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Abstract: The color characteristics, vibration spectra, phase and mineral composition, internal
structural organization of several fragments of the ancient Roman mosaics from the Roman Mosaic
Museum, Constanta, Romania were studied by non-destructive (Chromatic analysis, Neutron
Diffraction, Neutron Tomography) and micro-invasive techniques (Optical Microscopy, X-ray
Diffraction, Field Emission Scanning Electron Microscopy—Energy Dispersive X-ray Spectroscopy,
Raman Spectroscopy, Wavelength Dispersion X-ray Fluorescence). These investigations were
performed in order to characterize the original Roman mosaic fragments. The major and minor
phase components of the studied mosaic fragments were determined, the crystal structure of the
main phases was analyzed, and their three-dimension spatial arrangement was reconstructed. The
similar composition of the major phases of all mosaic fragments can indicate a generic recipe for
making mosaic elements, but minor phases were presumably added for coloring of mosaic pieces.
Some degradation areas inside the volume of the mosaic fragments were found by means of
neutron diffraction and neutron tomography methods. These degradation areas are probably
related to the formation of iron hydroxides during chemical interactions of mosaic fragments with
the sea and urban polluted atmosphere.

Keywords: Roman mosaic; non-destructive techniques; micro-invasive techniques; neutron
diffraction; neutron tomography; cultural heritage; conservation/restoration
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1. Introduction

One of the most important tasks of archeology and other history-related sciences is the
comprehensive study of cultural heritage items. A mosaic, as part of the universal cultural heritage,
is an ancient art, where small pieces of various materials like glass and stones were used to create
patterns and images. The first mosaic tiles were found in Mesopotamia in the time of the earliest
dynasties of ancient Egypt [1-4]. The mosaic decorated the temples that were dedicated to the Greek
deities; more than that, the origin of the word “mosaic” comes from the “mouseion” or a
better-known transcription “the muse” [5]. In the fourth century BC, the Greek mosaics represented
the artistic assembly of small pieces of marble, ceramic, glass, enamel or other materials, of different
colors, glued together with mortar or mastic, forming geometrical figures, flowers, images with
zoomorphic or anthropomorphic representations [6,7].

The ancient Roman mosaics were made of river stones, marble or rare jasmine and onyx
semiprecious gems and were used in plating Roman baths, columns and villa ceiling decorations
with a domination of the black and white combination [4,7,8]. It should be noted that the evolution
of Roman mosaic technology is still not clear and more studies are needed to fully comprehend the
technological practices and to determine the best restoration and conservation techniques to be
applied. As a bright representative of the cultural heritage of the Roman and Byzantine era, a
well-preserved mosaic fragment in the historical center of Constanta, Romania can be taken into
consideration. Those large area fragments, which were discovered in 1959, are believed to date
somewhere back in the reign of the Emperor Constantine the Great (306-337 AD), in which the Tomis
Fortress was built [9]. The Roman Mosaic Museum in Constanta is covering an area of
approximately 2000 m?, and it fell into ruin at the end of the 6% century following an earthquake [9-
11]. Nowadays, more and more scientific research methods [12-15] are being used to study the
physical and chemical properties of mosaic elements in order to expand the knowledge about
mosaic production technologies, the origin of compound materials, and the degree of preservation
of decorative elements.

The building had been affected not only by the destruction of time and the time it was under
land but also by the works made, in the modern period, for the arrangement of the port by the
Romanian architect Anghel Saligny. The campaigns dedicated to the complex from the Roman era
lasted for five years, until 1965.

The imposing construction took place in antiquity on three terraces, cut in the slope of the cliff
and leveled for ensuring the stability of the construction. It was located right on the quays of the old
Tomitan port, from which it is located where he opened his first suite of rooms. It comprised eleven
vaulted rooms used as warehouses for the goods brought by the commercial ships that docked in the
port. Access to the next two terraces was made with the help of massive limestone steps.

The second level was similar to the first. It also had eleven vaulted rooms used for the same
purpose as the first. The configuration of the third level, however, is totally different from the other
two. Here, we are dealing with a huge, uncompartmented and sumptuous room. Its decor is
luxurious, and the improvised grandstand on its northeast side shows that he had a different and
special destination.

Inside the hall, the northeast wall has a rhythmic succession of pillars embedded in it. It looks
like there were fifteen such pillars delimiting fourteen fields. The walls were covered with marble,
and the pillars had marble slabs at the top that mimicked the shape and decoration of some capitals.
Their decorative motifs were predominantly vegetal. The northeast wall was pierced by another
entrance from the current Ovidius Square, later closed and used as a niche, in which was probably
exposed the bust of an emperor.

Another peculiarity of the hall is formed by the few steps that made up a small platform
attached to the same wall and also covered with marble. It was probably used as a tribune for the
speakers who held speeches here.

The mosaic carpet stretched over the entire surface of the room. The portion that was placed on
the terrace cut into the seafront was best kept, and the part above the eleven rooms on the lower
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level collapsed along with their vaults, catching underneath the goods that were stored there. Some
of the pieces that collapsed could be recovered.

The materials used are marble and natural stone, of different colors: white, red, green-blue,
black and cream. They are arranged in straight rows, especially in the border and in serpentine lines
in the case of more complex motifs. They are placed on a bed of lime mortar mixed with a lot of
crushed brick.

A mosaic is a pictorial work elaborated with a set of tesserae joined between them by lime [13]
or other binders to form geometric or figurative decorative compositions. Tessera is an individual
piece of cubic form, made of calcareous rocks, glass or ceramic material [14]. In Ancient Rome, the
used tesserae were made of calcareous rocks obtained from local sources of natural stone, with
additions of crushed brick, tile and pottery in order to create some colored shades: black, red, white,
blue and yellow [16].

In recent years, more attention by archaeologists and cultural scientists is given to physical
methods based on neutron diffraction and neutron tomography methods, which provide a
non-destructive probe of structural organization of objects with high sensitivity to light elements, a
notable difference in contrast between different elements, and high penetration ability [17,18].
Presently, the neutron methods are highly demanded tools with a growing range of applications in
industry, archeology and geophysics [17,19-22].

In this study, the results of pilot studies of the chemical and structural composition of some
decorative elements of ancient Roman mosaics from the Roman Mosaic Museum, Constanta,
Romania was reported. This research aimed for a comprehensive study of decorative elements using
both classical research methods and modern experimental approaches like neutron structural
non-destructive diagnostics.

2. Materials and Methods

2.1. Samples

For our joint research, a set of the elements of mosaic from the Mosaic Museum of Constanta,
Romania, was selected, Figure 1. Most of the collected samples had different voids or gaps, cracks
and scratches on the surfaces, and internal degradation tracks that need to be investigated. The
distribution of the phase composition in the volume of these samples was also interesting to us. The
photos, optical microscopy images and a short description of the studied samples are presented in
Table 1.

Figure 1. Photo of Roman Mosaic from Constanta (Romania)—the presented surface is 2 x 3.5 m?2.
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Table 1. The sample labeling: photos, optical microscopy images, and color of the studied mosaic

fragments.
Sample Photo Color
1 White
2 Red-dark
3 Blue
4 Grey
5 Red-light
6 Black and white

e kg ik

* Optical microscopy images were recorded at 40x magnification.
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2.2. Experimental Methods

Optical microscopy was performed with a Primo Star microscope (Primo Star, Carl Zeiss AG,
Oberkochen, Germany) in transmitted light. The device is equipped with 4 Plan-ACHROMAT dry
objectives (4x, 10x, 40x and 100x) and with a digital video camera (Axiocam 105) for a real-time data
acquisition. The optical microscopy images, achieved with the 40x objective, are presented in Table
1.

X-ray diffraction (XRD) data were recorded with an Ultima IV diffractometer (Rigaku,
Woodlands, TX, United States of America) using a Cu Ka radiation (A = 1.54 A). In this experiment,
the accelerating voltage of the generator radiation was set at 40 kV and the emission current at 300
mA. The XRD patterns were recorded in Bragg-Brentano beam geometry over 20 = 10° to 100°
continuously at a scan rate of 1 degree/min. The XRD patterns were processed using PDXL2.2
software and the ICDD database PDF4 + 2019.

Wavelength Dispersion X-ray Fluorescence (WDXRF) was performed using a Supermini200
spectrometer (Rigaku, Woodlands, TX, United States of America). It is equipped with a Pd X-ray
tube (200 W), two detectors (e.g., PC and SC) and 3 analyzer crystals (e.g., LiF, PET and RX25—with
automatic exchange). Supermini 200 allows WDXRF analyses with 0.1-1 ppmlimit of detection and
0.5% precision.

Field Emission Scanning Electron Microscopy with Energy Dispersive Spectroscopy
(FE-SEM-EDS) results were obtained using a SU-70 microscope (Hitachi, Ibaraki, Japan) coupled
with an UltraDry detector (Thermo Fisher Scientific, Waltham, Massachusetts, United States of
America). The SEM images (magnification x3k) were obtained under 5 kV accelerating voltage and
15-19 mm working distance range, meanwhile the EDS data (EDS spectra and elemental
composition) were obtained under 10 kV accelerating voltage [23-25] using the Phi-Rho-Z correction
method available in NSS software (Version 3.0).

Raman spectroscopy was performed using a portable analyzer (Xantus-2, Rigaku, Woodlands,
TX, United States of America) equipped with 785 and 1064 nm stabilized laser, providing high
sensitivity. For measurements, a resolution of 4 cm™ with a laser power of 252 mW was used. The
data were collected and processed with the Opus (Version 7.0) software (Opus, Bruker Optik GmbH,
Ettlingen, Germany). In additional, the Raman spectra at ambient temperature were collected using
a LabRAM HR spectrometer (Horiba Gr, Montpellier, France) with a wavelength excitation of 633
nm emitted from a He-Ne laser, 1800 grating, confocal hole of 100 pm, and x 50 objective. Several
Raman spectra were obtained from different local points of the surface of the mosaic samples.
Typical spectral acquisition times were 12 min; the measurement range was from 100 to 1800 cm™".

Chromatic parameters of the ancient Roman mosaics were recorded with a Konica Minolta
CR-410 colorimeter (Japan). CIELab colorimetric measurements were performed to verify the color
features of the samples. The chromatic coordinates were calculated according to the Commission
Internationale d"Eclairage (CIELab method) [26], starting from diffusive reflectance spectra acquired
with a Konica Minolta camera instrument. The total color differences, AEx final, were calculated
using the following Equation (1):

AEy finar = (AL; + AaZ + Ab%)l/z 1)

where AL is the difference in lightness, Aa is the chromatic deviation of the a coordinates (red and
green color), and Ab is the chromatic deviation of the b coordinates (yellow and blue color).

The crystal structure and phase composition of the mosaic samples were performed by neutron
diffraction experiments using the DN-6 neutron diffractometer [27], operated at the IBR-2 high-flux
pulsed reactor (Frank Laboratory for Neutron Physics, Joint Institute for Nuclear Research, Dubna,
Russia). The neutron powder diffraction patterns were collected at the scattering angle of 20 = 90°.
The measurement time of one neutron diffraction pattern was 30 min. The neutron diffraction
patterns were analyzed by the profile matching mode using the FULLPROF software [28].

The neutron tomography experiments were performed at the neutron radiography and
tomography facility [29] of the IBR-2 high-flux pulsed reactor. A set of neutron radiography images
was collected by a detector system based on high sensitivity camera with a Hamamatsu CCD chip.
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The tomography experiments were performed with a rotation step of 0.5°% the total number of
measured radiography projections was 360. The exposure time for one projection was 20 s and
measurements were carried out during 6 h in total. The imaging data were corrected by the camera
dark current image and normalized to the image of the incident neutron beam using the Image]
software [30] the tomographic reconstruction was performed by the SYRMEP Tomo Project (STP)
software [31]. Finally, a large data set containing a volume distribution of 3D pixels (voxels) were
collected. The size of one voxel in our study is 52 x 52 x 52 um. The spatial resolution capabilities of
the neutron tomography facility have some restrictions on the minimum size of a resolved item up to
135 um. The 3D volume data of voxels are the essence of the spatial distribution of values of the
neutron attenuation coefficients inside the sample volume. Attenuation of the neutron beam
corresponds to scattering and absorption losses inside the material. The tomography reconstruction
yields the set of 538 virtual slices. VGStudio MAX 2.2 software of Volume Graphics (Heidelberg,
Germany) was used for visualization and analysis of reconstructed 3D data.

3. Results and Discussion

3.1. X-ray Diffraction (XRD)

The X-ray diffraction of the mosaic fragments gives similar diffraction patterns (Figure 2). The
occurrence of some amorphous phases as well as crystalline minerals was observed. The dominant
phases are quartz and calcite. The iron oxides like hematite, sulfates or gypsum, and clays like
iron-contained aluminosilicates were also detected.
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Figure 2. Characteristic XRD pattern for mosaic fragments.

3.2. Wavelength Dispersion X-ray Fluorescence (WDXRF)

The average mineral compositions of mosaic fragments obtained from XRF analysis are
presented in Table 2. The mineralogical compositions of the studied mosaic fragments are mainly
representative of carbonaceous stones with a high content of calcium and consist of small particles
with different compositions of Al, Na, K, Si, Ti, Fe and Ca elements.
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Table 2. Mineral composition of the mosaic fragments! determined by WDXREF, expressed in mass%
+5.D.%, normalized to 100%.

Component Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

Na20 nd 2 0.724 +0.067 nd 2 1.186 +0.135 nd 2 1.146 +0.107
MgO 1.097 +0.248 1.485+0.122 1.752+0.154  25.119+1.280  2.709 + 0.224 3.444 +0.213
AL:Os 0.986+£0.072  1.461+0.092  1.803+0.064 7.149+0.594  3.959+0.072  4.891+0.283
SiO2 2915+0.049  4.806+0.039  4.462+0.058 13.780+0.799 11.436+0.872 13.403 +0.902
P20s 0.269+0.021  0.398+0.026  0.243+0.022  0.680+0.038  0.221+0.028  0.217 +0.021
SOs 0.362+0.023  0.412+0.018  0.459+0.022  1.290+0.089  0.376+0.020  0.542+0.026
cl 0.058 £0.004  0.177+0.008  0.027+0.003  0.075+0.005 0.033+0.0034  0.346 +0.009
K20 0.385+0.027  0.491+0.032  0.552+0.034 1.698+0.077  0.874+0.064  1.127+0.038
CaO 93.375+4.036 89.219+3.657 89.937 +3.061 45.437+2.067 78.740+2.966 72.602 +2.591
MnO nd 2 nd 2 nd 2 nd 2 nd 2 0.097 +0.041
Fe20s 0.499+0.042 0.783+0.039  0.661+£0.042  0.346+0.028  1.627+0.085  1.701+0.038
CuO nd 2 nd 2 nd 2 nd 2 nd 2 0.049 + 0.002
SrO 0.055+-0.005  0.046 +0.004  0.104+0.011  3.192+0.641  0.025+0.002  0.435 + 0.040

! WDXRF data obtained by EZ Scan analysis, in vacuum, for sample type oxide powder, the pellets
(1.5 g sample mixed with 2 g BOREOX—FLUXANA) being covered with Myler foil (6 um thickness).
Total scanning time of the sample: 30 min. 2 Component which was not detected in sample (<LOD).

The proportions of these elements, together with the aggregates of clays, quartz, Ca-carbonates,
and sulfates were present in the studied fragments. As can be seen from Table 2, the mosaic samples
mainly consist of silicates with a dominant amount of Na:2O phase. The minor phases are K20, MgO
and P20s. Besides the oxides of 5i, Al, Ca, K and Na, we believe that the minor phases were added as
a coloration matter [13] or as a flux of admixed material. If we digress from the content of minor
phases, we can assume that Roman mosaic used one widely distributed common recipe from major
oxides to produce a basial melt before minor phase adding. In other words, if the mosaic fragments
belong to the Roman cultural heritage, the content of the major oxides should reflect the general
Roman basial glass recipe [32-35].

3.3. Field Emission Scanning Electron Microscopy with Energy Dispersive Spectroscopy (FE-SEM-EDS)

The morphology and grain aspect of samples (Figure 3b,d,fh,jl) was obtained using the
secondary electron detection mode and highlights the mixture of a fine-grained base [36,37] with
crystallized grains [38,39], specific to calcite structure (all samples), as well as the formation of plated
(laminated) calcite crystals (sample 5) [40,41].

Sample 1
(white)

(a) (b)
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Sample 2
(red-dark)

Sample 3
(blue)

Sample 4
(grey)
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Sample 5
(red-light)

Sample 6
(black)

(k) @

Figure 3. The EDS patterns of the mosaic samples—the main elements composition are labeled
(a,c,e,gik); FE-SEM images of the mosaic samples recorded at Vacc = 5 kV, WD = 18.4-18.7 mm,
%3000 magnification (b,d,f,h,j,1).

The energy dispersive spectroscopy (EDS) analyses of the elemental composition of the studied
mosaics (Figure 3 and Table 3) revealed some proportions of Ca, O, and C and minor proportions of
Si, K, Mg, and Al (in all studied samples), as well as Na (samples 1, 4 and 6), P (sample 4), S (samples
2-5), Cl (samples 1 and 6). The minor compositions of elements in mosaic fragments are similar for
all studied mosaic fragments. Minor differences were observed due to the diversity of the different
phase agglomerations, as previously reported [13,42]. It should be noted the extraordinarily constant
chemical compositions for blue and red mosaic samples (i.e., 2, 3 and 5). The high content of Ca was
detected in the white and blue mosaic samples (i.e., 1 and 3). It can be explained by a higher quantity
of calcite phases in those samples. Several amounts of sulfates (samples 2-5) were detected. It is
interesting that a small amount of chlorine was found in several mosaic fragments (i.e., samples 1
and 6); a possible explanation is the long contact of mosaic samples with the atmosphere, in the
proximity to the Black Sea, which is chlorine rich [43].
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Table 3. The major and minor elements determined by FE-SEM-EDS in the studied mosaics

fragments, expressed in wt.% + S.D.%, normalized to 100 wt.%.

Element 1 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
(White) (Red-Dark) (Blue) (Grey) (Red-Light) (Black)

C 5.64 +0.06 9.26 +0.06 7.15+0.05 8.07+0.07 1257+0.08  8.15+0.08
O 39.06+0.24 52.22+029 43.44+024 47.66+026 4556+0.29 45.09+0.26
F nd 2 <LOD3 nd 2 <LOD?3 0.79+0.14 <lod 3

Na 0.15+0.02 nd 2 nd 2 0.43 £0.02 nd 2 0.42 £0.02

Mg 0.36 +0.02 0.41+0.03 0.53+0.02 8.25+0.05 0.63+0.03 0.93+0.02
Al 0.39 £0.02 0.83 £0.03 0.71+0.03 0.58 £0.03 1.07 £ 0.04 1.92+£0.04
Si 0.38+£0.03 1.44+0.03 1.14 +0.03 1.20+0.04 2.67£0.04 4.99 +0.05
P nd 2 nd 2 nd 2 0.42 +0.04 nd 2 nd 2
S nd 2 1.24+0.02 0.18 £0.03 1.25+0.02 0.65+£0.04 nd 2

Cl 0.21+0.02 nd 2 nd 2 nd 2 nd 2 0.52+0.03
K 0.23 +£0.03 1.28 £0.07 0.34 +0.06 0.95+0.03 0.48 +0.07 0.92 +0.08
Ca 53.56+0.27 33.32+0.20 4650+0.23 31.20+0.20 35.59+0.22 37.06+0.22

! The detection and quantification were done with K-lines, for all elements; 2 nd —element which was

not detected in sample; 3 element which was detected in sample and appear in EDS pattern (Figure
2¢,g,k), but the concentration is less than the limit of detection (LOD = 0.01 wt.%).

3.4. Raman Spectroscopy

For an in-depth study of mosaic samples regarding vibration spectra, Raman spectroscopy was
performed. Several characteristic Raman spectra are shown in Figures 4 and 5. The intensity Raman

lines at 352, 462 and 1375 cm™ can be attributed to the phase of a-quartz [44], while the most intense

mode at 1087 cm™ corresponds to calcite [45]. Several weak peaks at 300 and 406 cm™ were assigned
to hematite (Figure 5). The weak Raman peaks at 1305 and 1597 cm™ could be attributed either to
amorphous carbon, hematite or a-quartz phases [44—46].

3300
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1500

1200

Intensity (count)

900

600

3004/

1087

—— White mosaic
Red mosaic

400

600

T
800

—
1000

T T T 1
1200 1400

Spectrum Raman Shift (cm™

1600

—
1800 2000

Figure 4. Raman spectra obtained from surfaces of samples 1 and 2 and corresponding to calcite and

quartz phases. The tentative assignment of Raman lines is present in Table 4.
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The results of a more detailed scan of the surfaces of mosaic samples 5 and 6 are shown in
Figure 5. Raman spectra were obtained from various local areas of mosaics fragments characterized
by a red or black color.

2157 3 713 (a)
g _J\..J\\fv-""-‘ A

) 395

= 304

S 557 880 (b)
> 4804 637

£ oMby ™
fo=)

el

=

RS

o m2s sio(c)
A AN e e . e e N A

T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

Figure 5. Raman spectra obtained from different points of samples 5(a) and 6(b,c). The Raman
wavenumbers of the most intense Raman peaks are indicated. A not-homogeneous composition in
different point of samples 5 and 6 is observed. The tentative assignment of Raman lines is present in
Table 4.

The tentative assignments of the visible Raman lines are presented in Table 4. In addition to the
phases already described above, the Raman lines associated with hydroxides and oxides of iron and
manganese were observed on Raman spectra of red crystallites on the surface of mosaic sample 5.
The Raman peaks in the wavenumber region of 860-940 cm™ are related to the presence of some
orthosilicates in the studied samples.

Table 4. The tentative assignment of the observed Raman lines to the different mineral phases of the

mosaics fragments.

Mineral Phase Raman Characteristic Peaks [cm™]
Calcite 157, 283, 713, 1087
Quartz 352,462, 1375
Goethite 304, 395, 480, 557
Hematite 304, 395
Manganite 395, 557, 637
Orthosilicates 395, 557, 880
Carbon 1325, 1610

The combination of these additional phases probably indicates the presence of a mixture of
natural pigments; “yellow ochre” and “red ochre” were used as paint for mosaic glasses [14,15,46].
The black layer of sample 6 is characterized by two additional peaks at 1325 and 1610 cm™ (Figures 4
and 5 and Table 4). They are associated with a pure carbon phase [14]. It can indicate the presence of
“soots” that were used as colorant for black mosaic sample [47].

3.5. The Chromatic Parameter Measurements

The chromatic parameters were recorded using a special colorimeter. From the experimental
data, the color features of the mosaic samples were calculated [26]. The obtained chromatic
parameters are listed in Table 5.

Table 5. The chromatic parameters of the mosaic fragments.
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Element Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

L« 87.01 86.61 84.97 85.63 78.61 89.88

ax -0.39 0.62 -0.97 -0.57 2 -1.08

bx 12.11 74 5.70 7.37 9.61 7.20
ALx -11.86 -0.4 -2.04 -1.38 -20.27 -8.99
Aax 1.92 294 1.34 1.75 431 1.23
Abx 1.65 -3.05 -4.75 -3.08 -0.87 -3.25
AEx 12.13 0.84 12.62 1.58 20.71 9.64
Cx! 12.11 7.42 5.78 7.39 9.81 7.28
ACx - -4.69 -6.33 -4.73 -2.29 -4.82
H?2 91.84 85.21 99.66 94.42 78.24 98.53
AH - 6.63 7.82 2.58 -13.6 6.69

1Cx=chroma degree; when C is smaller than 10, is a monochromatic color; when is greater than 10, is
a chromatic color; 2 H = hue degree.

The color parameters (i.e.,, H, C, and AE) determine the tendency to yellow hues (b) and green
hues (a). However, the chromatic parameters a (red/green) and AE (total color change) appear as
decisive factors affecting the color variations over time, as the greatest changes took place in these
parameters. This indicates that the color parameters such as a (red/green), b (yellow/blue), H and L
have greater weight than AE and C to distinguish these samples based on the pigments. Hue angle
(h) derived from a and b color space, and therefore, is a more practical parameter in reflecting the
pigments [48]. However, it should be noted that chromatics relate only to the surface of studied
mosaic fragments. The color of the surface may be imperfect due to the interaction of the fragments
of mosaic with the air or water vapor from atmosphere, which is a reason for the surface degradation
and color changing of the mosaic stone from Roman Mosaic building. Most mosaic fragments with
dark colored crusts were identified [49,50]; these crusts can be biochemical and physical responses to
diverse anthropogenic activities. It should be noted that the present chromatic data can be used
together with experimental structural data obtained from the entire volume of the samples using
high penetration methods as neutron diffraction or X-ray diffraction.

3.6. Neutron Diffraction

The typical neutron diffraction patterns of the mosaic samples 5 and 6 are shown in Figure 6.
The neutron diffraction peaks corresponded to two dominant phases of mosaics fragments: calcite
CaCOsand a-quartz SiO2. The complex shape of the background of the diffraction pattern of sample
5 indicates the presence of a large number of amorphous phases probably clays aluminosilicates
phases. The calculated unit cell parameters of calcite are a =4.978 (2) A, c =17.064 (4) A and a =4.974
(7) A, c=17.026 (1) A for samples 5 and 6, respectively. A small difference in the ¢ parameters of the
unit cell of the calcite phases can be explained by the presence of a small amount of impurities in the
rock samples of the studied mosaic fragments. If only a single calcite phase is observed for sample 6,
then diffraction peaks corresponding to the quartz phase are also observed for sample 5. The lattice
parameters of trigonal phase of quartz are a = 4.913 (1) A, b=4913 (1) A, c = 5409 (2) A. The
calculated ratio between calcite and quartz phases for sample 5 is 45:55.
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Intensity (arb. units)

A,

Figure 6. Neutron diffraction patterns of the mosaic fragments sample 5 (top) and sample 6 (bottom).
The experimental points and calculated profile are shown. The Miller indices of major phases are
labeled. Ticks below represent calculated positions of the Bragg peaks of the calcite and quartz
phases. The corresponding diffraction peaks are marked.

3.7. Neutron Tomography

While neutron and X-ray diffraction was used to identify the phase composition of the studied
mosaic stones, the spatial distribution of the phases was analyzed by neutron tomography. The
several tomography transverse slices of reconstructed tree-dimension models of sample 5 and
sample 6 are presented in Figures 7 and 8, respectively. A voxels distribution on the gray-level scale
reflects a spatial distribution of values of the neutron absorption coefficients inside the studied
mosaic fragments [51]. The attenuation of the neutron beam corresponds to the scattering and
absorption losses inside the volume of the investigated samples [17,51]. The attenuation coefficient
of a neutron beam with an average neutron wavelength of A~2 A for calcite is = = 0.17 cm; this is
slightly larger than the relevant parameters for quartz (£ = 0.11 cm™) [18]. Therefore, a spatial
distribution of major phases is visible in the neutron tomography experiments (Figure 7).
Interestingly, an area of high neutron beam attenuation was found on the surface of sample 5. This
surface area can be attributed to some paint or decorated layer, which is possibly related to some
hydrates or amorphous aluminosilicates that have been detected in neutron diffraction by the effect
on the background shape (Figure 7).

\ 4 4 2

Figure 7. The reconstructed 3D model and several virtual slices of the mosaic fragment sample 5. It is
assumed that the green areas correspond to the calcite phase, while the red regions are quartz areas.
The rainbow-like coloring shows neutron absorption degree from low (blue) to high (red).
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The volume of the mosaic sample 5 is formed by 2,762,838 voxels, which corresponds to the
volume of 388 mm. The total three-dimension (3D) reconstructed volume of the sample 5 was
divided into three separate volumes corresponding to the calcite, quartz and high absorption
“paint” components. The quartz comprises 1,504,705 voxels or 211.6 (3) mm?, the calcite phases
consist of 1,217,788 voxels or 171.2 (3) mm?, the “paint” layer formed by 40,345 voxels or 5.6 (3) mm?.
The volume ratio of the calcite and quartz phases is 0.81, which is well consistent with neutron
diffraction data.

evwuw

Figure 8. The reconstructed 3D model and several virtual slices of the mosaic fragment sample 6. It is

assumed the blue areas correspond to calcite phase; the green-yellow regions are hydrates or other
hydrogen-contained areas inside the mosaic fragment. The rainbow-like coloring shows neutron
absorption degree from low (blue) to high (green).

The 3D imaging data of volume corresponding to the mosaic sample 6 are shown in Figure 8. In
addition to the main phase of calcite, the well-distinguishable areas characterized by a high neutron
attenuation coefficient are visible. According to neutron diffraction data, it can be assumed that
these are residues of clay or corrosions based on silicates and iron hydrates. The presence of
hydrogen, with a high incoherent neutron scattering length in these compounds, determines the
high radiographic contrast between these grains and the main calcite matrix. The observed
hydrogen-contained areas do not exceed a size of 5-7 mm. The average size of the visible grains is
6.1 (1) mm. Their volumes are formed 114,023 voxels or 16.1 mm?. The grains occupy 7.1(3) % of total
sample 6 volume (2,344,550 voxels of 330 mm?3).

For this research, quite complex objects of cultural heritage as the fragments of ancient mosaics
were studied. The samples contain the main components, such as calcite and quartz, the colorant
phases, the phases of decorative elements, the phases of clay, etc. For a comprehensive analysis of
the samples, various methods were used. For color characteristics spectroscopy, phase analysis
attracted X-ray diffraction. It is known, the experimental data on the chemical and mineral
composition obtained from the surface of massive object may differ dramatically from the
distribution of chemical components in its volume. In this case, the use of non-destructive methods
with high penetration into the bulk objects looks justified. The neutron diffraction method provides
information about the phase composition of the studied object and neutron radiography and
tomography allows the obtaining of the pattern of the spatial distribution of internal components.
The fundamental difference in the nature of neutron interactions with matter compared to X-rays
provides additional benefits including sensitivity to light elements, a notable difference in contrast
between neighboring elements. All these features make neutron methods a highly growing tool in
archaeology science applications.

However, it seems that the main value of this study was precisely in the coordinated diverse
research of the mosaic fragments. Additionally, the capabilities of various methods were
demonstrated and these will provide a basis for future work on the classification and notification of
numerous mosaics remains from other cultural centers.

4. Conclusions

It is the first time this historical edifice (built in 4th Century AD) has been studied through some
representative fragments (i.e., tesserae). In this work, using a large number of natural science
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methods of complementary research, we examined a set of decorative fragments of mosaic from
Constanta Mosaic Museum, Romania, as one of the representatives of cultural heritage of the ancient
Roman and Byzantine Empire. Non-destructive (Chromatic analysis, Neutron Diffraction, Neutron
Tomography) and micro-invasive (Optical Microscopy, X-ray Diffraction, Field Emission Scanning
Electron Microscopy-Energy Dispersive X-ray Spectroscopy, Raman Spectroscopy) methods were
used to study in detail the color, structural features of the surfaces, as well as the chemical
composition of mosaic fragments. The physical and chemical processes, like hydration or
dehydration and additional phases forming, during the preservation of mosaic fragments in the
marine and urban atmosphere, are discussed. X-ray and neutron diffraction were used to study the
phase and mineral composition of mosaic fragments and to obtain the unit cell parameters of the
main phase components. Neutron tomography was attracted to reconstruct the 3D spatial
distribution of major phases, to identify areas of corrosion and structural degradation, and layers of
paint on the studied mosaic fragments. The volumetric calculations based on the experimental
tomography data were performed.

Comprehensive studies of cultural heritage items (i.e., tesserae) can demonstrate the
possibilities of joint non-destructive control examination, both in terms of historical restoring of the
manufacturing technology of ancient Roman and Byzantine mosaics, and the effects of structural
and chemical degradation of valuable materials.
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