Appl Phys A (2013) 113:835-842
DOI 10.1007/s00339-013-7829-6

Applied Physics A

Materials Science & Processing

In-depth micro-spectrochemical analysis of archaeological

Egyptian pottery shards

A. Khedr - M.A. Harith

Received: 12 April 2013 / Accepted: 18 June 2013 / Published online: 14 July 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract Old Egyptian pottery samples have been in-depth
microchemically analyzed using laser induced breakdown
spectroscopy (LIBS), energy dispersive X-ray (EDX), and
X-ray diffraction (XRD) techniques. Samples from two dif-
ferent ancient Islamic eras, Mamluk (1250-1517 AD), Fa-
timid (969-1169 AD) in addition to samples from the Ro-
man period (30 BC-395 AD) were investigated. LIBS pro-
vided the analytical data necessary to study in micrometric
steps the depth profiling of various elements in each sample.
Common elements such as silicon, calcium, and aluminum
relevant to the originally manufactured and processed clay,
showed up in all the investigated samples. EDX and XRD
techniques that have been used in the present work provided
important chemical insight about the structure of the sam-
ples. The obtained analytical results demonstrated the pos-
sibility of using LIBS technique in performing in situ spec-
trochemical analysis of archaeological pottery. This leads to
fast in-depth spatial characterization of the samples in the
micron range with nearly invisible surface destructive ef-
fects. There is no doubt that this can help in restoration and
conservation of such precious objects.

1 Introduction

Analytical techniques are vital to artworks conservation and
restoration since they provide substantial information re-
garding the physical and chemical structure of such pre-
cious objects. In addition, analysis of an artwork eluci-
dates the importance of the chemical components included
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and characterizes its preservation state in view of exter-
nal parameters effects. This extends to different conserva-
tion studies, from identification of substrate and top layer
materials through mapping of the compositional structure
and careful removal of unwanted layers (encrustation, over-
painting, old varnish, etc.) [1]. Therefore, many powerful
analytical methods developed as a result of the technologi-
cal progress in optoelectronics are adopted to solve differ-
ent and complex problems, arising in art conservation [2—4].
Optical Microscopy (OM), Scanning Electron Microscopy
(SEM), SEM and Energy Dispersive X-Ray analysis (SEM-
EDX) [5-8], X-Ray Diffraction (XRD) [9-11], X-Ray Flu-
orescence (XRF) [12], and Proton Induced X-ray Emission
Spectrometry (PIXE) [13] are important examples of such
analytical techniques.

However, laser-based analytical techniques have the ad-
vantage over conventional techniques by being nondestruc-
tive, need no sampling, of high sensitivity and selectivity,
possibly portable, short measurement time, provide spatial
and microscopic resolution as well as depth profiling and
multielemental analysis. These characteristic advantages are
inherent of techniques such as laser Raman spectroscopy,
and laser induced fluorescence (LIF). However, the search
for alternative analytical methods, which can be used out-
door with moderate expenses and efforts led us to consider
the analytical potential of laser induced breakdown spec-
troscopy (LIBS).

LIBS has been extensively used in the cultural heritage
field as an advanced tool in the elemental analysis and char-
acterization of the ancient cultural objects. Some examples
of such archeological samples that have been characterized
by LIBS include metals, ceramics, paints, rocks, marble,
bone, and manuscripts [14-21]. An outstanding application
of LIBS occurs in the study of pottery samples with multi-
layer decorated surfaces, glazes or surface coatings [22-24],
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Table 1 Photos and

specifications of the studied Identification

Shards photos Source

pottery shards
Glaze upperlayer shards

S1: ceramic with contaminated
crust of 100 um thickness.

S2: Ceramic with artificial crust
of coal of 160 um thickness.

Shards without glaze

S3: Pottery with contaminated
white crust of 200-500 pm
thickness.

S4: Pottery with contaminated
crust of 180 um thickness.

Mamluk (1250-1517AD), glazed
ceramic collected from
Al-Fustat-Cairo excavation store.

Glazed ceramic refer to Fatimid
period (969-1169AD), and
collected from Al-Fustat
excavation store in Cairo.

Sample collected from
Excavation at Shekho Mosque at
Al Saliba street-old Cairo and
refers to Mamluk period
(1250-1517AD), the mosque
was built on 1350 AD.

Sample was collected from
Ehnasia el-Medina (12th
dynasty) about 120 km from
Cairo and refers to late roman
period (30 BC-395 AD).

in particular when efforts are addressed to obtain composi-
tional depth profiles of the ceramic samples to distinguish
different layers, few tens of micrometers thick [25].

Pottery always reflects contemporary tastes so it is an
ideal subject of art-historical study. Different shapes and
decorations were used at different times, by different peo-
ple, and for different purposes. Therefore, by studying pot-
tery, archaeologists can date their sites and say a great deal
about ancient cultures. It provides information about tech-
nology, craft specialization, trade, industry, art, diet, and a
host of other attributes of ancient cultures [26, 27].

In the present work, different Egyptian pottery shards
have been selected for analytical characterization adopting
LIBS. Table 1 lists the four samples investigated in the
present work with their relevant information. One of the se-
lected shards S4 (from the Roman period, 30 BC-395 AD)
was covered with hard crust and collected from Ehnasia
in Upper Egypt, 120 km south of Cairo. The other sam-
ples S1, S2, and S3 are referring to the Islamic period and
were collected from El-Fustat excavation store in the vicin-
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ity of Cairo. El-Fustat is the name of the first Islamic capital
of Egypt, established shortly after the Islamic conquest of
Egypt in 641AD. El-Fustat was an important center of ce-
ramic production when Fatimids and Mamluks over took the
Islamic Empire. The primary aim of the work presented here
is to demonstrate the potentials of LIBS as a fast and simple
spectrochemical analytical technique in the classification of
old pottery by in-depth microanalysis of the different lay-
ers of ceramic shards. In the majority of cases, complemen-
tary measurements using energy dispersive X-ray analysis
(EDX) and X-Ray diffraction (XRD) studies have been pro-
vided.

2 Experimental methodology

The experimental setup for LIBS measurements consists
of an Nd:YAG laser (BRIO, Quantel, France) operating
at its fundamental wavelength A = 1064 nm, pulse dura-
tion T =5 ns, energy E = 100 mJ/pulse, and 20 Hz rep-
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etition rate. The laser pulse energy used for LIBS analy-
sis was 50 mJ/pulse measured by a Joule meter (SCIEN-
TECH, model AC5001, USA energy meter). The laser beam
was focused by a planoconvex lens of focal length 100 mm
onto the sample surface. The plasma optical emission was
collected by a fused-silica optical fiber with a diameter of
600 um held at a distance of 2 cm above the plasma at an
angle of 30° with respect to the target surface. The col-
lected plasma emission is then fed via the other end of the
optical fiber to the entrance slit of an echelle spectrometer
(Mechelle 7500, Multichannel, Sweden) with a focal length
of 17 cm and f-number of 5.2. The spectrometer provides
a constant spectral resolution of 7500 corresponding to 4
pixels FWHM, over a wavelength range of 200-1000 nm,
displayable in a single spectrum. A gateable ICCD cam-
era (DiCAM-Pro, PCO computer optics, Germany), with a
high-resolution sensor with 1280 x 1024 pixels (9 x 9 mm?)
coupled to the spectrometer, was used for the detection of
the dispersed light. The 25 mm microchannel plate is from
DiCAM with a UV-enhanced photocathode. The overall lin-
ear dispersion of the Mechelle spectrometer—camera system
ranges from 0.0078 (at 200 nm) to 0.032 nmpixel_1 (at
700 nm). The ICCD camera control was performed via spe-
cial multichannel instrument software. To avoid electronic
interference and jitters, the CCD intensifier high voltage was
triggered optically at a typical optimized delay time of 1500
ns and gate width 2000 ns. Such values of delay time and
gate width are obtained after a systematic optimization pro-
cedure. Emission spectra were recorded for a single laser
pulse, and were subsequently analyzed. For depth profiling
study, the spectra were collected and analyzed separately
for each one of several successive laser pulses. The ele-
mental lines of the emission spectra were identified using
LIBS™ software. The layers thicknesses and craters depth
were measured with a calibrated Olympus optical micro-
scope (Spectra services.INC-Rochester NY-BH-2).

Complementary measurements have been performed to
identify and quantify the key elements and minerals asso-
ciated with the ceramic samples using Philips Analytical
X-Ray Diffractometer (PW 1840, Tube anode Cu, Generator
tension 40 kV, and current of 30 mA) and an EDX-system
(OXFORD INCAPenta FETx3, England).

3 Results and discussion

From the historical and artistic point of view, the object’s
value is a critical factor, which often imposes limitations on
the analysis. The approach for analyzing valuable objects
can be very different from that used in examining pottery
shards from an archeological excavation.

3.1 LIBS analysis

In this context, LIBS is, in principle, a straightforward ele-
mental analysis technique and has proven to be sufficiently
accurate. It is considered as one of the most promising ap-
proaches in cultural heritage because it is essentially mi-
crodestructive and can be used to perform in situ measure-
ments in museums and archaeological sites using portable
systems. Figure 1 shows typical LIBS spectra of the mi-
crodepth profiling for consecutive pulses on the crust layer
compared with spectra of the glaze surface and pottery bulk
of shard S1. Comparing the LIBS spectra of glaze, pottery
surface, and the in-depth spectra of the black crust shows
the appearance and disappearance of the spectral lines of
the elements characterizing each layer. For example, in the
case of the pottery surface spectrum, the characterizing el-
ements are Fe, Ti, Ca, Mg, and Si. The upper crust layer is
very thin about 100 um and is highly fragile, and the av-
erage ablation rate was about 30 um/pulse. The spectra of
black crust obtained by the first laser pulse (30 um in depth)
show the presence of the C(I) line at 247.8 nm, in addition to
Fe, Ca, Mg, and Si spectral lines. In all LIBS measurements
on the decorating glaze, significant amounts of lead and tin
have been observed [16, 18]. Thus, by following up the suc-
cessive spectra of the upper black layer the intensity of the
C(I) line disappears almost completely, while other major
spectral lines of glaze start to show up from the second laser
pulse after digging about 30 pm in the upper layer. The char-
acteristic glaze lines are Pb(I) at 283.3 nm, and 287.3 nm and
Sn, which is hardly detectable after the second pulse, but it
has a reasonable intensity after 60 um in-depth in the third
pulse, such as Sn(I) spectral lines at 300.9 nm and 303.4 nm.
The source of tin could be due to the presence of mixture of
lead-tin yellow (PbaSnOy4) [18]. It is possible to explain the
changes in the elemental composition in view of the gradual
material removal that takes place in the micro-scale via the
laser ablation process. However, the results indicated that
there is a noticeable interference between the successive an-
alyzed layers (crust, glazed and pottery layers) especially at
the interfaces. Thus, it is even more difficult in the LIBS
measurements to distinguish the glaze from pottery contri-
bution on the whole plasma emission because all the major
elements of pottery such as Ca, Si, Mg, etc. are also present
in the glaze.

Figures 2a, 2b, and 2c show typical zoomed segments of
the LIBS spectra of the crust, glaze, and ceramic substrate
respectively of shard S2. The lines of C(I) at 247.8 nm and
C(I) at 274.7 nm are the most important lines in the crust
in addition to lines of iron. The spectrum of the glaze sur-
face of S2 (Fig. 2b) emphasizes the presence of lead and tin
as the characterizing elements of the Egyptian glaze. This
spectrum shows also the spectral emission lines of Mo, Cr,
Si, Mg, and Fe. The presence of Cr and Pb may indicate
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Fig. 1 Depth profiling of the
black crust of shard S1
(corresponding to the ablated
thickness for the 1st, 2nd, and
3rd pulses, respectively) that
deposited on the glaze surface
of 750 um thickness compared
with spectra of the pottery
substrate and the glaze surfaces

Fig. 2 LIBS spectra of (a) the
crust 160 um thick, (b) the glaze
780 um thick, and (c) the
ceramic bulk of the shard S2
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Fig. 3 Comparison between
LIBS spectra of the
contaminated white crust of

10000
200-500 pum thickness
(black-solid) and the substrate
of about 8 mm thickness
8000

(red-dashed) of sample S3

6000

Intensity (a.u.)

2000

the use of chrome yellow (PbCrO4) [28]. The analysis of
LIBS spectrum of the white ceramic reveals the character-
istic peaks of Ca, Al, and Ti as dominated emissions. The
occurrence of Ti can be explained by the use of titanium
dioxide as a common component in the ceramics as it grants
its white color. In addition, the white ceramic color may be
related to the presences of calcium content most likely in the
form of calcite (CaCO3). From this context, the elements
spectral lines in a given spectrum can lead to the identifi-
cation of each compound and the related color on the basis
of the detected elements. Consequently, this characterization
may lead to the identification of the materials and under-
standing the technology available to the craftsmen in such
ancient eras.

LIBS has been employed also in the elemental analysis of
both the upper white crust and the lower ceramic substrate
of the shard S3. It was collected from excavation at Sheko
Mosque from the Mamluk period. The comparison of LIBS
spectra between the upper contaminated crust and pottery
depicts the emission lines of Fe that has higher intensity in
the spectra of pottery as shown in Fig. 3. In addition, silicon
shows up clearly in this part of the pottery spectrum, while
calcium lines in the contaminated crust have higher inten-
sity in comparison with that of the bulk pottery. However, a
considerable amount of Ca is also found in the bulk pottery
as it is considered to be one of the constituents of the clay
(Fig. 3).

The in-depth analysis of the encrusted shard S4 obtained
using the 1Ist, 3rd, 5th, and 9th laser pulses is shown in Fig. 4.
The average mass removal rate (about 17 pm/pulse) was
from the contaminated crust towards the substrate to provide
stratigraphic information about existing elements. It was ob-
vious from the spectra that the spectral lines of elements
such as Mg, Ca, and Si show up in both the crust and the
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substrate, though their intensities are higher in the spectrum
of the upper most layer of the crust. This indicates that these
elements are relevant to the surrounding soil that formed
the crust. The depth profile of the crust shows clearly the
strontium spectral lines (highest in limestone and marl sedi-
ments). Such Sr lines are barely detectable in the measured
LIBS spectra when we reach in depth the pottery bulk. It is
suggested that the enrichment of this element in the crust
may be originated due to the presence of celestine (SrSOy4)
as proved by XRD results in the next section. Specifically,
strontium gives information about carbonate content. It is
geochemically associated with calcium and acts as a proxy
for calcium in most reactions. One of the primary minerals
formed by strontium is strontianite (strontium carbonate),
which develops in hydrothermal deposits in limestone and
marls. In addition to strontianite, strontium also forms the
sulfate mineral Celestine (strontium sulfate), which occurs
in limestone and hydrothermal deposits. Additionally, stron-
tium forms in desert lakebeds with gypsum and halite [29].

3.2 Energy dispersive X-ray (EDX)

Ceramic glazes are a type of anthropogenic glass, and are
predominantly made up of silica. As such, it represents a ma-
terial in which the atoms and molecules are floating around
in an unstructured manner. EDX measurements have been
performed on the samples S1 and S2 (see Fig. 5) for the up-
per yellow glazes and their contaminated black layers. The
contaminated black thin layer of S1 revealed the presence of
metal oxides of Mg, Si, Al, and Ca originating from environ-
mental pollution (Fig. 5a). The black color of the crust seems
to be related to the presence of iron that possibly comes from
the black mineral of magnetite (Fe304), and the presence of
carbon. The elements such as Na, Cl, and K have been seen
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Fig. 4 Depth profiling of the
black crust of shard S4
(corresponding to the ablated
thickness for the 1st, 3rd, 5th,
and 9th pulses, respectively)
compared with pottery spectra

Fig. 5 Energy dispersive X-ray
results for (a) the black layer of
shard S1, (b) the glaze layer of

S1, (¢) the coal layer of S2, and
(d) the glaze layer of S2
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Fig. 6 Quantification of the 70 4
XRD measurements in (a) the

contaminated white crust of S3, 60

(b) the pottery surface of S3, 50 4

(c¢) the contaminated crust of S4,

and (d) the pottery surface of S4 40 4
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also and could be attributed to the presence of salts in the
surrounding soil. The elements (Mg, Na, Al, and Ca) that
have been found also in the glazed layer are actually consid-
ered part of the formation of glazes. Evidence of Cl, and K
were obtained also in both the crust and the glaze as minor
elements. Presence of oxygen suggests that most elements
are present as oxides. The glaze layer was richer in lead (Pb)
than the crust whereas tin (Sn) was detected in the glaze and
not in the crust as shown in Fig. 5b. Lead oxide was added as
a flux to help in the glaze melting. The glaze main composi-
tion is based on the presence of silicon, which exceeds 20 %
in wt (Fig. 5b). Alumina was added to stiffen the glaze and
prevent it from running off the piece, and tin acts as opcifier.
The artificial black coal layer of shard S2 is composed of C,
Ca, Fe, O, Si, Pb, Cl, and K as shown in Fig. 5c (the carbon
has higher intensity in the LIBS spectra of the crust). For the
glaze layer it is composed of lead, tin, and silicon (Fig. 5d).

3.3 X-Ray diffraction

Nondestructive X-ray diffraction analysis has been applied
on two selected shards, S3 and S4 (the samples were ana-
lyzed as it is without powdering them). Standardless quan-
titative information can be obtained from XRD using Ri-
etveld Analysis [30]. Figure 6 shows the bar graphs of
the minerals relative concentration for both the crust and
pottery substrate for the two samples. Calcite (CaCO3)
was the major compound in the contaminated crust of S3
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(Fig. 6a); it is composed essentially of pure calcium car-
bonate derived from limestone, chalk, or marble. Calcite is
the most common source of calcium in a glaze and clay
body [31]. The majority of calcite in the crust could explain
the higher intensity of calcium in the relevant LIBS spec-
tra. The traces in the crust were alunite (KAl3(SO4)>(OH)g),
quartz (Si0O»), and orthoclase (KAISi3Og). Figure 6b shows
the chart of the pottery substrate depicting the presence of
quartz (SiO), orthoclase (KAISi3Og), magnetite (Fe304),
and hematite (Fe;O3). Iron-rich minerals primarily in the
form of hematite upon firing undergo transformation to dif-
ferent dark minerals such as magnetite, and mixed iron ox-
ides (Fe304) [18]. Hematite and magnetite are considered as
sources of color in glazes. Hematite converts to magnetite
at temperature in the range of 950 to 1250 °C and is of-
ten identified in a wide range of artifacts from all over the
world because of its long history of use, for instance, in the
Egyptian archaeological pottery [29]. XRD analysis of the
upper contaminated layer of shard S4 revealed the follow-
ing minerals: calcite (CaCO3), gypsum (CaSO4-2H;0), ce-
lestine (SrSO4) and quartz low (SiO7) as shown in Fig. 6c.
Gypsum originates from the transformation of calcite in the
presence of sulfur oxides. It was observed that the encrusta-
tion is rich in calcite and gypsum, followed by celestine and
relatively poor in quartz. The minerals with higher content
in ceramic body were calcite (CaCO3) and quartz (SiO3)
as shown in Fig. 6d. The traces in the ceramic were micro-
cline (KAISi3Og), cristobalite low (SiO,), and lim (CaO)
(Fig. 6d). Quartz and cristobalite are SiO, polymorphs, and
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the quartz is stable up to 870 °C, then at higher temperature
it transforms to cristobalite, however, before this transfor-
mation, trimidite could also be formed [9].

4 Conclusion

Laser induced breakdown spectroscopy (LIBS) has been
used for in-depth micro-spectrochemical analysis of differ-
ent encrusted archaeological pottery samples. The aim of
this study was to define the constituents of the ceramics to
shed light and have better understanding of the exploited
technology and available materials for potters in such an-
cient times. For example, in LIBS spectra results of sample
S2, one of the most important constituents in the glaze was
lead, and the presence of Cr with Pb may indicate the use
of chrome yellow (PbCrO4). On the other hand, using the
analytical techniques of XRD and EDX lead to additional
information in the analysis of ceramics provided by LIBS
and there is good agreement in most of the obtained results.

In order to obtain further conclusions about production
technologies or provenances, more samples need to be ana-
lyzed in future work.
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