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Abstract: The study of building materials constituting cultural heritage is fundamental to understand
their characteristics and predict their behavior. When considering materials from archaeological sites,
their characterization can provide not only relevant information for a broader understanding of the
site and its importance and significance but can also increase knowledge about ancient materials and
their performance. The Palace of Knossos is a very important archaeological site in the European
history context, and its preservation benefits from the characterization of the constituent materials.
Samples of mortars from this monument were collected under the scope of the H2020 HERACLES
project, where a multi-analytical approach was chosen using established protocols for the different
sample typologies. Instrumental techniques such as optical microscopy (OM), X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), and simultaneous thermogravimetry and
differential thermal analysis (TG–DTA) were used for the chemical, mineralogical, and morphological
characterization of these mortar samples. The results indicate that the majority are lime mortars, both
aerial and hydraulic, but gypsum-based mortars were also identified. Differences in the chemical
composition of the samples in distinct areas of the monument allowed us to reflect on the variety of
materials used in the construction of the Palace of Knossos.

Keywords: mortars; binders; built heritage; characterization; Palace of Knossos

1. Introduction

The European built cultural heritage consists of a vast set of unique monuments of
incalculable value, constituting a fingerprint of our common history and cultural iden-
tity. Their importance to the community goes far beyond a local interest, fundamentally
contributing, directly and indirectly, to the development of the region where they are
inserted. The relevance of this built heritage requires periodic maintenance actions of both
the monument and eventual works of adaptation, to better preserve them in situ, and to
better meet the modern requirements of safety and comfort of visitors. Environmental and
meteorological phenomena such as rainwater, wind, temperature variations, or relative
humidity can strongly affect built cultural heritage and consequently its integrity [1,2].
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Some of these questions were dealt with in the HEritage Resilience Against CLimate Events
on Site (HERACLES) project [3,4] promoting practices to increase the resilience of built
heritage facing climate effects.

The development of materials used for construction sought to meet criteria of dura-
bility and resistance, although they are not immune to the natural wear and tear of time
and environment. In this context, mortars are an element of relevance, due to their possible
different functions in a construction. They can assume a structural function as the bedding
of stonework, a protection function of the structure when applied as renders, as a fixing
element of coatings, a finishing and/or decoration element [5,6]. Each of these functions
require distinct characteristics achieved through the selection of raw materials, the ratio
between binder and aggregate, along with the preparation and application of these mortars.
Regardless of its function, the process of preparation is quite simple, consisting mainly of
the mixture of the binder and the aggregate with water, giving plasticity to the resultant
material, essential to the application of the mortars. However, the mineralogical nature of
the main components, as well as their physical features, are determinant for the adequacy
of mortar properties and characteristics [6–9]. Binders and aggregates have been used over
the centuries and, depending on the availability of raw materials, they can have varied
compositions [10]. The most used binders in ancient mortars are clay, gypsum, and lime, a
historical prevalence existing in the use of the latter [6,8,10].

1.1. Lime-Based Mortars: Binders and Aggregates

Lime (CaO) has its origin in the calcination of calcium carbonate (CaCO3), from
limestones or other CaCO3-rich rocks. In this process, heating limestone at a temperature
close to 900 ◦C causes the dissociation of calcium carbonate into calcium oxide (CaO) and
carbon dioxide (CO2) [11,12]. The rock used in this calcination process is determinant
for the type of binder obtained and can lead to limes with different properties. More or
less pure carbonated rocks, with high calcite and/or dolomite contents, give rise to air
lime, while impure carbonated rocks, which may include clay minerals or the addition of
pozzolanic components, give rise to natural hydraulic lime [13]. The lime resulting from
the calcination process of purer rocks, known as quick lime, is an unstable component
and usually needs to be hydrated before the preparation of the mortar. The hydration
process of quick lime can give rise to both portlandite (Ca(OH)2) in the case of limestones,
and brucite (Mg(OH)2) when dolomite is the calcined rock. Once the mortar is prepared
with this type of binder, the carbonation process occurs due to the CO2 present in the air,
which reacts with the calcium hydroxide of the mortar to form calcium carbonate (CaCO3),
hence this type of lime being also known as air lime [12]. Mortars prepared with natural
hydraulic lime, or air-hardening lime with pozzolanic additives, such as volcanic ash,
tuffs, and ground ceramics, among other components, involve chemical processes in which
water promotes the reaction of these minerals with portlandite and the precipitation of new
mineral phases (calcium and aluminosilicates, for example), which results in the hardening
of the mortar. For this reason, this type of binder is known as hydraulic lime [6,12,14,15].

Although the mortars are defined by the binder used, the aggregates play a funda-
mental role in the properties of this material, being decisive for its strength and durability.
Particle size, the mineralogical composition, and shape of the grains interfere in aggre-
gate interaction with the binder, in the porosity and in the amount of water ideal for the
preparation of the mortar. The addition of aggregates can also limit the intensity of re-
traction of the mortar during the carbonation process [9,12,16–18]. Regarding the shape
of aggregates, prevalence of rounded grains promotes larger pores in the structure of the
mortar and can reduce the mechanical strength of the material. However, if rounded grains
have a heterogeneous size distribution, that is to say that large, medium, and small-sized
grains occur, mechanical strength will increase as pores will become smaller. Angled and
irregular-shaped grains promote a network of smaller pores and better adhesive properties
on the support materials, promoting a better resistance of the mortar [9,12]. Considering the
particle size, mortars with coarser aggregates contribute to their volumetric stability [17].
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Mortars with finishing functions are applied in several layers, in which the mixed aggre-
gates range from coarser particles used in the layers applied next to the support, to thinner
aggregates in the more superficial layers, which favor a smoother and more compact ap-
plication [19,20]. Regarding mineralogy, silicate sand, in most cases mainly composed of
quartz, and carbonated sands are the most common, although other minerals may be part
of the aggregate composition. Quartz contributes mainly to the chemical resistance of the
mortar while carbonated aggregates contribute to the carbonation process, promoting an
increase in density and mechanical resistance, notably in aerial lime mortars [6,12,18,21].

This mineral diversity and all the variables that influence the properties and durability
of these materials make the study of the chemical mineralogical and physical characteristics
of historical mortars complex. When considering the historical context, it is important
to keep in mind that most of the ancient mortars are the result of artisanal processes of
raw materials extraction and processing, as well as preparation and application. Although
this is not synonymous with poorly executed work or lack of quality, most samples come
from buildings or monuments that have had different construction or reconstruction stages,
or have undergone interventions over time, often undocumented [22]. Original mortars
can be mixed with others produced in different contexts, hindering clear distinctions of
characteristics to be grouped in certain historical periods. The wider and more diverse this
type of study is, the greater the possibility of perceiving specific or regional issues that can
assist in other types of study on mortars.

In this context, this work presents the results obtained specifically with the characteri-
zation of mortars from the Minoan Palace of Knossos. The samples studied correspond to
materials applied with different functions, which will make it possible to understand and
to interpret the particularities of each of these mortars.

1.2. The Case Study: The Palace of Knossos

The Palace of Knossos is a unique witness of the organization and development
of the Minoan civilization, one of the first in Europe. In addition to its relevance as an
archaeological site, its own history of preservation brings a vast wealth of materials. It
occupies an approximate area of 22,000 m2, being the largest Minoan palace built in Crete.
It is located at 6 km to the SE of Heraklion city, close to the airport and the seashore line.

Despite being relatively close to the coast, the palace was built on top of the Kefala
Hill, in an area between two rivers and topographically somewhat protected from the sea
influence [4,23–25]. In addition to the favorable location, the geological characteristics of
the island also determined the material resources used for the construction. Approximately
75% of the island of Crete surface is covered by carbonated rocks, and the Knossos region
is composed mostly of Pliocene-, Miocene-, and Cretaceous-age limestones [26], while
southwards, gypsum outcrops are found (Figure 1). Local rocks were the main source
of raw materials for Minoan constructions. Mainly, Neogene-age limestones, as well as
gypsum, were used, the latter also used as finishing in interior areas and as a coating
material [25,27–29]. Furthermore, clays and wood were also employed in the construction.

The first palace was reportedly built around 2000 B.C. and destroyed centuries later
around 1700 B.C. A new, more majestic palace built on the same site in this period again
suffered various factors such as earthquakes, fire, and abandonment until it was definitively
destroyed around 1400 B.C. [24,29,30]. However, the work carried out and the archaeologi-
cal finds in the region reveal that Kefala Hill maintained its importance for many centuries.

The archaeological excavation work in this region was initiated at the end of the
19th century by Minos Kalokerinos, but it was Sir Arthur Evans who was the archaeologist
responsible for most of the excavations carried out from 1900 and was greatly responsible
for what is known today. The construction layout exposed with the excavations revealed
structures built around a central courtyard, with distinct functions (see Figure 3). The
western side would be dedicated to the spaces for warehouses and services and the East
Wing of the palace would be dedicated to the royal quarters and housing area [25,29,31].
The Palace of Knossos was built in height and had several connecting structures between
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the different wings, such as corridors and stairs. In addition, its architecture favored
water access, water drainage, air circulation, and natural lighting [24,25,30,31]. Among the
structures discovered on the west side stands out the West Magazines, excavated completely
by A. Evans in 1900. It is an area of more than 1000 m2, divided into 18 physically similar
warehouses, all of which are narrow and elongated spaces. The walls were built with
stones and clay and some featured plasters with mortar and decoration. The area of
these warehouses would have a cover, supported by horizontal and vertical wooden
beams, positioned at relatively regular intervals, remaining marked on both sides of the
walls [24,32]. On the east side of the Palace, excavations discovered several structures
identified as rooms, among which are the royal rooms. In addition to these, some rooms
for storage and worship have also been identified. Because this is the steeper area of the
terrain, it was in the East Wing that A. Evans found a large staircase, in addition to other
preserved structures such as the drainage system and exterior walls [33]. In several of these
rooms, slabs of mineral gypsum was found, used as wall and floor coverings, as well as in
fragments of mural paintings [34].
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Regarding the construction system of the walls, according to Kienzle [29], the construc-
tive techniques used in Knossos could be grouped into three categories described below,
although there was a greater predominance of the second category:

“The stone work in Knossos falls in three categories. First, there are the ashlar walls
which feature a dressed stone surface as at the North Entrance Passage or in the light
wells of the Domestic Quarter. Second, there are rubble walls which were constructed
with randomly collected undressed stones and were frequently used in combination with a
timber framework which will be discussed below. These walls were commonly plastered or
covered with gypsum dado slabs. Finally, stone was employed because of its fine surface
as paving material, as dado fixed to the wall or as decorative column bases” [29] (p. 119).

The author also points out the use of “earth, mud or clay mortars” in the construction of
most of the rubble walls excavated in Knossos [29]. It is worth noticing the importance of
supporting wooden structures of built walls that did not survive until the archaeological
work performed on the site, making them fragile after excavation. In structures built
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with clay bricks, many fragments and traces of frescoes were found in various areas,
indicating not only the importance of the decoration of the spaces, but also the need for
wall protection [4,24,29,32].

The peculiarity of this archaeological site goes beyond its historical richness and
gains another dimension with the work carried out by A. Evans and his team in the early
20th century. In different excavation campaigns, it became evident the need to preserve
the exposed structures [29]. Initially, they tried to use traditional materials similar to
those originally used in the structures. However, this strategy proved ineffective for the
protection of these spaces, as the construction techniques used were adequate for covered
buildings and not adapted to exterior conditions [29]. In later stages, the option of A. Evans
and his team was to rebuild some structures considered important for preservation and
fundamental to the understanding of what would be the architectural grandeur of this
palace. In the 1920s, they chose to use the most resistant materials existing at the time,
namely cement [29,35]. Many of the structures still visitable today are reconstructions based
on the remains found during the excavations and on the interpretation of A. Evans and
his team. The entire archaeological complex of the Palace of Knossos (Figure 2), including
reconstructions, tells a unique history that justifies the study of the materials used and all
efforts for their preservation.
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Figure 2. (a) Palace of Knossos, view of West Wings; (b) View of the north entrance (images:
F. Carvalho).

2. Materials and Methods

For the study and characterization of mortars from this archaeological site, samples
were collected from visually distinct typologies, with bedding and render functions applied
in different locations (Figure 3 and Table 1). Following a minimally invasive approach, the
quantity of sample collected in each case was the smallest possible amount necessary for
laboratory chemical and morphological analyses, inhibiting the use of some destructive
testing techniques such as the acid separation of the binder and the definition of the
granulometry of the aggregates via mechanical and/or manual processes.

The samples were prepared in two distinct forms to accommodate the needs of the
different analytical techniques. A fragment of each sample was mounted in epoxy resin in
their present state and mechanically polished. Additionally, the smallest portion of each
sample was grinded on an agate mortar and pestle.

Sample observation was carried out using an Olympus SZ stereo microscope, with a
10× objective and magnification range between 8× to 40× and an Optical Leica DMI5000M
microscope in inverted reflected light, in darkfield observation mode, with magnification
capacity between 50× and 1000×.
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Table 1. Samples from the Minoan Palace of Knossos.

Sample Type of Material Location
KN-BM1A Bedding mortar West Magazines, Magazine IV, south wall (eastern part)
KN-BM2A Bedding mortar West Magazines, Magazine IV, south wall (west part)
KN-BM3A Bedding mortar East Wing, Hall of Double Axes, south wall
KN-CM1A Bedding mortar West Magazines, Magazine V, north wall
KN-CM2A Bedding mortar West Magazines, Magazine VI, south wall
KN-CM3A Bedding mortar East Wing, Corridor, north wall
KN-CM4A Bedding mortar East Wing, Hall of Double Axes, south wall
KN-PL1A Render mortar West Magazines, Magazine IV, north wall
KN-PL2A Render mortar West Magazines, Magazine IV, north wall
KN-PL3A Render mortar East Wing, East-West Corridor, west wall

X-ray fluorescence for chemical analysis was performed using an X-ray fluorescence
spectrometer with a wavelength dispersive system (WDXRF) PANalytical–Axios 4.0, with
a rhodium X-ray tube (20.21 keV), in conditions optimized for element quantification. The
analyzing crystals of LiF220, LiF200, Ge, PE, and PX1 were used for the separation of
fluorescent X-ray peaks covering all measurable range. Analysis was performed under He
flow and spectra deconvolution using the iterative least-squares method and standardless
semiquantitative analysis based on the fundamental parameter approach with the SuperQ
IQ+ software package (PANalytical B.V., Almelo, The Netherlands).

X-ray diffraction (XRD) analysis for the identification of mineralogical phases was
performed using a Rigaku diffractometer, model DMAX III-C 3kW, with Cu Kα radiation
at 40 kV and 30 mA settings, in the 2θ range of 10◦ to 65◦, with a step of 0.08◦ and an
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acquisition time of 1 s per step, in continuous scan mode (detection limit under ~4%,
in volume [37]). The identification of crystalline phases was carried out using the EVA
Software (Bruker AXS GmbH, Karlsruhe, Germany).

Fourier-transform infrared spectroscopy (FTIR) was used as an auxiliary technique in
the identification of characteristic vibrations of crystalline phases in inorganic materials
and for the identification of any amorphous phases or organic compounds that could be
present in the samples. 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−1

and with a 4 cm−1 resolution.
Simultaneous thermogravimetry and differential thermal analysis (TG–DTA) for the

characterization of thermal processes and mass variation determination of the materials
during heating was accomplished with a Setaram TGDTA 92 apparatus using an Ar flow
with a heating rate up to 1100 ◦C of 10 ◦C/min. Although it is a destructive technique, the
amount of sample used corresponds to a micrometric volume of 50 µL, in this case, 0.042 to
0.065 g of sample, which was considered acceptable in the present experimental conditions.

3. Results and Discussion

The set of samples from the Palace of Knossos reveals the diversity that mortars can
achieve, even when used for the same function. The observation of the samples as-received
highlights that the set of bedding mortar samples, designated by KN-BM1A, BM2A, and
BM3A, were very loose, being necessary to select the aggregate parts of each sample to
assemble in resin. All samples were observed in cross section under an optical microscope
with the same magnification of 50× (Figure 4).

By optical microscope observation, although it is not possible to point out a common
morphological pattern for all samples it is noticeable that the mortars used as bedding
of stonework are similar in characteristics between them and distinct from the group of
samples used as coatings (render samples).

Four of the bedding mortar samples come from the West Magazines. KN-BM1A
(Figure 4a) and KN-BM2A (Figure 4b) samples come from the same side of the wall, taken
at opposite ends, both at the top. KN-CM1A (Figure 4d) and KN-CM2A (Figure 4e) samples
are from opposite sides of the same wall dividing warehouses IV and V, collected from
cohesive parts, both from an interior area corresponding to the support beams, and from a
more exposed area of the wall. The two first-referred samples show stronger disaggregation
when compared to the other two samples in the set. The top of the image in sample KN-
BM1A, when observed in cross section (Figure 4a), corresponds to the coarsest aggregates
used for the formulation of the mortar. It is a carbonated rock with foraminifera bioclasts
with different shapes. The bottom of Figure 4a corresponds to a cohesive part of the binder,
with thin aggregates, ranging from 0.06 to 0.30 mm, well distributed in the binder. At
the opposite end of the same structure, the KN-BM2A cross section sample corresponds
to a well-compacted zone of the binder, with fine aggregates, composed of more angled
grains, ranging from 0.06 to 0.50 mm. The binder has a pinkish hue and more homogeneous
distribution of aggregates. The samples KN-CM1A and KN-CM2A, both from joints of
different walls of the West Magazines, present the typical characteristic visual binder
color of a clayey material. Both have well-distributed aggregates, ranging from 0.06 to
0.80 mm, although the KN-CM2A sample presents a more homogeneous distribution
and a lower visible porosity. The samples used as bedding mortars that show greater
morphological variations were collected in the East Wing of the archaeological site in
different rooms, corresponding to the reconstructions area promoted by A. Evans and his
team, both in terms of binder characteristics and distribution of aggregates. From this set,
sample KN-BM3A (Figure 4c) presents the binder with the characteristic shade of clayey
materials, exhibiting a stronger red color and being darker than binder samples from the
West Magazine. The aggregates are distributed more irregularly, and its constituents are
mostly rounded and fine-grained, with a greyish shade common on silicate sands. Some
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of the coarser grains also present have a reddish color and correspond to hematite. The
binder presents visible pores and fissures. The KN-CM4A sample (Figure 4g) presents
fine-grained angled aggregate particles, with a heterogeneous mineralogy. The binder has
a pink coloration, as in the KN-BM1A sample, but shows some cracking. The KN-CM3A
sample (Figure 4f), also collected in the East Wing, presents the highest cracking of the
binder (remaining cohesive). The aggregates show distinct and irregular shapes, with
predominance of elongated and angled grains, corresponding to silicate sands. It is possible
to observe fragments of foraminifera, as observed in sample KN-BM1A, although scarcer in
number. The presence of foraminifera bioclasts in the samples may indicate the use of local
raw material, as in the Knossos region there are predominant areas of bioclastic limestones
(see Figure 1).
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The samples taken from renders also show a great variation in their characteristics.
Samples KN-Pl1A and KN-Pl2A (Figure 4h,i) from the West Magazines have a binder with
different colorations, pores, and cracks. KN-Pl1A presents more cracking and coarser grains
heterogeneously dispersed, and a darker binder, which hinders the observation of the finer-
grained aggregates under optical microscopy. The KN-Pl2A sample, with a pinkish/reddish



Minerals 2022, 12, 30 9 of 16

binder earthy hue typical of clay materials, has mostly fine aggregates, with an average size
between 0.06 and 0.40 mm, distributed heterogeneously. Predominantly, light-colored finer-
grained quartz occurs, while larger grains are mostly opaque reddish in color. There are
also fragments of foraminifers with different shapes. Sample KN-Pl3A is the one with the
greatest differences in this set, with a clear, microgranulated, and very cohesive binder, and
aggregates with fine, medium, and coarse particles, well distributed throughout the sample.
The grains are angled and of distinct hues, due to a greater mineralogical diversity. Table 2
presents a summary of the main characteristics of the samples observed in cross-section by
optical microscope.

The bulk chemical composition of each sample was determined by WDXRF, and the
results obtained, expressed in oxides (wt%), are presented in Table 3. All samples show
high percentages of Ca and Si, except KN-CM3A, which has the lowest percentage of Si of
the set. It should be noted that it also has the highest percentage of S. The results reveal
that the mortars used as bedding in the West Wing present more regular compositions. The
greatest differences in composition correspond to the set of samples collected in the East
Wing. In this case, the mortars used for joining show the greatest variations in relation to
the percentages of Si and S.

Render mortar samples have high percentages of Ca and low percentages of Si, with
KN-Pl1A showing extreme values for each of these elements. They also have lower per-
centages of Al. Sample KN-Pl2A from the West Wing has a higher S content, being the
only sample richer in this element when considering the set of render samples. The overall
composition of this sample is similar to bedding samples from the same structure.

Table 2. Summary of the main characteristics of mortars observed by OM in cross section.

Samples Function
Binder Aggregates

Other Observations
Cohesion Hue Color

(Average RGB)
Particle-Size

(mm) Distribution

W
es

tM
ag

az
in

e

KN-BM1A

Bedding

No 143, 111, 63 0.06 to 0.30 Homogeneous Foraminifera bioclasts

KN-BM2A No 185, 111, 54 0.06 to 0.50 Homogeneous Foraminifera bioclasts

KN-CM1A Yes 174, 104, 34 0.06 to 0.50 Heterogeneous Visible porosity and
cracks

KN-CM2A Yes 189, 123, 58 0.07 to 0.80 Homogeneous Visible porosity

KN-Pl1A

Renders

Yes 63, 55, 48 0.10 to 0.50 Heterogeneous Visible porosity and
cracks

KN-Pl2A Yes 179, 119, 46 0.06 to 0.40 Heterogeneous
Foraminifera bioclasts;

visible porosity and
cracks

Ea
st

W
in

g

KN-BM3A

Bedding

No 133, 87, 40 0.09 to 0.70 Heterogeneous
Foraminifera bioclasts;

visible porosity and
cracks

KN-CM3A Yes 188, 140, 76 0.10 to 0.50 Heterogeneous
Foraminifera bioclasts;

visible porosity and
cracks

KN-CM4A Yes 187, 134, 65 0.06 to 0.08 Homogeneous Visible porosity and
cracks

KN-Pl3A Renders Yes 215, 190, 152 0.06 to 2.10 Heterogeneous Foraminifera bioclasts;
visible porosity
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Table 3. Chemical composition of mortar samples from the Palace of Knossos, obtained by WDXRF
(wt%) (“-“ not detected).

Samples Function CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O P2O5 TiO2 SO3 Cl SrO MnO

W
es

tM
ag

az
in

e KN-BM1A

Bedding

53.39 29.15 7.27 4.94 2.16 1.26 - 0.57 0.62 0.41 0.06 0.08 0.08
KN-BM2A 51.29 28.45 7.11 6.21 2.19 1.32 1.24 0.64 0.66 0.59 0.14 0.08 0.07
KN-CM1A 48.97 32.34 7.95 5.34 1.65 1.24 - 0.79 0.68 0.54 0.21 0.11 0.09
KN-CM2A 45.97 36.06 8.32 5.24 1.54 1.17 - 0.46 0.60 0.36 0.09 0.08 0.11

KN-Pl1A Renders
86.02 7.25 2.05 1.02 1.46 0.32 - - 0.19 0.46 1.14 0.06 0.04

KN-Pl2A 53.47 23.83 6.61 3.93 2.12 1.19 - 0.13 0.51 8.04 0.04 0.07 0.07

Ea
st

W
in

g KN-BM3A
Bedding

48.76 28.74 7.55 4.79 2.41 1.56 - 0.77 0.59 4.41 0.27 0.07 0.07
KN-CM3A 43.79 13.20 2.97 2.06 1.61 1.49 - 0.24 0.21 33.60 0.47 0.32 0.04
KN-CM4A 39.19 36.49 7.72 3.21 2.28 0.61 6.29 - 0.46 2.87 0.78 0.04 0.07
KN-Pl3A Render 64.12 18.21 4.89 2.39 3.44 1.01 1.37 - 0.27 4.04 0.15 0.06 0.05

Semiquantification of the main mineral phases identified by XRD analysis are pre-
sented in Table 4. Calcite and quartz were identified in all samples, with predominance
of calcite, except in KN-CM3A, where gypsum peaks are more intense, consistent with
the high percentage of S shown in Table 3. Despite the differences in characteristics of
binders and aggregates observed by optical microscopy in the samples collected in the West
Magazines, XRD and WDXRF results indicate a greater similarity in the mineralogical and
chemical composition of these samples, especially in bedding samples from the same wall
structure. On the other hand, samples collected in the East Wing of the archaeological site
present a greater variety in mineralogical composition, having been identified in addition
to calcite and quartz (the two with the more intense peaks), and other minerals, such as
albite, dolomite, gypsum, siderite, hematite, and gehlenite.

Table 4. Main crystalline phases identified by XRD in the samples of the Palace of Knossos. Calcite
(CaCO3), quartz (SiO2), albite (Na[AlSi3O8]), gypsum (CaSO4·2H2O), hematite (Fe2O3), dolomite
(CaMg[CO3]2), siderite (FeCO3), and gehlenite (Ca2Al[AlSi]O7) (see Supplementary Material).

Sample Function Main Mineral Phases Identified

W
es

tM
ag

az
in

e KN-BM1A

Bedding

Calcite (++++), quartz (++), albite *
KN-BM2A Calcite (++++), quartz (++), albite *
KN-CM1A Calcite (++++), quartz (++)
KN-CM2A Calcite (++++), quartz (+++)

KN-Pl1A Renders
Calcite (++++), quartz *

KN-Pl2A Calcite (++++), quartz (++), gypsum (+), albite *

Ea
st

W
in

g KN-BM3A
Bedding

Calcite (++++), quartz (+++), hematite *
KN-CM3A Gypsum (++++), calcite (+++), quartz (+++), dolomite (++), siderite *
KN-CM4A Calcite (++++), quartz (++), hematite *

KN-Pl3A Render Calcite (++++), quartz (+), dolomite *, gehlenite *

* Low-intensity peaks; (+) to (++++) indicates XRD peak relative intensity from weak to strong.

The FTIR-ATR results confirm the main mineral phases identified by XRD, with the
most intense vibration bands observed in the spectra attributed to the same minerals.
All results obtained by FTIR-ATR are characteristic of inorganic materials, and no band
corresponding to the presence of organic materials or contaminants has been identified.
The difference between the spectra is mainly in the widening of some bands, especially
those centered in the fingerprint area, where it is common to overlap characteristic bands
of different ion groups [38]. All samples present the characteristic vibration of calcium
carbonate, with the extended stretching band of the group CO3

2− to vary between 1413 and
1394 cm−1 and the narrow bending bands of the carbonate group centered on 874–872 cm−1

and 712 cm−1 [39–41]. The characteristic vibration bands of the group Si–O–Si, wider
and centered on 1010 and 1003 cm−1, and the narrower and less intense bands, centered
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798 and 779 cm−1, attributed to quartz [39,41], are also present in all spectra, being less
pronounced in the results obtained for KN-PL1A, where calcite vibrations predominate, as
was also observed in XRD results. The results obtained for sample KN-CM3A, from the East
Wing of the archaeological site, show predominance of the vibration bands characteristic
of dihydrated calcium sulfate, with the stretching vibration bands of the group OH at
3531, 3400, and 3242 cm−1, the bending bands of the group OH centered at 1683 and
1620 cm−1, and the stretching band of the sulfate ion SO4

2− centered at 1109 cm−1 and
667 cm−1 [40,42]. The spectrum also features the characteristic bands of carbonate ion
CO3

2−, calcium carbonate, as well as the characteristic bands of Si–O vibrations attributed
to quartz, as observed with XRD.

The results confirm the similarity of the composition of the samples collected in the
West Magazines, especially for bedding mortars (Figure 5a), consistent with XRF and
XRD analysis. Considering that the samples were collected in structural traces of the
same wall, but on opposite sides, this similarity indicates that the studied samples were
collected from mortars apparently prepared and applied in the same period, even if they
present some differences in appearance when observed in situ. Bedding samples from
the East Wing of Palace of Knossos (Figure 5b) show more variations among themselves,
similarly to the results obtained in the previous analyses. It is important to highlight that
the reconstruction work promoted by A. Evans and his teams was carried out in different
stages between 1905 and 1930, approximately, under the coordination of different architects.
The work methodology and materials used for these constructions were changed and
adapted to better meet the preservation needs of archaeological structures, according to the
technical knowledge of the teams, the availability of materials, and the way of thinking in
the beginning of the 20th century, marked by war. Therefore, this observed variation in
samples from the East Ward may be associated with several factors related to the historical
context and the construction process itself. Results from samples of mortars with render
function (Figure 5c) are consistent with the mineral phases identified by XRD, with the
vibration bands of the carbonate group attributed to calcium carbonate, and Si–O vibration
bands attributed to quartz. FTIR-ATR results of the KN-PL3A sample also present the
vibration bands referring to the sulphate group (SO4

2−) at 1100 and 667 cm−1, together
with OH group vibration bands at 3534, 3400 cm−1, and 1620 cm−1, which indicates the
presence of gypsum, although this mineral phase was not identified by XRD.
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west magazines; (b) results of East Wing bedding samples; (c) results of samples with render function.

Simultaneous thermogravimetry and differential thermal analysis was performed
only in mortars from bedding stonework, respecting the amount of sample available as
it is a destructive technique. The mass losses were calculated from the data obtained
from the thermogravimetric curves (TG) (Figure 6b) and are presented in Table 5. The
curves obtained by differential thermal analysis (DTA) (Figure 6a) show endothermic
peaks up to 200 ◦C for all samples, attributed to the loss of adsorbed water compatible
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with nonhydrated compounds, except in the KN-CM3A sample where the DTA curve is
characteristic of dihydrated calcium sulfate, with two endothermic peaks with maximums
at 87 ◦C and 175 ◦C, corresponding to the loss of hydration water [43,44]. In addition, the
curve also presents an exothermic peak with a maximum of 422 ◦C attributed to the change
of the crystalline structure from anhydrite I to anhydrite II [43,44]. All samples show the
same tendency of mass loss, from 600 ◦C, with the maximum ranging between 800 and
900 ◦C, attributed to the transformation of calcium carbonate. In this case, the calculated
mass loss (Table 5) varies between 9.29% and 24.44%, the lowest loss corresponding to
sample KN-CM3A, indicating that this mortar has gypsum as the main binder. Sample
KN-CM4A shows the highest percentage of mass loss calculated between 200 and 600 ◦C,
attributed to the structural water losses of the compounds [45].

Table 5. Results obtained by TG–DTA: mass loss of water, of CO2 and CO2/H2O ratio.

Sample
H2O Loss (%)

CO2 Loss (%) Total Loss (%) CO2/H2O
<120 ◦C 120–200 ◦C 200–600 ◦C

KN_BM1A 0.53 0.47 2.23 24.44 27.67 10.98
KN_BM3A 0.69 0.60 2.73 21.86 25.89 8.00
KN_CM2A 0.88 1.11 3.63 19.07 24.69 5.26
KN_CM3A 1.10 3.11 2.62 9.29 16.12 -
KN_CM4A 1.66 1.52 5.09 18.12 26.38 3.56
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obtained by differential thermal analysis, in which the curve referring to the KN-CM3A sample
stands out, with the endothermic peak characteristic of dihydrate calcium sulfate; (b) comparison of
the curves resulting from the thermogravimetric analysis, in which the similar trend for percentage
of weight loss to all samples stands out, except for the KN-CM3A sample.

When considering the CO2/H2O loss ratio in Table 5, calculated from TG values, the
degree of hydraulicity of the mortar can be inferred, because the lower the value of this
ratio, the greater the degree of hydraulicity of the mortar. The literature considers that
ratios above 10 correspond to aerial lime mortars, while the values between 3.5 and 10 are
considered hydraulic mortars, and below 3.5 are considered pozzolans [10,46–48]. Based
on the values obtained, it is possible to observe that KN-BM1A presents a value compatible
with that of an aerial mortar, and the other mortars present values corresponding to
hydraulic mortars. In the case of sample KN-CM3A, it is important to note that all the
results indicate and confirm that it is gypsum-based (non-lime-based), and this sample
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was therefore disregarded as this ratio is considered as an indicator of hydraulicity for
lime-based mortars.

4. Conclusions

The study of the mortar samples collected at the Palace of Knossos revealed differences
in compositions in relation to the function of the material, as expected, but also regarding
its location in the archaeological site. In addition, the results obtained in this study are
consistent with the mineralogy of the region, which may indicate the use of local raw
material for the formulation of mortars. The bedding mortars samples presented greater
similarity in chemical and mineralogical composition, especially for the samples from the
West Magazines. In this case, the similarity from results obtained with all techniques is
evident, pointing to the use of lime-based mortars, with mineralogical predominance of
calcite and quartz for all West Magazines samples and, in addition to these minerals, the
presence of plagioclase (XRD-determined albite) in the samples from the same side of the
wall. However, the degree of hydraulicity calculated by TG–DTA shows some differences,
indicating values corresponding to, or closer to, air lime mortar for the bedding samples
from the same side of the wall and values corresponding to hydraulic lime for samples
from the opposite side of the wall. Considering that these set of samples come from the wall
that divides warehouses IV and V, this similarity in compositions observed in all results is
consistent with a construction resulting from the same workforce, probably carried out in
the same period, although it is difficult to determine what this period would be.

Regarding the bedding mortar samples from the east side of the Palace of Knossos,
the results reflect a greater variation in chemical and mineralogical composition. Of the
three samples studied, two correspond to lime-based mortars, with the predominance of
calcite and quartz as the main mineral components, and one corresponds to a gypsum-
based mortar. When compared to the samples from the West Magazines, this set presented a
higher variety of minerals identified by XRD, and also a greater variation in the percentage
of the most abundant chemical elements. It is important to interpret these results bearing
in mind that these samples were collected in different structures in the area reconstructed
and/or intervened by the A. Evans team, and the results reflect a distinct constructive
approach. The variation in composition may indicate different phases of work and even of
materials and preparation techniques, consistent with the extent of the work developed at
the beginning of the 20th century. It is also worth mentioning that the works carried out by
A. Evans and his team were made over more than 30 years, in periods interrupted by wars,
which may partly explain the difference in composition observed in the materials used for
joining blocks.

Regarding the results obtained for the render samples, it is possible to observe a
greater variation in chemical and mineralogical compositions, even in samples from the
West Magazines. All samples showed the highest calcium content obtained by WDXRF,
and calcite and quartz were identified as the predominant minerals, in addition to other
constituents. The main differences are observed by optical microscopy regarding granulom-
etry and grain shape in each of the samples. It is important to emphasize that renders are
generally applied in layers and that aggregate granulometry is fundamental for material
performance. As in bedding samples, the characteristics observed in the render samples
from the East Ward show a clear difference in the material produced and applied in the
reconstruction phase of the Palace, in relation to the samples from the nonreconstructed
West Magazines.

The study of the mortar samples collected at the Palace of Knossos revealed differences
in compositions in relation to the function of the material, as expected, but also regarding
its location in the archaeological site. It is important to emphasize that, often, due to
the historical importance of a monument, studies are limited by the amount of sample
collected and the impossibility of new sampling campaigns. For this reason, we opted
for the methodological approach proposed in this study, which favored nondestructive
techniques or that required the least possible sample in the case of destructive techniques.
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This approach has brought some limitations in relation to the choice of techniques and
interpretation of the results. As a future perspective, it would be of interest to include
other nondestructive techniques, such as Raman and SEM for the characterization of the
aggregate and the binder, without the need to physically separate the binder from the
aggregate. Nevertheless, with this study, a further step is made into bridging historical
knowledge and present-day comprehension of these complex materials, contributing to
interpretation of their characteristics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min12010030/s1, Figure S1: XRD diffractmeters.
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