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Abstract: This work characterizes ancient mortars used in construction of the Bronze Age Minoan
port at Kommos in Crete. The port dates from c. 1850 BCE with port facilities at the harbor and
residences on the Central hillside and the Hilltop. A Greek, Phoenician, and Roman sanctuary
overlies the administrative center. The first step collected representative samples from the different
construction phases, previous conservation interventions, exposure to different environmental factors, and different material composition. From these 10 mortar samples were analyzed using stereoand digital microscopy, X-ray diffraction (XRD), X-ray Fluorescence (XRF), and Fourier Transform
Infrared spectroscopy (FTIR) to determine texture, morphology, mineralogical, and physico-chemical
properties. The physico-chemical and mineralogical analyses divided the samples into two groups:
lime binder mortars and earthen binder mortars. The main minerals identified in the samples are
calcite, quartz, dolomite, illite, albite, kaolinite, and vermiculite. Analysis of local clay showed
that local materials were used in the production of these mortars. The analysis of mortar samples
with stereomicroscopy, XRF, and FTIR showed that the samples are mainly composed of calcite and
silicates in major quantities along with aluminum, magnesium, and iron oxide in minor quantities.
A wide variety of local aggregates and ceramic fragments were used in the production of these
ancient mortars. The mortar condition resulted in a decay state that needs conservation interventions. This characterization of the ancient mortars was important for the design of compatible
restoration mortars.
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The archaeological site of Kommos is located in the province of Heraklion, five kilometers southwest of the Bronze Age palace at Phaistos, Crete. The site was excavated in the
years 1976–1996 by Professors Joseph and Maria Shaw of the University of Toronto under
the auspices of the American School of Classical Studies [1–9]. Located on the shore of the
Libyan Gulf, Kommos was the port of Phaistos. Kommos was established c. 1850 BCE
and flourished throughout the Minoan period until it was abandoned about 1200 BCE. A
small port town grew up around a cluster of major administrative, industrial, and storage
buildings that served the boats that plied the trade routes of the Eastern Mediterranean.
Kommos actively traded with Sardinia, southern Italy, the Greek Mainland, the Aegean
islands, Cyprus, Anatolia, the Levantine coast, and Egypt, while the evidence from the
sanctuary shows that both Greeks and Phoenicians worshipped there [10].
In 2016 a project for the protection of the ruins at Kommos began in collaboration
with the Laboratory of Materials for Cultural Heritage & Modern Building (MaCHMoB) of
the Technical University of Crete and the University of Toronto Excavations at Kommos.
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A master plan for conservation of the ruins at Kommos identified major factors affecting
the preservation of the standing remains, among them sea aerosols, standing water, wind,
and invasive plants. A first priority was to stabilize the standing remains, many of which
were severely eroded and in danger of collapse. Assessment of the ancient mortars was
necessary to identify their composition, their technical deployment, and their performance
over the centuries of exposure. This assessment guided the design of replacement mortars
to ensure their visual and mechanical compatibility with the ancient ones.
The characterization of the ancient mortars focused on their mineralogical composition
and physico-chemical properties [11–16]. Such a process of reverse engineering produces
recipes that are compatible with the local conditions and materials, and ensure the long
viability of modern interventions. As is well known, the usage of incompatible materials
can cause irreversible damage to ancient structures in need of conservation [17,18].
Therefore, 45 samples were collected at Kommos, of which 10 were selected as representative for this presentation. These include samples from the different historic periods
and locations at the site. They clarify the technology of preparation, composition, and
nature of mortars that provide guidelines for the design of compatible and well-performing
conservation mortars.
2. Sampling and Experimental Procedure
2.1. Sampling
The port at Kommos consists of the prehistoric Civic Center of the harbor area, over
which is the Greek Sanctuary, and the town up slope to the north divided into the Central
Hillside and the Hilltop Houses (Figure 1). The Bronze Age port facilities and town belong
to the Middle through Late Bronze Ages (c. 1850–1200 BCE) while the sanctuary extends
from c. 1025 BCE into the second century CE of the Roman era. For this study the mortar
samples correspond to the following criteria: chronological, structural, corrosion, and
Heritage 2021, 4 FOR PEER REVIEW macroscopic characteristics (Table 1). Attention was paid to sampling from the upper part3
of the buildings to avoid decay patterns due to the capillary rise.

Figure 1. Sampling points of mortar samples on map.

Table 1. Sampling data of the mortars.

Sample Name Location
KM 1
Civic Center, South Stoa
KM 5
Civic Center, South Stoa

Function
Pointing Mortar
Pointing Mortar

Period
Bronze Age
Bronze Age
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Table 1. Sampling data of the mortars.
Sample Name
KM1
KM5
KM6
KM10
KM29
KM31
KM32
KM34
KM42
KM47

Location

Function

Period

Civic Center, South Stoa
Civic Center, South Stoa
Civic Center, South Stoa
Central Hillside
Greek Sanctuary
Greek Sanctuary
House X
House X
Hilltop Houses
Building P

Pointing Mortar
Pointing Mortar
Joint Mortar
Joint Mortar
Joint Mortar
Joint Mortar
Joint Mortar
Joint Mortar
Pointing Mortar
Pointing Mortar

Bronze Age
Bronze Age
Bronze Age
Late Minoan
Late Minoan
Late Bronze Age
Late Bronze Age
Late Bronze Age
Middle Minoan
Late Bronze Age

2.2. Experimental
The samples were first studied macroscopically, followed by a systematic stereoand digital microscopic; a chemical and mineralogical study followed with the aid of
appropriate analytical techniques.
In order to obtain information about components of the mortar samples, and the binder
to aggregates ratio, the samples were fractionated and sieved through an ISO 565 series of
sieves. This provided better identification of the different mineralogical phases. The lowest
fraction, which was <63 µm, was mostly attributed to the binder. Sometimes fine grained
aggregates could be detected in this fraction [19,20].
The crystalline phases in the mortars were characterized by X-Ray Diffraction analysis performed with a Siemens D-500 diffractometer working with Cu Ka radiation
(λ = 1.5418 Å) and by a graphite monochromator in a diffracted beam at 1.5 kW. XRD
patterns were taken from 4◦ to 60◦ 2θ at about 1.8◦ 2θ/min (step size = 0.03◦ 2θ; time = 1 s).
Infrared spectroscopy (FTIR, Perkin-Elmer 1000) was used to obtain qualitative chemical information on some of the characteristic compounds contained in mortar (calcium
and magnesium hydroxides, carbonates, gypsum, etc.) and for determining the presence
of salts (nitrates, sulfates, oxalates, etc.), as well as organic compounds [21]. The FTIR
spectra were acquired in transmission mode on KBr pellets of samples and converted to
absorbance mode covering the wave number range of 400–4000 cm−1 with a resolution of
4 cm−1 . In order to obtain good signal to noise ratio, 20 consecutive scans were added and
averaged before Fourier transform. In this study, powders from the fine fraction of samples
(<63 µm), mostly representing the binder, were used to elucidate the binder composition
and discover the presence of clay minerals [20].
Stereo- and digital microscopy was used to obtain information about the microstructure of the samples, the binder-to-aggregate adhesion, and the grain size distribution.
Fine polished cross-sections were prepared for the samples whenever it was considered
necessary to further elaborate the microstructural features.
The Energy Dispersive X-Rays Fluorescence (EDXRF) with 109Cd and 55Fe radioactive
sources, a silicon drift detector (SDD), with Peltier cooling (−25 ◦ C, no liquid nitrogen),
and an 8 µm Moxtek Dura-Be window, resolution 150 eV at 5.9 keV, TC-244 Spectroscopy
Amplifier, PCA-II Nucleus Multichannel card, AXIL (RN) computer program analysis were
employed for qualitative and quantitative analyses of the samples; the most appropriate
quantification was applied and checked on standard samples [22]. The measurements
were directly performed on the fine-grained powders of the samples at 40 kV and 0.9 mA,
in ambient air or with Helium gas flushing, using a 12-position automatic sampler. The
irradiation time was 300 s (5 min).
3. Results and Discussion
3.1. Macroscopic and Stereomicroscopic Analyses
The macroscopic analysis of samples showed that the majority of the samples showed
a light gray-brown color, especially where lime was mixed with earthen material and sand.
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A crust due to biological agents was detected on the surface. In some samples, crushed
ceramic fragments, fibers, hairs, and marine shells were detected. All the samples were6
very fragile (Figure 2).

Figure 2.
2. Sampling
Sampling points
points and
and macrophotographs
macrophotographs of
of samples.
samples.
Figure

Stereomicroscopic analysis of polished cross sections of the samples provided information about general characteristics such as color, microstructure, type of mortar, and
aggregates (Figure 3). According to the results, sample surfaces were covered by a layer of
biological sediments (black spots) on outside. The calcite content detected in samples was
considerable. The most important finding was the presence of animal fibers (up to 5 mm)
in the mortars. Sea sand (up to 2 mm) or river sand (1.5 mm) were also used as aggregates.
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mortars contained ceramic fragments of 800 µm in diameter, and marine shells up to7
10 mm; microcracks and calcite grains were also observed in the mortar structure.

Figure3.3.Stereomicroscopy
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The rest
of the mortars were earthen mortars with sea sand as aggregates. Sea shells
3.2. XRD
Analysis
of differing quantity and size were also identified in the mortars’ structure. Their presence
The results of X-ray diffraction analysis are given in Table 3 and the corresponding
could either be coincidental due to the use of sea sand or intentional. For example, in
patterns are presented in Figure 4. According to the results, all samples contained silicate
the sampling point of KM10 and elsewhere at the site, lots of sea shells were noticed
(quartz, illite, kaolonite, corrensite, epidote and montmorillonite), carbonate (calcite, doamong the ruined structures. Even though their binder was mainly clay, on some occasions
lomite and aragonite), and feldspar (albite, anorthite, and orthoclase) minerals in their
lime has been used in small quantities. This was attributed to the sporadic presence of
structure in varying amounts [24]. The KM Clay sample was rich in calcite, with clay mincalcite conglomerates in some samples (e.g., see Figure 3, KM6) and to some whitish spots
erals such as illite, kaolinite, vermiculite, montmorillonite, and albite, with high amounts
observed in the cross-section of sample KM29.
of quartz contrasted with low amounts of dolomite.
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Table 2. Characteristics of samples.
Samples

Characteristics

KM1
KM5
KM6
KM10
KM29
KM31
KM32
KM34
KM42
KM47

Intense white color, binder rich in lime, presence of straw fibers
Intense white color, binder rich in lime, presence of straw fibers
Earthen binder, coarse microstructure, sea shells, cracks
Earthen binder, poor performance, many sea shells
Earthen binder, very fine inert
Earthen binder, coarse microstructure, sea shells, voids and cracks
Earthen binder, sea sand, sea shells
Earthen binder, well performing mortar
Earthen binder, mortar with poor performance, many sea shells
Earthen binder, fine sea sand, sporadic sea shells

The microstructure of mortars was differentiated under the stereomicroscope observations as can be clearly seen in Figure 3. Most of the Bronze Age Minoan mortars from the
south area showed an advanced deteriorated microstructure characterized by micro-cracks
(KM31). However, these micro-cracks were mostly very fine, producing only moderate
damage to the whole structure. Those micro-cracks and voids that were observed in the
structure resulted from the aging and leaching of mortar because of environmental loading
and highlight the necessity of conservation to preserve the structures. The same observation applies to the Bronze Age Minoan mortars from the Central Hillside and Hilltop areas.
The microstructure of sample KM29 was quite different: it was characterized by very fine
granules (both binder and aggregate) and much more compactness, without most of the
cracking or voids.
3.2. XRD Analysis
The results of X-ray diffraction analysis are given in Table 3 and the corresponding
patterns are presented in Figure 4. According to the results, all samples contained silicate (quartz, illite, kaolonite, corrensite, epidote and montmorillonite), carbonate (calcite,
dolomite and aragonite), and feldspar (albite, anorthite, and orthoclase) minerals in their
structure in varying amounts [24]. The KM Clay sample was rich in calcite, with clay minerals such as illite, kaolinite, vermiculite, montmorillonite, and albite, with high amounts
of quartz contrasted with low amounts of dolomite.
Quartz (SiO2 ), calcite CaCO3 ), illite (KAl2 Si3 AlO10 (OH)2 ), and kaolinite (Al2 Si2 O5 (OH)4 )
were the most common minerals in each mortar samples. These samples were very rich in
calcite, because of the content of lime in their structure. Calcite is the most stable member
of the calcium carbonate family and the most common form of calcium carbonate found in
archaeological sites. The origin of calcite can be biogenic, geogenic, or pyrogenic [25,26].
A biogenic calcite source is bird eggshells and mollusk shells. Calcite can also be formed
from sea water but this calcite contains a large amount of magnesium in its structure [27].
Aragonite is the second most common form of calcium carbonate [28]. Aragonite
is one of the metastable polymorphs of calcium carbonate at ambient temperature and
pressure [29]. Generally, the aragonite found in archaeological sites is biogenic–derived
from the shells of terrestrial gastopods, freshwater bivalves, and marine mollusks [27,29,30].
In archaeological sites, aragonitic shells are very commonly found [31,32]. If the shell is
still preserved as aragonite, it can be said that the preservation conditions are relatively
good [27]. Aragonite also precipitates out of evaporating seawater at ambient temperatures
and pressures. Sea water includes Mg ions in its structure, which prevents calcite nucleation
and results in aragonite forms. Thus the presence of aragonite in mortar samples could be
also indicative of a marine environment [27]. Aragonite was detected in structures of all
the samples except for KM29 and KM42.
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Table 3. Mineralogical composition of samples.
XRD

Mineralogical Composition

KM1
KM5
KM6

calcite, quartz, illite, kaolinite, dolomite, anorthite, aragonite, orthoclase, halite
calcite, quartz, illite, dolomite, orthoclase, halite,
calcite, quartz, illite, kaolinite, dolomite, anorthite, aragonite, halite, corrensite
calcite, quartz, illite, kaolinite, albite, aragonite, epidote, halite, halite,
montmorillonite
calcite, quartz, illite, kaolinite, dolomite, albite, epidote, lizardite, vermiculite
calcite, quartz, illite, kaolinite, dolomite, albite, aragonite, lizardite, vermiculite
calcite, quartz, illite, kaolinite, albite, aragonite, epidote, lizardite, vermiculite
calcite, quartz, illite, kaolinite, dolomite, albite, aragonite, epidote, lizardite,
vermiculite
calcite, quartz, illite, kaolinite, dolomite, albite, lizardite, vermiculite
calcite, quartz, illite, kaolinite, dolomite, albite calcian, aragonite, lizardite,
vermiculite
9
calcite, quartz, illite, kaolinite, dolomite, albite, vermiculite, montmorillonite

KM10
KM29
KM31
KM32
KM34
KM42
Heritage 2021, 4 FOR PEER REVIEW

KM47
KM Clay

Figure 4. XRD patterns of samples with the main minerals; Cc: calcite, Qz: quartz, IL: illite, Al: albite,
Figure
4. XRD Vr:
patterns
of samples with the main minerals; Cc: calcite, Qz: quartz, IL: illite, Al: albite,
Kl: kaolinite,
vermiculite.
Kl: kaolinite, Vr: vermiculite.

Dolomite also appears as integral constituent of the lime binder, whereas quartz
wasXRF
present
as a residue of the inert aggregates, when passed through the 63 µm sieve.
3.3.
Analyses
Kaolinite
could not
the
matrix
of Sample
KM5.show
This that
sample
lime
XRF analyses
of be
thedetected
samplesinare
given
in Table
4. Results
CaOwas
anda SiO₂
mortar
prepared
with
a
high
amount
of
lime,
very
fine
sand
aggregate,
fibers
(straw),
and
are the main chemical constituents of samples. CaO is the main component of the mortars
ceramic
fragments.
Absence
of
kaolinite
in
the
matrix
could
be
proof
of
the
clay
calcination
with concentration ranges between 29–48 wt%, whereas SiO₂ ranges between 7–30 wt%.
occurring
during
ceramic
production.
The
quantity
of SiO₂
in mortar
samples is related to the presence of siliceous sand, clay
Dolomite
could
not
be
in samples
KM10
and KM32.
Dolomite
was an
and ceramic aggregates in theidentified
mortars. The
percentage
of MgO
observed
in the samples
integral
constituent
of
the
lime
binder.
The
absence
of
dolomite
in
these
samples
be
ranges between 2–5 wt%. Alumina content of the samples is between 2–8 wt%. Thecan
idenexplained by the use of lime and/or earthen material originating from different sources.
tification of high concentration of SiO₂ and Al₂O3 could be related to the addition of agAll of the mortars contained local argillaceous earth. Consequently, the XRD patterns were
gregate and clay in mortar. SO₃ concentrations are lower than 0.2 wt%. Most probably,
very similar and to the XRD pattern of KM clay. This revealed the constant use of local
part of the analyzed samples originates from external decayed parts of the structures,
earth material thoughout the history of the site. The diffractographs of the mortar samples
which suffer from the marine aerosols more than the interior part. The high content of
exhibited slightly higher peaks for calcite and quartz and showed also some peaks of
MgO (2.2–4.5 wt%) reflects the presence of dolomite, as evidenced by both XRD and FTIR
other minerals (epidote, lizardite), all attributed to the inert material. Halite in the mortar
analyses. The Na2O concentration of samples reach values up to 2.5 wt%; this is expected
from the marine context of the site and the consequent decay state. XRF results corroborate
the results of the XRD analysis.
Table 4. Chemical composition of samples (wt%) identified by XRF.
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structures originates from the use of coastal sand for production. The presence of halite is
also evidence of salt crystallization [33].
3.3. XRF Analyses
XRF analyses of the samples are given in Table 4. Results show that CaO and SiO2
are the main chemical constituents of samples. CaO is the main component of the mortars
with concentration ranges between 29–48 wt%, whereas SiO2 ranges between 7–30 wt%.
The quantity of SiO2 in mortar samples is related to the presence of siliceous sand, clay
and ceramic aggregates in the mortars. The percentage of MgO observed in the samples
ranges between 2–5 wt%. Alumina content of the samples is between 2–8 wt%. The
identification of high concentration of SiO2 and Al2 O3 could be related to the addition of
aggregate and clay in mortar. SO3 concentrations are lower than 0.2 wt%. Most probably,
part of the analyzed samples originates from external decayed parts of the structures,
which suffer from the marine aerosols more than the interior part. The high content of
MgO (2.2–4.5 wt%) reflects the presence of dolomite, as evidenced by both XRD and FTIR
analyses. The Na2 O concentration of samples reach values up to 2.5 wt%; this is expected
from the marine context of the site and the consequent decay state. XRF results corroborate
the results of the XRD analysis.
Table 4. Chemical composition of samples (wt%) identified by XRF.
XRF

KM1 KM5 KM6 KM10 KM29 KM31 KM32 KM34 KM42 KM47 KM Clay

CaO
SiO2
Al2 O3
MgO
Fe2 O3
Na2 O
K2 O
SO3
Cl
P2 O5
TiO2
SUM

41.01
17.32
3.75
2.80
2.14
1.01
0.59
0.19
0.08
0.12
0.31
69.32

47.55
7.17
1.58
2.15
1.11
1.51
0.26
0.23
0.36
0.08
0.12
62.12

32.53
27.85
7.58
4.46
4.08
2.50
1.24
0.09
0.81
0.11
0.52
81.77

34.99
26.77
5.84
4.03
3.12
1.63
0.98
0.08
0.52
0.18
0.42
78.56

29.97
30.37
7.93
4.34
4.27
1.56
1.43
0.06
0.25
0.10
0.59
80.87

30.74
29.06
7.51
3.59
4.09
1.13
1.28
0.07
0.16
0.13
0.57
78.33

30.56
29.49
7.66
4.03
4.20
1.06
1.27
0.10
0.08
0.21
0.56
79.22

30.85
27.16
7.07
4.37
4.07
1.79
1.26
0.09
0.69
0.33
0.56
78.24

37.18
22.82
5.62
3.36
3.32
0.93
1.01
0.10
0.04
0.15
0.47
75.00

32.38
28.02
7.15
4.14
4.06
1.10
1.26
0.16
0.04
0.22
0.55
79.08

29.18
28.21
7.25
4.19
3.86
1.81
1.24
0.17
0.51
0.10
0.59
77.40

3.4. FTIR Analysis
FTIR spectra of the fine fraction of samples mostly corresponding to the binder are
illustrated in Figure 5. Phase identification was performed by using standard literature
and standard samples available in the database of laboratory [21,34,35].
The characteristic peaks of calcite are 1410, 872, and 710 cm−1 [21]. Aragonite is
identified by the peaks at 712 and 1082 cm−1 [36,37]. The band at around 710 cm−1 for the
mortar samples was assigned to the deformation vibration of the C-O band in aragonite
and calcite. The vibrations observed at 2512, 1417, 872, and 711 cm−1 show the presence
of dolomite. Si-O stretching vibrations observed at 787 and 464 cm−1 are attributed to
the presence of quartz and clay minerals. The peaks at 467, 1027, and 1630 cm−1 are
characteristic of the illite phase. The occurrence of bands at 1078, 1027, 726, and 690 cm−1
support the presence of anorthite in the structure. The bands at 1085 and 1004 cm−1
document the presence of corrensite, whereas the bands at 3620, 1006, 789, 464, and
422 cm−1 indicate kaolinite. The characteristic peaks of vermiculite were obtained at
987 cm−1 and 450 cm−1 . The vibrations obtained at 3649, 1042, 874, and 516 cm−1 showed
the presence of montmorillonite, whereas bands at 990, 788, 464, and 421 cm−1 indicate
albite [21]. The vibration band centered at approximately 455 cm−1 is associated with the
Al-O bonds that originate from the aluminosilicates [21].
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The FTIR results are helpful in identifying various forms of minerals present in the
structure and confirm the results of XRD analysis. Because the fine fraction was analyzed,
the identification of clay through FTIR is a cost-effective alternative in clay analysis that
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overcomes the laborious and non-environmentally friendly procedures involved in the
dissolution of clays in organic solvents [38].

Figure5.5.FTIR
FTIRanalysis
analysisresults
resultsofofthe
thefine
finefraction
fraction(<63
(<63µm)
µm)ofofsamples
samples(a)
(a)KM1,
KM1,(b)
(b)KM5,
KM5,(c)
(c)KM6,
KM6,
Figure
(d)
KM10,
(e)
KM29,
(f)
KM31,
(g)
KM32,
(h)
KM34,
(i)
KM42,
(j)
KM47
and
(k)
local
clay.
(d) KM10, (e) KM29, (f) KM31, (g) KM32, (h) KM34, (i) KM42, (j) KM47 and (k) local clay.

The FTIR results are helpful in identifying various forms of minerals present in the
structure and confirm the results of XRD analysis. Because the fine fraction was analyzed,
the identification of clay through FTIR is a cost-effective alternative in clay analysis that
overcomes the laborious and non-environmentally friendly procedures involved in the
dissolution of clays in organic solvents [38].
4. Conclusions
The analysis of mortar samples with stereomicroscopy, XRD, XRF, and FTIR shos
that the samples are mainly composed of calcite and silicates in major quantities along
with aluminum, magnesium, and iron oxide in minor quantities. A wide variety of local
aggregates and ceramic fragments were used in the production of these ancient mortars.
The high calcitic nature of the samples is attributed to the use of lime as a binder, along
with earthen material and aggregates of a carbonaceous nature. More specifically, the local
earthen material (KM clay) used in the production of mortars contains large amounts of
calcite in its structure. Samples are divided into two groups; lime binder mortars and
earthen binder mortars. The first group contains a high amount of lime, very fine grain
sand (<0.5 mm), and fibers (straw), whereas the second group exhibits a high amount of
earthen binder and sea sand with sea shells of varying quantities and size in the mortar
matrix. The binder to aggregate ratio differed in the studied samples, ranging from 1/3
to 1/2. Lime lumps observed in a few samples indicate that either the binder was not
homogeneously mixed with the aggregates or the binder was not slaked perfectly. This
might be one of the main reasons of the poor preservation of the mortars. Other reasons
for their poor state are aeolic, seismic, and hydrographic actions, as well as sulfate attacks
that lead to efflorescence.
The design of the restoration mortars will be done according to the properties of the
original ones. These new mortars need to be compatible with the original ones in terms of
physical, chemical and mechanical properties. Therefore, high flexural strength, medium
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modulus of elasticity, high water vapor permeability, low (or slow) water absorption, and
high-water evaporation are necessary to avoid the water remaining on the mortars and the
structures. The data obtained from this study will inform the design of new mortars that
advance conservation goals of the master plan for the ancient port at Kommos in Crete.
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