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ABSTRACT

The Palace of Knossos, located on the island of Crete, Greece, is one of Europe’s most important archaeo-
logical sites, serving as a testament to the Minoan civilization. Situated near the Mediterranean Sea, it is
in close proximity to the seaport, airport, and industrial areas. Decay products commonly found in histor-
ical monuments within or near urban areas, such as black crusts and salt efflorescence, are also prevalent
at the Palace of Knossos. To better understand the characteristics of the type of deterioration compounds
found on cement in historical reconstruction zones, as well as their possible relationship with factors in-
fluencing the deterioration process, a multi-analytical approach was designed for the study of these ma-
terials. The results indicate that the black crusts primarily consist of gypsum and carbonaceous matter.
However, the efflorescence salts are predominantly composed of thenardite instead of halite, despite the
palace’s proximity to the coastal area. These results may contribute to ongoing and future maintenance
and preservation efforts for the monument.
© 2023 The Author(s). Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche
(CNR).
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

common in urban environments [4,5]. The most common type of
black crusts results from the interaction between carbonated ma-
terials and SO, by-products, along with the carbonaceous frac-

Decay crusts and salt efflorescence are commonly found in his-
torical monuments located in or near urban areas [1]. Several
factors influence the decay process of exposed materials, includ-
ing pollutant type and concentration in the atmosphere, weather
conditions, marine environment influence, bio receptivity, and the
chemical-physical and mineralogical characteristics of the base ma-
terial [1,2]. Pollutants such as NOx, SO, and CO, react with air hu-
midity, leading to the formation of secondary acidic components,
particularly harmful to stone materials, mortars and cement [2,3].

Black crusts usually accumulate in sheltered areas of the mon-
uments that are shielded from direct rain exposure and are more
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tion present in the air. This interaction leads to the formation of
CaS04-2H,0 (gypsum) with embedded carbon particles, giving the
layer its dark colour [1,3,6-10]. The irregularity and the porosity of
the formed gypsum layer facilitate moisture penetration and the
continuous deterioration process of the underlying material [3].
White crusts and efflorescence are also very common, with di-
verse compositions and complex mechanisms of interaction with
the base materials, pollutants, or other sources of salts, such as
marine spray or soil [5,11]. Generally, crusts exhibit more cohe-
siveness and stronger adhesion to the substrate, while efflores-
cence consists of less cohesive and more powdery crystals [5]. The
crystallization of soluble salts is sensitive to temperature and hu-
midity cycles of variation, leading to volume expansion within the
pores of building materials and mechanical stress. This can result
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in damage such as cracking and detachment, especially in materi-
als weakened by the passage of time [5,11-13].

Certain types of salts, such as thenardite, are commonly found
in the deterioration process of construction materials, particularly
calcium and sulphate-rich cement. Thenardite can pose a poten-
tial risk to porous materials, due to the process of dissolution and
crystallization from the anhydrous phase to the hydrated phase,
mirabilite. This process involves a complex equilibrium of phases,
where the crystallization of the hydrated phase can generate pres-
sure within the pores and cause damage to the materials [14-17].
Environmental conditions play a crucial role in maintaining this
balance and influencing the crystallization of these two phases.
The hydrated phase of this salt, mirabilite, exhibits greater stabil-
ity under medium-high relative humidity conditions, particularly
at lower temperatures. In contrast, thenardite is more stable under
drier conditions and higher temperatures [15].

Considering the impact of environmental conditions, the identi-
fication of deteriorating compounds can be fundamental in defin-
ing monitoring and conservation strategies aimed at preventing or
controlling this type of damage.

The Palace of Knossos: reconstruction materials

The Palace of Knossos in Crete is unique in its historical signifi-
cance both as an archaeological site and for its restoration history.
Excavations, conducted from the late 19th century to the early 20th
century, revealed a vast built area with complex structures with
diverse functions, rich in objects and remarkable finishing materi-
als and decorations. The archaeological findings indicate that the
Palace underwent distinct phases of construction and reconstruc-
tion between approximately 2000 and 1380 BCE, before being per-
manently destroyed by natural disasters [18]. Additionally, the re-
mains discovered suggest that this same region continued to hold
importance and was utilized during subsequent historical periods
up to the Roman era [18,19].

Concurrent with the archaeological works starting from 1900,
conservation interventions were carried out under the coordination
of the archaeologist Sir Arthur Evans [20]. The conservation efforts
were adapted over that period based on different architects’ con-
tributions and planning, availability of raw materials, and budget
constraints. However, Evans’ decision to reconstruct parts of the
palace was motivated by two primary factors. Firstly it aimed to
safeguard the structures that were being uncovered and exposed,
fragile and sensitive to physical and environmental factors [21-24].
Secondly, the reconstruction was seen by Evans as an opportunity
to showcase the true magnitude of the discovery and highlight the
architectural and decorative achievements of the Minoan civiliza-
tion [23,24].

The use of cement in the reconstruction, which proved to be
more durable compared to initial attempts using wood in exposed
areas, played a decisive role in Evans’ decision to adopt reinforced
concrete and expand the restoration efforts [23]. Cement was a
modern, resilient material that could be moulded and was more
cost-effective than importing wood for structural replacements.

However, despite being a more resilient material, the cement
used in the Palace reconstruction, exposed to the weather condi-
tions of the island, presented some issues over time, resulting in
different consequences [25]. Crete has a typical Mediterranean cli-
mate, characterized by mild and rainy winters, as well as relatively
warm and dry summers. From 1955 and 2010, average minimum
temperatures ranged from 9 to 22 °C, while average maximum
temperatures varied from 15 to 29 °C. In terms of average monthly
precipitation, the highest values were recorded in January, reaching
90 mm, while average minimum values dropped below 1 mm in
July. Relative humidity fluctuates between 55% in June and 70% in
December [26]. Despite its proximity to the coastal area, the Palace
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Fig. 1. (a) Location of the Palace of Knossos in relation to the pollution sources
of Heraklion; (b) general view of one of the reconstructed parts of the Palace of
Knossos; (c) decay products on cement and stones structures inner zones of recon-
structions areas (Image/adapted from Google Earth and Google Maps, date image
and maps ©2022 Google, HERACLES Project and F. Carvalho).

was built on top of the Kefala hill, providing geographical protec-
tion from direct Maritime influence [18]. Presently, it is located ap-
proximately 6 km from downtown Heraklion, in close proximity to
the island’s airport, harbour, and two industrial zones of the city

(Fig.1).
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Fig. 2. Location of the sampling areas of the decay material of the concrete struc-
tures. (Image adapted from HERACLES Project and F. Carvalho et al. [27]).
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Research aims

The primary objective of this study was to identify the types
of decay products that occur as a result of deterioration processes
on cement/concrete structures in the reconstructed areas of the
Palace of Knossos. The secondary objective is to establish a correla-
tion between these findings and the monument’s location in order
to comprehend the regional influence on the formation of specific
types of crusts.

Methodology: materials and methods
The samples were collected from covered areas sheltered from

direct rainfall. A total of seven samples of black crusts and eleven
samples of white crusts and/or efflorescence accumulated were

" 05BC

10EF

01SA
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taken from the surfaces of pillars and other structures in six dif-
ferent areas of the Palace of Knossos (Fig.2), varying in terms of
height and orientation (Table 1). The samples were categorized
into three groups: black crust (BC), efflorescence (EF) and salt ac-
cumulation (SA). The black crust samples consist of cohesive frag-
ments from the collected layer while the efflorescence samples are
pulverulent and disaggregated. The samples identified as salt accu-
mulation refer to white crusts, which are generally more cohesive
and adherent to the substrate. To analyse these samples a multi-
analytical and multidisciplinary approach was designed. The small-
est possible amount of sample was manually ground for analysis
and techniques capable of preserving the samples were utilized
during the process.

As received samples were observed under a stereo microscope
to perceive their visual characteristics, using a Leica S9I Gree-

Black crust samples

09EF

Efflorescence and salt crust

06SA

Fig. 3. Observation of samples in stereo microscope. It is possible to perceive the visual similarity between the samples according to the type of decay product.
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nough Stereomicroscope, with Leica apochromatic lens, with a fo-
cal length of 50 mm, diameter of 58 mm and magnification of
5.50x.

For elemental chemical analysis, X-ray fluorescence was per-
formed using a PANalytical - Axios 4.0X-ray fluorescence spec-
trometer with a wavelength dispersive system (WDXRF), with a
rhodium X-ray tube (20.21 keV), in conditions optimized for ele-
ment quantification. Fluorescent X-ray peaks were separated using
LiF220, LiF200, Ge, PE, and PX1 analysing crystals to cover the en-
tire measurable range. Analysis was performed under a He flow,
and spectra deconvolution was performed using the iterative least-
squares method. Standardless semiquantitative analysis based on
the fundamental parameter approach was performed using the Su-
perQ software package (PANalytical B.V., Almelo, The Netherlands).

X-ray diffraction (XRD) analysis for the identification of min-
eralogical phases in the samples was performed using a Rigaku
diffractometer, model DMAX III-C 3 kW, with Cu K« radiation at
40 kV and 30 mA settings, in the 26 range of 10° to 65°, with a
step of 0.08° and an acquisition time of 1 s per step, in continuous
scan mode. The identification of results was carried out using the
X'Pert High Score Plus software.

Fourier-transform infrared spectroscopy (FTIR) was used as an
auxiliary technique for identifying the characteristic molecular vi-
brations bands of sample components. Data was recorded using
an attenuated total reflectance (ATR) sampling accessory (Smart
iTR) equipped with a single bounce diamond crystal on a Thermo
Nicolet 6700 Spectrometer. Spectra were acquired in the range of
4000-525 cm~! with a 4 cm™! resolution.

Raman spectroscopy measurements were conducted to iden-
tify the main components of the samples. The analyses were per-
formed using a Renishaw inVia Qontor micro-Raman spectrometer,
equipped with an air-cooled CCD detector and a HeNe laser operat-
ing at 32 mW for 633 nm laser excitation. The spectral resolution
of the spectroscopic system is 0.3cm~!. The laser beam was fo-
cused with 50x or 100x Olympus objective lens (N10.6 LMPLAN FL
N). The raw data were digitally collected using Wire 5.1 software
for processing. The interpretation of the results was carried out by
comparing the obtained spectra with the RRuff database and rele-
vant literature.

Discussion of results

The visual observation under stereo microscope revealed simi-
larities and differences amongst the groups of samples, according
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to sampling classification. In the case of black crusts, there was a
visual variation in colour intensity, ranging from darker tones, as
observed in samples 04BC, 09BC and 10BC, to lighter brown, as
observed in sample 05BC (Fig. 3). The samples exhibited hetero-
geneity.

The observed efflorescence samples displayed a non-cohesive
layer composed of fine, white, and opaque crystals, accumulated
heterogeneously on the surface of the substrate (Fig. 3). In contrast,
the two samples of white crusts, 01SA and 06SA, differed visu-
ally from the efflorescence samples. The deteriorated layer in these
samples appeared more cohesive, particularly in sample 06SA
(Fig. 3). Sample 06SA also exhibited a more yellowish colour, and
crystals observed on its surface were distinct, with elongated and
translucent crystals predominating, compared to the 01SA sample.

WDXRF analysis provided the average elemental chemical com-
position of historical Portland cement samples used in the recon-
structions, revealing that they primarily consisted of CaO account-
ing for more than 75% of their composition (Fig. 4a). Examining
the decay products, as expressed in oxides, it was found that black
crusts have the highest percentages of SOs, ranging from 46% to
57%. Similarly, samples of white crusts showed percentages of SO3
at 51% and 55% for the two samples of this typology (01SA and
06SA). Efflorescence samples show the presence of Na,O with lev-
els ranging from 16% to 27% (Fig. 4b). Furthermore, the efflores-
cence samples displayed the greatest variation in CaO percentages,
ranging from 36% to 68%. In contrast, black and white crust sam-
ples exhibited CaO percentages between 41% and 47%. The efflores-
cence samples also showed higher percentages and greater varia-
tions in the values of Fe,03, Al,03 and SiO, when compared to the
crust samples (Fig. 4b).

The XRD results (Table 1), indicate that the main crystalline
phase identified in the samples of black crusts was gypsum
(Ca(S0O4)-2H,0), with the highest intensity peaks observed in all
samples. Additionally, anhydrite (Ca(SO4)), calcite (CaCO3) and
quartz (SiO,) were also identified as crystalline phases in al-
most all samples of black crusts, although with lower intensity
peaks. The presence of anhydrite in cement deterioration mate-
rials has been previously reported by other authors and may be
attributed to various factors, including the impact of tempera-
tures above 40°C during summer, which can trigger gypsum de-
hydration processes [28]. Two samples also exhibited very low in-
tensity peaks of thenardite (Na,SO4). These findings are consis-
tent with the semi-quantification obtained by WDXRF and the vi-
sual similarities observed in this type of sample. In the case of

Cl
SO,
Tio,
[ Na,0
B .0
[ mgo
Fe,0,
[ A0,
Sio,
I ca0

(b)

Fig. 4. (a) Average cement composition determined by WDXREF. (b) Elemental distribution determined by WDXRF for samples under study. The samples of black and white
crusts present the highest percentages of sulphur, while the efflorescence samples have the highest percentages in sodium and chlorine.
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Table 1
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Crystalline phases identified by XRD, according to peak intensity, for samples of black crusts, efflorescence, and saline white crusts. Calcite (Cal), Dolomite (Dol), Feldspar
(Fsp), Quartz (Qz), Hematite (Hem), Gypsum (Gp), Anhydrite (Anh), Thenardite (Thn), Syngenite (Sgn) and Aphthitalite (Att) [31].

Sample Location* Cal Dol Fsp Qz Hem Gp Anh Thn Sgn Att
Cement - +Ht++ + ot +

01BC 1.5m, N + + FEIE 4+

02BC 0.8 m, S EETRR 44t

03BC 02 m W + bt +

04BC 1.5m,E + + S+ +

05BC 1.5 m, N +++++ +

09BC 1.5 m, E + EETRR 4+

10BC 1.5m,S + + A+ +

01EF 25 m, W ++++ +++ A+ +

02EF 2.0m, E +++++ +++ +++

03EF 20m, E +++++ +++ ++ +++ + +
05EF 20m, N +++++ ++ ++ 4 +
06EF 30m, S ++++ ++ +++++ +

07EF 25m, N +++++ ++ ++ +++ +
08EF 3.0m, N ++4+++ ++ ++ ++ ++++ +
09EF 3.0m, E +++++ + ++ ++

10EF 3.0m, E +++++ + ++ +

01SA 2.0 m, N H 4+ +

06SA 1.5 m, N ++ + +++++ +

* Approximate height and orientation of the built structure where the samples were taken.North (N), south (S), east (E), west (W)Intensity of diagnosis lines: Very intense
(4+++-++); intense (++++); median intensity (+++); low intensity (++); very low intensity (+).

efflorescence samples, the main crystalline phase identified was
thenardite. Other salts like syngenite (K,Ca(SO4)-2H,0) and aph-
thitalite (NaK3(SO4),) were also detected in the efflorescence sam-
ples with higher potassium contents. These products are com-
monly associated with the deterioration of construction materials
[29,30] and may occur in conjunction with thenardite.

The FTIR-ATR results (Fig. 5a) further support the presence of
calcium sulphate dihydrate (Ca(SO4)-2H,0) as the main component
in both black and white crusts. The spectra present characteristic
stretching vibration bands of the OH~ group at approximately 3504
and 3398 cm~!, as well as bending vibration bands of the same
group at 1684 and 1618 cm~!. Additionally, stretching vibration
bands of the SO42~ are observed in the region of 1103 cm~!, with
the less intense band at 667 cm~! [32-35]. As identified by XRD,
the FTIR-ATR analysis of efflorescence samples confirms the pres-
ence of thenardite and calcite as the main components of these
salts, with the thenardite bands having higher intensity compared
to calcite bands. The characteristic stretching vibration bands of
the SO42~ group for thenardite are observed in the region of 1097
and 1091 cm~!, along with the bands at 609 and 636 cm~! [36].
In the case of sample O5EF, the result also presents characteris-
tic bands of the CO32~ group at 1425 cm~! and 875 cm™!, but
they also present bands in the OH~ group vibration zone at 3454
cm~! and 1678 cm~! approximately, indicating the presence of ad-
ditional components that have not been identified.

Raman spectroscopy results (Fig. 5b) confirm the presence of
gypsum as the main mineral identified in the samples of black
and white crusts. The characteristic vibration bands of the S04~
group are observed at 1138, 1009, 622, 495 and 415 cm~! [37,38].
It was also possible to identify in some samples, the vibration
bands characteristic of carbon particles, wider and centred at 1360
and 1599 cm~!, contributing to the colouration of the crust [37].
For the efflorescence samples, thenardite was identified in all sam-
ples, with the low-intensity vibration bands centred on 1155, 1133,
1105 cm~!, the most intense band centred at 995 cm~! and fur-
ther low-intensity bands centred at 649, 635, 624, 468 and 454
cm~! [36,37].

Concrete structures in Knossos are composed of cement, char-
acterized by a low sulphur content and a high calcium percentage.
The main mineral identified is Calcite. According to some authors,
the deterioration of carbonate materials, leading to the formation

17

of white and black gypsum crusts, is triggered by processes in-
volving rainwater, CO,, acid rain resulting from pollutants such as
SO, and NOy, and the dry deposition of gaseous pollutants [8,39-
41]. Although cement is more resistant to acid attacks compared
to limestone itself, it remains a porous material and susceptible to
this type of reaction [40,42]. The material’s porosity further con-
tributes to increased interaction with water, as well as the pene-
tration and circulation of alkaline ions and other salts originating
from the concrete composition, or pollutants deposition. This phe-
nomenon may explain the thenardite efflorescence salts. The dis-
solution, hydration and crystallisation processes of thenardite are
sensitive to variations in relative humidity and temperature, with
a greater dependency on higher temperatures and lower relative
humidities [11]. According to the data published by the HERACLES
project, Knossos experiences the largest daily temperature ranges
on average during the spring months [43]. The proximity of Knos-
sos to modern sources of pollution, such as the airport, harbour,
and industrial areas of Heraklion, which did not exist in the early
20th century, has a direct impact on the type of decay material
found at the archaeological site. The burning of fossil fuels asso-
ciated with these activities contributes to the circulation of pol-
lutants in the region [44]. Additionally, the proximity to the sea
also plays a role in the transport of harmful particles. A study
by Sakka et al. [45] focusing on the variability of aerosol spray
in different archaeological sites in Greece, presents that in Knos-
sos polluted dust, dust and clean marine spray are the predomi-
nant aerosols during spring. The statistical data on precipitation in
the city of Heraklion, as published by the HERACLES project [36],
show that on average the largest daily variations in wind speed
are recorded in the late winter and early spring months. This fac-
tors together with speed and direction of wind, can play a key
role in the transportation and deposition of salts over long dis-
tances. For example, the deposition of NaCl is significantly reduced
in buildings located more than 200 m from the shoreline. Addi-
tionally, halite, originating from sea spray can rapidly react with
atmospheric sulphur, resulting in the formation of thenardite. The
predominance of thenardite identified in this study may be related
both to the 6 km distance between the archaeological site and the
coastline and to a higher availability of pollutants such as SO, in
the atmosphere [46,47]. However, the distance from the coastline
does not prevent the transportation of other types of pollutants.



E Carvalho, M.M.R. Lima, E. Kavoulaki et al.

3398
1684

03BC

Absorbance (a.u.)

05BC

07EF

I I I I 1
4000 3500 3000 2500 2000 1500

Wavenumber (cm™)

(@)

Journal of Cultural Heritage 64 (2023) 113-119

01SA - gypsum

05EF - thenardite

05BC - gypsum

Intensity (a.u.)

(

04BC - gypsum +

%/ carbon. matter
- g 9
R = Ab
0 O N DR il
- @ Y
¥ Y © )
.—M“—Ju
1 I I
500 1000 1500 2000

Raman shift (cm™)

(b)

Fig. 5. (a) Main FTIR-ATR results obtained for each sample typology, being gypsum vibrations identified in the black and white crust samples and thenardite vibrations
identified in the efflorescence samples. (b) main results obtained by p-Raman, with the same components identified, in addition to carbonaceous matter together with

gypsum.

Sakka et al. [45] also emphasize the impact of dust originating
from North Africa as a pattern, with the island of Crete being one
of the first sites affected by this type of pollutant.

Conclusion

The selection of materials for the reconstruction of the Palace
of Knossos was based on various factors, including their character-
istics, availability, technological advancements, and the knowledge
available at the beginning of the 20th century. The choice of using
cement and concrete was deliberate, considering their durability
and resistance to external conditions. However, these materials are
still susceptible to deterioration caused by weathering.

The characterisation of the samples collected at Knossos Palace
indicates that the black and white crusts predominantly consist
of gypsum. In the case of black crusts, there is also the pres-
ence of carbonaceous matter incorporated into the layer. The study
also reveals that efflorescence is primarily composed of thenardite.
The accumulation and crystallization of these salts result from
the interaction between the underlying base material, atmospheric
pollutants, marine aerosols, seasonal weather conditions, amongst
other factors.

Identifying the specific types of deterioration present at the
site helps in developing monitoring strategies and planning peri-
odic maintenance activities. By understanding the types of salts
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involved and the seasonality of environmental conditions, appro-
priate measures can be implemented to mitigate further damage
and preserve the historical site.
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