season. Monitoring was carried out for 2 years. The surface
temperature reached by the wall paintings in different seasons was monitored using an Omega
HHB802 Series thermocouple. The probe was placed on a selected surface of sector 1 and another on

a surface of sector 2.
3. Atmospheric data

Observations carried out on site allowed to have a clear picture of the change of weathering
parameters during the times of day and months. In the coastal region of Lima, the seasonal cycle is
characterized by four distinct seasons: Summer (21 December - 18 March), Autumn (19 March - 19
June), Winter (20 June - 21 September), and Spring (22 September - 20 December). In the
following, we report on T, RH, SR and WS.

3.1. Temperature

The average T values during day and night are plotted in Fig. 2a for every month, while Fig. 2b

repots T maximum and minimum values. In summer (southern hemisphere), particularly in



February, the average daytime T is around 21.7 °C (maximum 26 °C, minimum 18.2 °C). In winter,
the daily average T, particularly in the month of August, is around 16 °C, with night-time lows
equal to around 14 °C. Generally, for every month of the year, it can be seen that night and day
average temperatures do not differ substantially (1£0.4 °C). Moreover, all average temperatures
tend to shift towards minimum values rather than maximum values. It indicates that hotter

temperatures are measured for a few hours during the day (compared to average).
3.2. Relative humidity

The average RH values plotted in Fig. 2c vary between 85.6% (May) and 93.9% (April). The
variation during the day-night cycle is around 2.9% (August, average maximum 93.0%, average
minimum 90.1%) and 5.6 % (March, average maximum 93.3%, average minimum 87.7%). During
every month, RH reaches very high values between 99% and 97% which are the absolute maxima,
while absolute minima are between 80% and 63%. A maximum daily-nightly variation of 36% has
been measured during March, while minimum daily-nightly variation, measured in April and
August, is 18%.

3.3. Solar radiation

As shown in Fig. 2d, SR reaches high values especially in the summer months of January,
February and March. For the year analysed, the average daily radiation striking the surfaces was
7.45 kW/m?, 7.79 kW/m? and 7.62 kW/m? respectively with peaks of 10.1 kW/m?2. The lowest SR
has been recorded in August, with value of 2.89 kW/m?. In January, SR changes from 0 to 0.791
kW/m? and stays on average above 0.5 kW/m? for three hours a day, typically from 11:00 am to
02:00 pm.

3.4. Wind speed

The average WS is plotted in Fig. 2e. It remains constant throughout the seasons at the value of
1.5 m/s = 0.1 m/s, but in spring and summer it reaches peaks of up to 9.7 m/s. In particular, for the
year under review, peaks of 7.6 m/s were reached in November. During the summer months, the
average maximum WS is 5.95 m/s + 0.25 m/s. By contrast, the lowest values were recorded during
the winter months, when the average maximum speed is 3.9 m/s £ 0.25 m/s. The prevailing
direction is S-SW.
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4. Results and discussion
4.1. Characterisation of archaeological samples

Optical microscopy revealed the extreme decohesion of PY surfaces. As evident from Fig. 3a,
they appear extremely pulverised. In contrast, as shown in Fig. 3b, VR surfaces appear well

cohesive and the marks due to the impact of windblown sand particles are clearer. Through cross-



sectional analysis, it was possible to distinguish up to 15 pictorial layers, which vary in thickness

between 10 and 200 micrometres, for a total thickness of approximately 800 micrometres (Fig. 3c).

Fig. 3 - Optical microscope image of (@) PY and (b) VR
surfaces. Cross-section of a painted plaster sample in which 15
pictorial layers with different thicknesses can be identified.
Thicknesses - 1: 87.9 um; 2: 37.5 um; 3: 24.7 um; 4: 15.5 pm;
5:20.8 um; 6: 14.6 pum; 7: 74.8 um; 8: 34.3 um; 9: 50.7 um; 10:
21.0 pm; 11: 22.2 pm; 12: 31.6 pm; 13: 36.3 um; 14: 80.5 pm;
15: 222.0 pm. Magnification: 5x.

The results of XRD mineralogical analysis are summarized in Tab. 1. Albite is prevalent in every
mineralogical composition of analysed samples (51%, 40% and 35% in weight for PM, PY and VR
respectively). Quartz is more present in VR (23%) and PM (17%), but it is less significant in PY
(9%).



Tab. 1 - Mineralogical composition of the archaeological earthen plaster (PM), pale yellow (PY) and vermillon red (VR) pictorial
layers.

PM PY VR
Albite: 51.07 £ 2.01 Albite: 40.27 £ 1.45 Albite: 35.17 £ 2.57
Clinochlore: 2.98 £ 0.12 Clinochlore: 1.90 £ 0.16 Gypsum: 1.61 + 0.06
Hornblende: 4.33 £ 0.14 Gypsum: 0.90 £ 0.02 Hematite: 2.25 +0.14
Laumontite: 3.04 + 0.42 Illite: 12.78 £ 0.80 Illite: 11.84 £1.95
Muscovite: 1.79 + 0.09 Jarosite: 31.81 + 0.84 Muscovite: 15.28 + 4.44
Orthoclase 19.44 + 0.98 Kozulite: 3.25+0.12 Orthoclase: 6.99 + 1.06
Quartz: 17.34 £ 0.03 Quartz: 9.08 £ 0.05 Quartz: 23.31 +0.07
Riebeckite: 0.35 + 0.03
Sigma: 2.20 Sigma: 1.93 Sudoite: 2.33 £ 0.15
Rwp%: 14.54 Rwp%: 16.70 Wollastonite: 0.86 + 0.62
Sigma: 1.34
Rwp%: 9.59

Clay minerals group- qualitative identification

Ilite Ilite Ilite
Chlorite Chlorite Chlorite
Smectite

The amount of clay in PM is about 3% and its qualitative interpretation reveals the presence of
Smectitic Group. Jarosite quantity (32%) is responsible for the colour of PY surfaces, while the
quantity of clay minerals is about 2% for the Chlorite Group and approximately 13% for Illite
Group. In VR surface, the colour is attributable to the presence of 2% of hematite. About 14% is

made up of Illites and Chlorites.

According to Wentworth class [72], granulometric analysis show that the plaster mixture is made
up of very fine gravel (0.91%), 71.32% sand (divided in very coarse, 0.64%; coarse, 1.58%;
medium, 12.45%; fine, 43.84%; and very fine, 12.81%), 27.77% silt and clay.

4.2. Correlation between deterioration rate and weathering conditions

Earth materials are characterised by highest hydrophilic phases, which are responsible for
moisture and water absorption [73]. Water vapour permeability and water capillary absorption are
the physical phenomena involved. Particularly in winter, RH remains approximately 100% for
many hours a day. In combination with T, solar radiation and WS values, this determines water
condensation on wall surfaces. Correspondingly, the absorption process is made faster. Fig. 4 shows
the variation in environmental temperature (T), surface temperature (Ts) and Dew Point (DP)
during critical hours of a typical winter day (from 18:00 to 9:00; the other hours of the day have not
been considered because solar radiation significantly increases the temperature of the surfaces
under study, which reach values incompatible with the condensation phenomenon). It can be noted



that during the time interval between approximately 3:00 am to 7:00 am, TS < DP, which means

that the condensation phenomenon could occur.

18

T €C)

12
18:00 21:00 00:00 03:00 06:00 09:00
Time (hours)

Fig. 4 - Variation of environmental temperature (T), ®; surface temperature (Ts), @; and Dew Point (DP), ¢; vs critical hours of a

typical winter day (from 18:00 to 9:00).

During summer, condensation is less frequent and the principal absorption process is due to
water vapour penetration. In both cases, the absorbed (liquid) or condensed (vapour into the pores)
water circulates into the pore network generating different conditions that can give rise to
deterioration [74]. In the examined case, swelling of clay minerals is the most relevant cause of

material damage.

Deterioration produced by swelling also depends on the minerals contained in the earthen
mixture. In particular, the presence of minerals belonging to the Smectite Group makes this
phenomenon particularly intense, resulting in deformation of plaster and all analysed painted
surfaces. Furthermore, even though clay minerals belonging to the chlorite and illite groups do not
swell intracrystalline upon contact with water molecules, they can still undergo osmotic (or
intercrystalline) swelling as a result of bilayer interactions between clay particles, which can cause
significant expansion, deformation, and associated stress in the presence of an aqueous solution

[75-78]. Repeated wetting/drying cycles could lead to the development and propagation of cracks.

On the microscopic scale, bonding forces between clay particles, sand grains and silt decrease as
the amount of absorbed water increases (environmental RH increase), thus reducing the internal
cohesion of the material. Consequently, mechanical properties on the macroscopic scale are

negatively affected [27].

The enhanced deterioration power of swelling is connected to SR (maximum values bring
surfaces to highest temperatures), WS and frequency (air circulation close to surfaces). They all are

able to influence evaporation and absorption cycles.



Regarding surface temperatures, measurements show an average value equal to 53 °C during the
summer months, with temperature peaks of 64 °C on days when SR was most intense. The same
phenomenon is analysed in the study of the degradation kinetics of the Chinese ruins of Jiaohe in
China [22]. Also in such case, earthen structures are located in a semi-desert area and the dynamics
involved in weathering are very similar to those of Pachacamac site. In particular, the correlation of
ambient temperatures at the Jiaohe site with temperatures of the masonry pointed out that, for air

temperatures between 20 °C and 30 °C, the surface temperature of buildings exceeds 50 °C.

Finally, the wind speeds up the drying of surfaces, making the cycle more deleterious in the
spring and summer months when it blows with greater force, which also corresponds to the months
when SR reaches its maximum, especially affecting the surfaces of the FN due to S-SW direction.
Indeed, water evaporation inside porosities induces a volume contraction of clay minerals, which
gives rise to microscopic and macroscopic cracks. The newly generated cracks, in turn, increase the
absorption capacity of surface water during subsequent wetting cycles, with a progressive

worsening of cohesion.

The stresses induced by expansion and contraction processes induce the detachment of the
plaster layer from the support, which is evident in the image reported in Fig. 5a, and of the different
paint layers from each other, resulting in enhanced exfoliation, especially in the case of red and
greenish-grey paintings shown in Fig. 5b [79].

The importance of wind action for weathering process is not only related to the evaporation
Kinetics, but also to corrasion processes. Indeed, winds carry solid particles (sand, clays and organic
grains) that can impact surfaces, resulting in surface abrasion and material removal [80-82]. This
factor is particularly relevant in desert and semi-desert areas, such as the one of Pachacamac site
[26,83-87].

The damage effect of corrasion depends on wind intensity and time of exposure. Several factors
related to air (velocity, turbulence, density and viscosity), soil (composition, general morphology
topographic features and humidity content) and particles carried by wind (roughness, hardness,
mineralogical composition, specific gravity, characteristics diameter size and shape) play a role
[25,43,88-91].

Three different modes of particle movement can be distinguished depending on the particle
diameter (2): (a) dust storm for 0.001 mm <g< 0.1 mm, (b) saltation for 0.1 mm <g< 0.5 mm and
(c) rolling or surface creep for 0.5 mm <g< 1 mm [91,92]. In particular, saltation consists of the
bouncing of grains on the ground [93,94]. As reported in literature, the jump produced can reach



significant heights of up to 120 cm, but most jumps do not exceed 30 cm. Jump and impact angles
are between 75° and 90° and between 6° and 12° respectively [95]. In desert or semi-desert areas,
saltation involves the 55% to 72% of moving particles [91]. Therefore, desert sand moves mostly
during spring and summer, when SR and WS reach their maximum values due to the evaporation of

interstitial moisture to the desert soil surface [96].

This movement is involved in corrasion. In particular, the plaster begins to detach along the
perimeter due to wet-dry cycles and the process is amplified by particles moved by the wind that,
through corrasion, tend to abrade the surface between plaster and masonry that has been already
partially pulverised due to previous detachment. Given the height reached by particles during
saltation, the void generated between the masonry and plaster is most visible in the lower parts of
the fragments.

The location of Painted Temple, close to a natural promontory, favours the accumulation of
desert sand in the parts of the FN steps. On the steps, whose height varies from 40 to 120 cm, dust
and sand particles are accumulated, which, due to wind currents, are continuously moved and erode
the decorative apparatus incessantly. The horizontal parts represent the rebound surfaces of saltation
grains and, given the heights they reach, the area most vulnerable to this type of degradation is the

bottom of the step vertical surface.

The reiteration of such cycles makes initial microcracks evolve into real fractures, as also
demonstrated in Dong et alii [36] and Luo et alii [37]. As shown in Fig. 5c, these can reach a
maximum length of 1.5 cm. The growth of fractures induces a reduction of the cohesive surface.
Together with the weight loss at the bottom of the steps, new surfaces and borders get constantly

exposed to atmospheric agents.

The same degradation processes affecting plasters come into play, although on a smaller scale,
for pictorial layers. These are also subjected to wet-dry cycles and subsequent exfoliation and
detachment. This weathering is particularly observable on the VR and grisaille-green surfaces.
However, in-situ observations have shown that the phenomenon is particularly frequent in surface
portions where paint layers are stratified. Whenever only a single paint layer is present, in direct
contact with the plaster, it is much less intense. This is probably due to the better adhesion of paint
layers to the plaster surfaces, which are rough and capable of anchoring the paint. In contrast, in
stratified parts, the paint layers are laid on top of each other on very smooth surfaces, which makes

adhesion much less effective, thus facilitating exfoliation.



Pulverisation has been observed in PY painted surfaces such as the one shown in the image
reported in Fig. 5d. Again, wind erosion and wet-dry cycles are the principal causes. The impacts of
particles on the surfaces induces material loss with overall effectiveness depending on the hardness
of minerals involved. Nevertheless, the pulverisation of paint layers of Painted Temple can be
partially ascribed to the excessive surface drying, which negatively affects the cohesive forces
between material particles [97].

Fig. 5 - (a) Plaster detachment; (b) cracking and exfoliation of
the painted surface; (c) a typical fracture in plaster; (d)
pulverisation of PY surface.




A surface with very fine particles, as in the case of paint layers, is, in principle, less vulnerable to
erosion because of the strong bonds between finer grains [95]. However, the micro-damage
generated by repeated impacts can progressively give rise to cracking, peeling and further loss of

material.

When the plaster is finally exposed because of painted layer removal by deterioration processes,
particle impacts become more effective since clay particles represent a minority constituent, while
overall composition consists mainly of silty-sandy particles. These particles are more easily
removed during impacts, increasing the speed of the erosion process. For this reason, the borders of
paint fragments with relatively well-preserved paint layer exhibit a strong deterioration of the
surrounding plaster and, as soon as a void is created between the finishing layers and the wall

surface, the fragment detaches.

These processes, in which SR is an extremely important factor, are strongly mitigated by the
presence of the shelter and bracing. However, the strong wind, although not directly blowing
against the paintwork, is channelled into the area between the surfaces and the bracing and leads to

rapid drying.

No degradation attributable to biological activity or factors was observed during the five-years

degradation monitoring period.
4.3. Monitoring of decay by STT

Tape analysis reveals that the amount of material removed is closely related to the surface
moisture. This depends on solar radiation, T and air circulation, provided that RH is assumed
constant during each season. Indeed, all examined archaeological samples, such as the PY subjected
to pulverisation shown in Fig. 6a and VR affected by the loss of adhesion between layers shown in
Fig. 6b, show that the material is lost mostly during summer, when the surfaces undergo the highest

stresses due to rapid drying. The effects can be seen from the image reported in Fig. 6¢.

Specifically, PY surfaces, for which more easily cohesion of the paint layer gets reduced and,
therefore, appearance is more powdery, show an average material loss of 26.93% £ 1.6 %, in
summer. This value decreases in the winter season, when the minimum pictorial loss is 21.44% *
1.3 %. The material removed by the tape is composed of the smallest grains, which points out a lack

of cohesion between particles. For all the surfaces investigated, pulverisation is homogeneous.



VR samples show a maximum average pictorial loss of 13.7% + 1.4 % in summer and a
minimum of 11.46% + 0.9 % in winter. The range of values is smaller than that measured for the
PY surfaces in the same seasons. The VR surfaces are more cohesive but prone to detachment from
the underlying layers and the flakes of the paint layer are removed from the surface especially

where micro-cracks are present.

The image reported in Fig. 6¢ clearly shows that PY and VR experience a different material loss.
Such difference can be ascribed to differences in the mineralogical composition. In particular,
samples with relevant Quartz contents exhibit longer durability than those with similar quartz and
clay contents. This correlation between durability and Quartz content is related to the hardness of
this mineral. Indeed, according to literature [25], during sand blasting corrasion, colliding bodies

cause a damage proportional to their hardness.

(a) e . (b) Fig. 6 - (a) STT performed on a PY surface affected by

T i i‘, pulverisation; (b) STT performed on VR surface with evident

i loss of adhesion between layers; (c) Removed material (RM)

30 () percentage vs seasons. Bars indicates minimum and maximum
. <} % .............. <} values of RM. Results have been obtained by STT performed on

7 PY surfaces and 7 VR surfaces (symbols: o PY surfaces; o
VR surfaces).

Autumn Winter Spring Summer

While the considerations made so far are merely qualitative, we pushed the analysis of available
data further with the aim of obtaining semi-quantitative correlation between environmental factors
and degradation of painted surfaces. Along this way, we noticed that RM% exhibits a significant
correlation with T. As shown in Fig. 7a and Fig. 7b, data arrange according to a markedly linear
plot with limited scattering around the best-fitted line. It is clear that RM% increases for both PY
and VR pigments as T increases. No similar correlation of RM% was observed with other
environmental quantities, thus indicating that T is, by far, the most relevant environmental factor
affecting the cohesion of the painted layers. The increase of mass loss with temperature can be,
indeed, ascribed to a reduction of cohesive forces induced by the removal of water from the

material due to the high temperatures it experienced.



30
(@)
28
~_
$ 26
N
R2=0.7699
E 24
22
6
15 (b)
A
~ 14 _
= 13 b R
. 12 AA R2=0.7774
e A
. P
10
15 17 19 21 23
T (°C)

Fig. 7 - (a) Correlation between RM% for PY surfaces () and increased T; (b) Correlation between RM% for VR surfaces ( A) and
increased T.

Although temperature can be considered effective itself in damaging the painted layers because
of the wet-dry cycles it governs, it is quite reasonable expecting that aeolian processes of significant
intensity can worsen the deterioration scenario. For this reason, we have investigated the role of
wind strength in some detail. The statistical distribution of WS during one year on the average is
shown in Fig. 8. It can be seen that most probable WS values range between 0 and 2.8 m/s. These
winds act all over the year and can be regarded as a constant factor of deterioration, even if their
low strength cannot be responsible for the most intense degradation phenomena due to saltation. In
this respect, a prominent role is played by the strongest winds. As shown in Fig. 8, these have a
quite different distribution, their frequency undegoing a seemingly exponential decrease with WS.
Quite interestingly, the strongest winds blow exactly during the hot season, thus creating the

conditions for a marked impact on painted layer stability, as already noted in Fig. 5.
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To highlight the latter aspect, we investigated the coexistence of relatively high temperatures and
strong winds. In particular, we checked the monthly days of WS > 2.22 m/s in the presence of T >
20 °C (NDp¢r;wsy). Data are plotted in Fig. 9. A clear correlation there exists. As a consequence,
we can expect that the deterioration process of painted layers is speeded up in specific days of the
year, which also discloses a perspective in building a strategy to constrast weathering based on

information regarding atmospheric conditions.
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Fig. 9 - Correlation between number of days in the differents months in which a T > 20 °C is associated with a WS > 2.22 m/s
(NDp¢r:wsy) and number of days in the differents months in which T > 20 °C(ND).

A further evidence of how important is the combination of high temperatures and strong winds
come from the plots in Fig. 10, where the RM% values for the two pigments PY and VR are
compared, month by month, with the number of days in which WS > 2.22 m/s in the presence of T
> 20 °C. The correlation between the two quantities is straightforward. Our data confirm, on a
quantitative basis, that painted surfaces undergo most intense deterioration processes when high

temperatures combine with great wind strengths.
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5. Conclusions

This work investigated damaging phenomena of Painted Temple caused by environmental and
climatic features. The seasonal variation of atmospheric conditions results in the damage of painted
layers due to the combination of multiple simultaneous and synergistic deterioration processes.
According to our data, the prominent role in surface degradation is played by temperature, wet-dry,
wind activity cycles. Specifically, a linear correlation between the amount of material loss and the
ambient temperature has been observed. This is clear evidence that the painted plasters decrease

their cohesion as the temperature rises.

It is also evident that the highest temperatures are often observed in combination with the
strongest winds. Indeed, the deterioration processes intensify and the surface layers exhibit

enhanced mass loss.

As a whole, our work shows the importance of systematic investigation over long observation
periods and the need of relating environmental information with careful monitoring in situ of

endangered materials.

Although not conclusive, the proposed work highlights the need to evaluate a large number of
parameters that together can contribute to the degradation of materials in operation. In particular,
the collection of data and their correlation will support researchers in the materials science field to
develop predictive models of degradation kinetics based on environmental and climatic

observations.
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