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ARTICLE INFO ABSTRACT

Keywords: Multilayered fragments of murals were used to evaluate the usefulness of two laser-based instrumental methods:
LA-ICP-MS laser induced breakdown spectroscopy (LIBS) and laser ablation (LA) inductively coupled plasma mass spec-
LIBS trometry (ICP-MS) for elemental imaging of unique historic samples. Simultaneous LA/LIBS measurements with
Imaging

Pigment identification

the use of 266 nm Nd:YAG laser were performed on cross-sections of mediaeval Nubian objects with specific blue
painting layers including either Egyptian blue (CaCuSi4O;0) or lapis lazuli (Nag_;0AlgSigO24S2 4). A combined

use of both laser-based methods allowed for clear distinguishing of blue pigments based on visual imaging of a
chemical composition of heterogeneous archaeological inorganic samples. The identification of the pigments was
confirmed with Raman spectroscopy.

1. Introduction

Laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) and laser induced breakdown spectroscopy (LIBS) are widely
applied in different scientific disciplines [1-4]. The role of LA-ICP-MS
in elemental distribution analysis is constantly increasing, and has re-
sulted in particularly large progress for bioimaging [5]. Achievement of
the highest possible resolution is one of the main goals of LA-ICP-MS
applications in this field due to trace concentrations of investigated
elements and small dimensions of samples subjected to MSI (mass
spectrometry imaging) e.g. single cells or kidney tubules [6]. Biological
samples represent soft, relatively homogenous organic matrix with
physicochemical properties of the matrices that vary slightly. Hetero-
geneous mixtures of various minerals are characterized by far greater
density differences, hardness, transparency and melting temperature
[7]. It can be difficult to achieve the successful optimization of oper-
ating conditions while laser based instrumental methods are used for
imaging [8]. A legible interpretation of the registered LA-ICP-MS data
may be hampered if the ablation threshold could not be exceeded for all
components of analyzed samples but a plasma plume generated at the
surface might allow for excitation of atoms and emission of
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characteristic lines for each present element.

Multilayered cross-sections of wall paintings can be regarded as
good examples of such heterogeneous and complex objects. A cross-
section is a minuscule fragment detached from the artefact to observe
and analyze all layers of it. Usually a material for preparation of the
cross-section is sampled with a surgical knife, then fixed and embedded
in a colorless resin. One edge of the cross-section is cut smoothly,
ground and polished in order to give a plane surface for the detailed
microscopic observation. The pioneer of preparation of paint cross-
sections was Laurie [9] who described the procedure in 1914. Although
some changes have been introduced since that time, the main idea of
the proposed cross-sectioning has not changed significantly [10]. Wax
initially used as the mounting media was changed by different types of
synthetic resins: epoxy, acrylic, polyester or others [11]. Analysis of
cross-sections provides large amount of precise morphological and
compositional information about each layer of the investigated object.
Color, shape and size of pigment particles, their texture as well as layer
thickness can be superimposed with chemical analysis of pigments and
binding media. Performing tests, which might be inadvisable or dan-
gerous for the whole object itself, can be done in a micro-scale keeping
the popularity of cross-sectioning at the high level [12].
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One of the most popular methods applied for investigations of cross-
sections taken from oil paintings is SEM-EDS [13-15]; elemental
mapping of such samples has been also performed by LA-ICP-MS [16].
In this work Panighello et al. [16] discussed a probable provenance of
smalt (Co0.nSiO,) from 17th century Dutch paintings. Layers of oil
paintings were mapped in details by laser ablation ICP-MS measure-
ments showing the potential of using LA-ICP-MS for multilayered cross-
sections of precious artifacts.

LIBS was also applied in spatial analysis of unique historic objects
[17-20]. In the work of Lopez et al. [17] fluctuations in Ca to Fe ratio
allowed for distinguishing between glaze coating and ceramic bulk of
Roman pottery. Depth profiling for reconstruction of stratigraphy of oil
[18] and wall-paintings [19,20] was done during spot micro-sampling
followed by registration of signal intensities of selected emission lines
during subsequent laser shots performed on the same area. Macroscopic
and microscopic composition of wall-paintings was more highly het-
erogeneous with painting layers on plasters rich in mineralogical in-
clusions characterized by various physicochemical properties [21].

Either LIBS or LA-ICP-MS were used in these works individually or
were supported by a molecular method [22-24]. Meissner et al. [25]
was the first who showed that LIBS can be used as a method com-
plementary to LA-ICP-MS. Since 2004 a few articles concerning the use
of LIBS and LA-ICP-MS together have been published [26-30] focusing
on advantages of each method. Low limits of detection in a sub-ppb
range were listed as the important advantage of LA-ICP-MS measure-
ments while possibility to determine elements like H, N, O, Si, Se, As or
S was underlined as the domain of LIBS [31]. These two spectroscopic
methods can be regarded complementary in providing information
about all elements on the periodic chart and extending the dynamic
range from trace to major elements [31-33] as well as collecting of all
elemental information from the same sample location.

The consistency of the data obtained from independent analyses
could vary significantly due to challenging cross-correlation between:
(i) selected sample areas, (ii) spatial and depth resolution, and (iii)
excitation volumes, especially in the case of the analysis of hetero-
geneous samples [34]. Simultaneous LA/LIBS elemental mapping of
relatively homogeneous magnesium based alloys [35], soft biological
tissues [36] or imaging of hard mineral [37] were already described.
Cross sections of multilayered historic wall-paintings represent mix-
tures of very heterogeneous composition possibly including grains of
hard minerals, particles of pigments, lime, gypsum and binding media
therefore it was interesting to evaluate the usefulness of simultaneous
LA-LIBS measurements of such complex matrix.

1.1. Aim of the work

Studies of historical objects require careful consideration of material
taken from artifacts, and often refer to chemical data collected by
means of various instrumental methods from one sample. This work
was devoted to simultaneous elemental imaging of heterogeneous mi-
neral samples by means of LA-ICP-MS/LIBS and focused on identifica-
tion of the chemical composition of paintings layers. Samples of med-
iaeval Nubian (modern Sudan) wall paintings were selected to represent
variable elemental composition of materials with a special attention
devoted to the composition of blue pigments. Concordance of the re-
sults obtained by means of LA-ICP-MS and LIBS during laser interaction
with heterogeneous inorganic archaeological samples was checked.

2. Material and methods
2.1. Samples

6 tiny multilayered fragments were studied. They represent
7th-14th century wall-paintings from three archaeological sites (Fig. 1)

and consist of different number of layers with variable degree of in-
homogeneity. Samples (Fig. 2), prepared in the form of cross-sections,
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Fig. 1. A diagram showing the historic context of the samples (numbered from 1 to 6). N -
north direction, indicates the relative location of the excavation sites; AD- Anno Domini,
indicates the dating of the buildings, which the samples were taken from. Asterisks point
out the samples which were selected as the exemplary cross-sections for elemental ima-

ging.

were embedded in acrylic resin VillacrylS/0 (Zhermack Technical,
Italy), ground flat with corundum papers and polished with fine dia-
mond pastes (down to the final diameter of 0.5 mm for the diamond
powder). All layers of the murals (painting layers, whitewash and
plaster) were visible in the cross-sections with the thickness ranging
from 8 um to 100 um. Samples were numbered from 1 to 6. The
sample_1 was selected together with the sample_6 as the exemplary
cross-sections for elemental imaging due to the highest discrepancies
between them in age, geographical distance as well as their macro-
scopic morphology and structure of painting layers.

Two blue pigments were expected in the samples: either the ex-
tremely expensive, natural mineral lapis lazuli (Nag_10AlgSigO24S2_4) Or
artificially prepared, relatively popular and easily accessible Egyptian
blue (CaCuSi4O10) [38]. Due to differences in their price and avail-
ability, these pigments can be assumed as indicators of wealth and
importance of monuments from which they were taken.

2.2. Reference materials

SRM NIST 610 (National Institute of Standards and Technology) was
used to check daily the instrumental performance for operating stability
together with SRM NIST 679 (brick clay). SRM NIST 679 was selected
as the matrix-matched material and used as the external standard. It
was palletized before measurements. A hydraulic press, with the pres-
sure of 5t was used to obtain a stable, solid form of the reference
material.

Certified values of the elemental composition of NIST 679 referred
to GeoReM (georem.mpch-mainz.gwdg.de). Limits of detection
(Table 1) were calculated based on the measurements of NIST 679 ac-
cording to the formula:

LOD = blank + 3*SD,

where: blank - average signal intensity registered for each element be-
fore ablation started, SD — standard deviation of the calculated blank.

For LIBS detection limits were calculated using emission line wa-
velengths given in Table 2. The limit of detection for Cu is given here as
the informative value only, indicating that it is above the certified Cu
content in the SRM NIST 679.

2.3. Instrumentation

2.3.1. Elemental imaging

Elemental imaging was performed with the use of a J200 tandem
LA/LIBS instrument (Applied Spectra Inc., Fremont, CA) equipped with
a 266 nm Nd:YAG laser and a six channel spectrometer with CCD de-
tection covering a spectral range from 180 to 1050 nm. The J200
system was connected to an Aurora Elite mass spectrometer (Bruker,
USA). The respective instrumental parameters were selected after
careful optimization of laser parameters for tandem LA/LIBS mea-
surements (Table 3). The laser energy output was kept at the level high
enough to form the plasma on the surface of the sample for efficient
LIBS measurements, but it was also maintained at the level sufficiently
low to keep the sample possibly untouched for the entire time of in-
vestigations.
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Table 1
Comparison of LODs [ug/g] obtained during LA/LIBS imaging of selected elements
calculated based on SRM NIST 679 measurements.

LIBS LA-ICP-MS
Na 7.0 244.8
Mg 4.8 7.7
Al 13.5 0.0(1)
Si 40.3 1124.2
K 8.7 13.5
Ca 11.1 314.5
Ti 3.4 3.8
Mn 10.0 0.9
Fe 335 28.1
Cu > 28.4% 4.5
Sr 0.4 0.0(1)
Ba 0.7 0.4

2 Cu was not detected in NIST 679 by means of LIBS, therefore LOD for Cu using
LIBS was only estimated as the value higher than Cu content in the SRM.

Two groups of elements (Table 2) were selected relatively to their
importance for the chemical identification of archaeological materials
composition. The elevated content of Ca, Cu, Si, O, Na, Al or S can be
linked to the presence of the expected pigments, while P can be de-
tected if animal glue was used as a binder. Apart from painting layers
also the composition of mineral support might include Ca, C, S, O, H,
Mg, Al, Si or Fe with variable proportion. Additional monitoring of
minor and trace elements can allow for distinguishing between different
layers of cross-sections.

Transient signals were recorded during multi-line ablation of the
cross-sections. Time delay (5 s) between ablation of two lines allowed
for clear distinguishing of the data collected for each line. Blank signals
were registered within the first 30 s of each measurement before the
start of ablation. The raw signals were background corrected for each
isotope/emission line individually. Spikes (defined as a single data
point exceeding the intensities of the neighboring data for more than 2
times) were inserted by the average of two neighboring signals in-
tensity. All maps of elemental distribution were created using Microsoft

Table 2
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Fig. 2. Microscopic images of the samples 1-6.
Asterisks point out the samples which were selected
as the exemplary cross-sections for elemental ima-
ging (Fig. 4) due to the highest discrepancies be-
tween them in age, geographical distance, mor-
phology and painting layer.

Table 3
Optimized measurements conditions.

Laser ablation J200 Tandem LA/LIBS

Wavelength, nm 266
Energy per pulse, mJ 2.5

Beam diameter, pm 80

Pulse repetition rate, Hz 10

Scan rate, um/s 10
Multiple line, n 11
Distance between lines, um 20

Area subjected to mapping, pm 1080 x 745
Time for blank registration, s 30

ICP-MS Aurora Elite
RF power, W 1400
Carrier gas flow, L/min 0.7 (He)

Scanning mode Peak hopping

Dwell time per isotope, ms 5

Sweeps 1

Readings 4601

Replicates 1

Optical spectrometer system Six channel-CCD

Gate delay, ps 0.3

Excel with the normalization to 1 procedure. No quantitative imaging
was proposed, but a relative distribution of the selected elements over
the investigated area is presented. The resolution of the maps obtained
by LA-ICP-MS and LIBS is different due to discrepant number of in-
dividual data registered for each line by means of either mass (325
readings) or optical (745 readings) spectrometer.

The elemental compositions of painting layers from samples_3-6
were quantified with the use of NIST SRM 679 as the external standard.
Si was selected as the internal standard and normalization procedure to
100 wt% was applied. The recalculations based on three selected data
points from each cross-section: maximum intensity of Na signals with
two neighboring data points were used for a rough calculation of the
elemental composition of the pigments (Table 4).

Isotopes/emission lines observed during LA-ICP-MS/LIBS measurements and used to inspect elemental distribution of the selected elements.

major elements

minor and trace elements

isotopic mass [u] A [nm] isotopic mass [u] A [nm] isotopic mass [u] A [nm]
B 11 - Y 89 -

H - 656.3 Cl 35 - Zr 90 -

C 12 247.9 K 39 766.5 Ag 109 -

(o] - 777.4 Sc 45 364.3 Cd 111 -

Na 23 589.0 Ti 49 334.9 Sn 118 326.2

Mg 26 383.8 v 51 318.7 Sb 121 237.3

Al 27 309.3 Cr 53 427.5 Ba 137 493.4

Si 29 288.1 Mn 55 403.1 La 139 -

P 31 - Co 59 - Ce 140 -

S 33 - Ni 60 - Dy 161 344.1

Ca 43 616.2 Zn 66 - Hf 178 -

Fe 57 373.5 As 75 - Hg 202 -

Cu 65 327.4 Rb 85 - Th 232 -

Pb 207 - Sr 88 460.7 1) 238 -

786
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Table 4
Content of selected trace elements in samples_3-6, calculated for the maximum Na signal
intensities in each cross-section.

sample_3 sample_4 sample_5 sample_6
LOD cont. SD cont. SD cont. SD cont. SD
wt% Na,0O 0033 147 13 9.40 033 7.89 020 8.37 0.67
MgO 0.001 16.3 1.5 4.25 0.14 188 0.2 7.35 0.07
Al,O; 0.001 145 04 256 25 863 1.23 991 0.84
Si0, 0.236 30.7 20 449 20 239 1.0 208 05
CaOo 0.044 8.95 0.7 545 051 195 0.6 219 1.6
P 0.020 0.08 0.01 0.29 0.06 1.85 0.18 5.03 0.18
K 0.001 177 005 198 0.11 078 0.02 0.66 0.06
Fe 0.003 075 0.07 1.40 0.14 1.63 0.10 1.09 0.08
ug/g Ti 3.8 895 35 5669 1009 1238 180 2006 467
v 0.3 38 2 165 10 102 10 91 6
Cr 2.2 17 3 69 3 30 4 45 2
As 0.1 4 0.2 1 0.3 4 0.8 21 2
Rb 0.8 33 1 43 7 17 2 13 2
Sr 0.0(1) 2282 194 929 114 4000 168 1780 56
Zr 0.0(1) 29 1 113 4 67 3 40 2
Ba 0.4 1292 204 765 90 1346 31 1398 27
Pb 0.4 234 18 108 8 3375 46 981 36

2.3.2. Raman analysis

To confirm final pigment identification Raman spectra were col-
lected with the use of Dispersive Raman Spectrometer Nicolet Almega
equipped with Olympus confocal microscope. Various excitation lines
(780 or 532 nm) were used depending on the sample properties. The
power of the laser was reduced to 25-50% in order to avoid sample
overheating. The spectral resolution of the registered signals was about
2cemt

3. Results and discussion
3.1. LIBS imaging

The most suitable emission lines for LIBS elemental distribution
imaging were selected after considering possible interferences. Special
attention was given to Ca which could be the main element of pigment
layers (Egyptian blue, CaCuSi;O19) and mural plasters (gypsum,
CaS042H,0) of the same samples. According to the literature usually
two or more lines: Ca II 315.9 and 317.9 nm [37,39]; Ca II 393.4,
396.9 nm, Cal422.7 and 445.5 nm [18,40] or Ca 1 428.3, 428.9, 429.8,
430.2, 430.7 and 435.5nm [20] were used to cross-verify the dis-
tribution of Ca in the investigated samples, but sometimes only one
line, e.g. Ca I 585.7 nm [22] was monitored.

In this study 8 potential Ca emission lines were discussed for
eventual interferences (Fig. 3). Previous studies of Nubian murals cross-
sections [41] revealed the presence of mud plaster mainly composed of
Ca with quartz (SiO,) and Fe, Cr, Ti, V, Co, Sn inclusions. Based on the
information about elemental composition of the plaster the 558.9 nm
wavelength line was excluded due to possible interferences of Ca by Sn
or V while the 643.9 nm wavelength was excluded as eventual presence
of Fe might be expected. LIBS imaging of Ca distribution over the
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defined area resulted in similar spatial information regardless of the
selected emission line and were compared to the “*Ca distribution map
created based on LA-ICP-MS data. Finally 616.2 nm was selected as the
most suitable emission line for the simultaneous LA/LIBS imaging.

3.2. The use of LA/LIBS tandem system

Samples 1 and 6 were selected as the exemplary cross-sections with
the most divergent morphology and historic context (Fig. 1) to illustrate
the effect of elemental LA/LIBS imaging. The selected elements, which
are shown in Fig. 4 (O, Na, Al Si, S, Ca and Cu) could be used as po-
tential markers for identification of either Egyptian blue (CaCuSi4O10)
or lapis lazuli (Nag_;9AlgSig024S2_4). Na and Cu are applied for iden-
tification of blue pigments by micro-chemical reactions in the classical
approach [42]. The use of LA/LIBS allowed not only for detection but
also for mapping of all elements over cross-sections with low limits of
detection. Some of these elements (O and Si) can be found in the both
pigments, and in the plaster either as quartz grains or aluminosilicates.
The assignment of O, Si as well as Al to a certain layer of wall-paintings
can be difficult. The presence of aluminosilicates in the mineral support
of the analyzed heterogeneous samples additionally weakened the use
of these elements as the lapis lazuli indicator. The use of gypsum (Ca-
SO42H,0) in the plaster layer of sample_1 and in the whitewash of
sample_6 led to exclusion of Ca and S from the list. Finally Na was
selected as the marker of lapis lazuli and Cu as the marker of Egyptian
blue in accordance with the classical approach [42].

LIBS and LA-ICP-MS measurements led to discrepant information
about C distribution in cross-sections (Fig. 4A-B). High content of C in
acrylic resin (C4HgO,), was determined by means of LA-ICP-MS, while
LIBS revealed its predominant presence in a whitewash layer (CaCO3).
The reason of different carbon imaging might be explained by variable
phenomenon exploited by each method based on either ablation, ato-
mization and ionization of the analyzed material during LA-ICP-MS or
plasma formation and excitation of atoms present in the sample during
LIBS measurements.

The higher sensitivity of LIBS measurements was beneficial for a
better definition of Si-enriched areas in all samples. The distribution of
Si was correlated with Al indicating the presence of aluminosilicates,
while additional detection of O allowed for detection of spatial co-lo-
cation of Si and O in the plasters. Based on LA-ICP-MS investigations
the presence of quartz (SiO,) in the samples could be only assumed. Co-
distribution of Si and O were confirmed by LIBS and the identification
of SiO, was affirmed by Raman data (128, 205, 264, 355, 402,
465 cm™1). Relatively high transparency and hardness (7 in Mohs
scale) of this mineral would demand higher laser energy density to
achieve the effective ablation as for the other inorganic constituents of
the heterogeneous cross-sections.

LIBS allowed for Na measurements with the noticeably lower limit
of detection (Table 1) and the higher sensitivity than LA-ICP-MS in all
samples. Imaging data collected by means of LA-ICP-MS (Fig. 4) re-
vealed the elevated signal intensities registered for Na only in a dark
blue painting layer of the sample_6. The presence of Cu detected by
means of LIBS was linked solely to sample_1 indicating the presence of

Fig. 3. Representative LIBS spectrum with marked
Ca emission lines.
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Fig. 4. Distribution of selected elements determined
by means of LA-ICP-MS and LIBS in: A) sample_1
and B) sample_6. Blue circles with different hue in-
dicate the elements included in the chemical com-
position of either @ Egyptian blue (CaCuSi;O10) or @
lapis lazuli (Nag_;0AlsSig024S2_4). Scale of all maps is
given in a.u. (O [N "N 1).

not
detectable

a Cu-rich mineral with the content of this element above the limit of
detection of LIBS (28.4 nug/g).

3.3. Identification of blue pigments

The signal intensities registered during LA/LIBS measurements were
normalized therefore only the relative distribution of Na and Cu could
be observed in Fig. 5. Differences in variable minerals density, color and
other physic-chemical characteristics are also reflected in fluctuations
of the signal intensities, therefore the resulted information is very
complex. Comparison of chemical heterogeneity of the cross-sections
facilitated identification of blue pigments: Egyptian blue (CaCuSi4O1)
and lapis lazuli (Nag_10AlgSigO24S2_4) based on LA-ICP-MS results for
Na and LIBS data about Cu distribution.

For all samples maps of Cu distribution were created based on the
signals registered during LA-ICP-MS measurements while only the areas

detectable

788

with the highest Cu content were detected by LIBS (Fig. 5). The Cu-
enriched areas could be correlated with the presence of a tiny blue grain
in sample_1 or the blue painting layer in sample_2. Contrary to Cu, a
heterogeneous Na distribution with the highest Na intensities of signals
registered for the plaster below the painting layer was observed in these
samples. Na was clearly accumulated in the painting layers of sam-
ples_3-6 for which LIBS detection limit was too high to collect analy-
tical information about Cu.

A combined use of both laser-based methods allowed for clear dis-
tinguishing of either Egyptian blue or lapis lazuli based on elemental
imaging of heterogeneous archaeological inorganic samples. The iden-
tification of Egyptian blue in the grains of pigment (c.a. 20 ym) from
sample_1 and painting layer in sample_2 was confirmed by Raman
spectroscopy (Fig. 6A). Raman spectra collected from the selected areas
of samples_3-6 allowed also for identification of lapis lazuli (Fig. 6B).
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Element Na

Fig. 5.Imaging data collected during LA/LIBS
tandem measurements of samples_1-6. Blue circles
indicate the identification of either @ Egyptian blue

Cu

Method | LA-ICP-MS LIBS

LA-ICP-MS

(CaCuSi40;) or @ lapis lazuli (Nag 19AlgSig024S24)
in the sample. Scale of all maps is given in a.u. (0

LIBS

- 1).

sample_1

sample_2

sample_3

1

sample_4

sample_5

sample_6

1 J
[

3.4. LA-ICP-MS trace analysis

Egyptian blue is known as the first artificially synthesized blue
pigment [38] while lapis lazuli (ultramarine) can be identified in arti-
facts as a pigment of either artificial or natural origin. It was the most
expensive pigment and the best known provenance pointed at Afgha-
nistan as the source of mining the mineral, although the possibility for
provenancing of lapis lazuli pigment is still discussed in the literature
[43]. Raw mineral with Sr and Ba might be mined in Siberia, eventual
presence of As can indicate Pamir provenance [43], while Ti, V, Cr, Zr
impurities support the theory about Afghan origin [44]. According to
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the literature all these hypotheses would need more systematic in-
vestigations.

In this work the attempt was done only for a rough estimation of the
elemental composition of lapis lazuli from the painting layers. The at-
tention was focused on the selected elements because the detection of
Ti, V, Cr, As, Rb, Sr, Zr, Ba or Pb might be helpful for distinguishing of
the pigment origin (Table 4). Although solely estimation of the quan-
titative elemental information about the pigments could be approached,
some similarities of chemical composition can be observed. Sample_3 is
similar to samples_5-6 in respect to the high Sr and Ba content while
sample 4 is characterized by the highest Ti and V content. The
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Fig. 6. Raman spectra collected from the painting layers including particles of: A)
Egyptian blue and B) lapis lazuli.

presented results do not allow for solving the mystery of origin of the
pigments and the provenance of lapis lazuli in Nubian wall-painting is
still enigmatic.

4. Conclusions

LIBS and LA-ICP-MS were used for simultaneous imaging of het-
erogeneous inorganic archaeological samples with a special attention
paid to possibility for pigment identification based on the selected
markers (Cu and Na) for Egyptian blue (CaCuSi4O,¢) and lapis lazuli
(Nag_10AlSig024S2 4). Elemental maps created during the measure-
ments were coherent for most of investigated elements while the vari-
able results of C visualization were explained by different physical
processes used for LA-ICP-MS (ablation) and LIBS (excitation) perfor-
mance.

The degree of sample destruction during LA/LIBS measurements
was higher comparing to standalone LA-ICP-MS analysis. The im-
portance of this feature increases when consecutive analyses are
planned for the same sample like the use of Raman spectroscopy for
cross-validation of the proposed identification in this work.

Egyptian blue was identified in the samples from Faras Cathedral
and Cruciform Building in Old Dongola, while lapis lazuli was present
in the samples from Upper Church in Banganarti, Pillar Church and
Building V from Old Dongola. Apart from different location the samples
were dated to the various periods (7th and 8th vs 9th-14th century)
allowing archaeologists to get a new insight into the technical aspects of
wall-painting in medieval kingdoms of Nubia in different periods of
their history. Identification of the most precious pigment (lapis lazuli)
in artworks from Banganarti and Old Dongola, led to disprove the hy-
pothesis about the poor level of Nubian workshops.
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