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Abstract:  

This study uses a chemical analytical approach for the characterisation of 36 ancient pottery shards from an 

archaeological site in Dedan, Saudi Arabia. Dedan (Al-Ula) was one of the main towns in the northwestern area of 

the Arabian Peninsula during the first millennium BCE and was located along the ancient spice route connecting 

Arabia with Egypt, Syria and Mesopotamia. Inductively coupled plasma-mass spectrometry (ICP-MS) and 

multivariate statistical analysis were used to identify 29 elemental properties in the pottery fragments and to 

separate the studied samples into groups. The study findings support the existence of four major groups: Abbasid, 

Nabataea, Tayma and Dedan. Principal component and cluster analyses validated the existence of these four 

groups. The ICP-MS results demonstrated that concentration measurements of elements, such as Ti, Mn, Ga, Sc, Cs 

and Rb, can be used to discriminate the four groups of ancient potteries.  

Keywords: Dedan, Pottery, ICP-MS, Multivariate statistical analysis 

Corresponding author: 

Awad Nasser Albalwi, 

Department of Chemistry,  

College of Science, King Saud University,  

Riyadh, Saudi Arabia 

 
 

Please cite this article in press as Awad Nasser Albalwi et al, Elemental Study of Pottery Shards from an 

Archaeological Site in Dedan, Saudi Arabia, Using Inductively Coupled Plasma-Mass Spectrometry and 

Multivariate Statistical Analysis, Indo Am. J. P. Sci, 2017; 4(11). 

 

 

QR code 

 
 

http://www.iajps.com/


IAJPS 2017, 4 (11), 4149-4162               Awad Nasser Albalwi et al                 ISSN 2349-7750 

 

 
 

w w w . i a j p s . c o m  
 

Page 4150 

INTRODUCTION: 

The geographical position of the Arabian Peninsula, 

situated between the ancient civilisations of India and 

Persia and states of the eastern Mediterranean and 

Egypt, contributed to the Peninsula becoming an 
important centre of trade and commerce and to the 

emergence of several Arab states along the peninsular 

trading routes. These routes ran from the south to the 

north and to the northeast. Ancient archaeological 

remains have also been found in Yemen, South 

Hadramawt and Oman, the Eastern Quarter, Tayma, 

North Dumat al-Jandal (al-Jawf), Qurayyah, al-Bad, 

Northwest al-Hijr and al-Ula (Dedan), and Qaryat al-

Faw in the centre of the Peninsula. These are 

evidences of the important role played by this area in 

the commercial life of the ancient world [1]. 

Dedan (al-Khuraybah) is one of several famous 
archaeological sites in al-Ula, in northwestern Saudi 

Arabia. The town was one of the main settlements in 

the northwestern area of the Arabian Peninsula 

during the first millennium BCE. The town was 

located along the ancient spice route connecting 

Arabia with Egypt, Syria and Mesopotamia (Fig. 1). 

Dedan was mentioned in the Old Testament, Assyrian 

records and old Arabic inscriptions. Archaeologists  

 

and historians believed that the town was the capital 

of the Dedan Kingdom during the first half of first 

millennium BCE [1]. According to Winnett and 

Reed, based on surface finds, the city flourished as 
early as the Iron Age and continued to be occupied at 

least intermittently until the mediaeval period when it 

was abandoned [2]. In addition, in the sixth century 

BCE, the oasis of Dedan was mentioned in Biblical 

sources, which speak of its “caravans” and 

merchandise of “saddlecloths” (Isaiah 21.13; Ezekiel 

27.20) [3]. 

 

A team from the College of Archaeology at King 

Saud University, which has been conducting 

archaeological excavations at the Dedan site since 

January, 2004, identified different phases of 
occupation, as evidenced by architectural phenomena, 

such as temples, homes and tombs (Figs. 2 and 3). A 

number of Dedan inscriptions, pottery shards, coins, 

statues, altars, sculptures and alabaster objects have 

been uncovered [4,5]. Current and future excavations 

at the Dedan site could help establish a chronology, 

fundamental to any understanding of northern Arabia 

and its cultural development in archaic times.  

 

 
Fig.1. Location map of excavated pottery samples (Dedan) 
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Fig. 2: Photographs showing of ancient town of Dedan (July,2015) 

 

 
Fig. 3: Photograph showing of Dedan inscriptions on the wall of ancient pool (July, 2015) 

 

Pottery fragments, often found at archaeological sites 

around the world, are one of the main categories of 

artefacts used by archaeologists. The study of pottery 

provides useful evidence for many aspects of the life 
of ancient societies (economic, societal, and 

ideological) [6]. Archaeologists have used pottery  

 

 

 

 

 

 

 

objects to trace trade routes and to determine the 

geographic extent of a given culture [7]. The physical 

and chemical study of ancient pottery objects can 
provide information on both provenance and the 

technology used to produce the artefacts [8].  
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A number of advanced techniques have been used to 

analyse ancient pottery and ceramic objects. These 

include instrumental neutron activation analysis 

(INAA) [9-12], atomic absorption spectroscopy 

(AAS) [13,14], portable X-ray fluorescence 
spectrometry [15,16], X-ray fluorescence 

spectrometry [17-20] inductively coupled plasma-

optical emission spectroscopy (ICP-OES) [21-23], 

ICP-MS [24-27, laser ablation time-of-flight 

inductively coupled plasma-mass spectrometry (LA-

ICP-TOFMS) [28], X-ray diffractometry (XRD) 

[29,30], scanning electron microscopy-energy 

dispersive spectrometry (SEM) and proton-induced 

X-ray emission analysis (PIXE) [31,32].  

Currently, ICP-MS is the most frequently used 

inorganic mass spectrometric technique in many 

laboratories. The main advantages of the ICP-MS 
method for pottery analysis include the following: (1) 

high precision, accuracy and sensitivity for analytical 

data; (2) the ability to analyse small samples (100-

200 mg), thus making it a less destructive technique 

for archaeological objects; (3) excellent detection 

limits (in parts per billion (ppb)); (4) multi-element 

capabilities; (5) the ability to measure the isotopic 

ratios of some elements; and (6) low cost per sample, 

particularly compared with other techniques, such as 

INAA [27,33,34]  

A major objective of this research was to determine 
the elemental composition of ancient pottery 

fragments from the Dedan archaeological site, using 

multivariate statistical methods ‒ cluster analysis 

(CA) and principal component analysis (PCA) – to 

identify data structures, to distinguish individual 

groups of samples and to verify whether the chemical 

differences reflect the archaeologists’ classification of 

the archaeological objects. 

EXPERIMENTAL DATA: 

Chemicals and reagents 

All chemicals and reagents used in this study were of 

analytical grade. We used MilliQ water (Millipore, 

Bedford, MA, USA), 69.5%nitric acid, 37% 
hydrochloric acid and 43%hydrofluoric acid. An ICP 

Multi-Element Standard Solution (Merck) (including 

Al, As, Ba, Be, Bi, Ca, Ce, Cr, Co, Cu, Ga, In, Ir, Pb, 

Li, Mg, Mn, Ni, K, Rb, Se, Ag, Na, Sr, Th, U, V and 

Zn) was used prepare a series of standard solutions 

(50, 100, 150, 200 and 250 ppb). Single-element 

standard solutions of Dy, Hf, La, Sc, Sm, Tb, Y, Zr, 

Lu, Ti, and Cs (1000 ppm, BDH, Poole, UK) were 

also used to prepare a series of standard solutions (10, 

20, 30, 40 and 50 ppb). The accuracy was proven for 

use as a reference material (Basalt, Hawaiian 

Volcanic Observatory, BHVO-2, USGS, USA). 
Sample preparation and chemical analysis 

Thirty-six ancient pottery shards were obtained from 

the college of Archaeology at King Saud University. 

These objects dated from approximately the first half 

of the first millennium BCE to the ninth century CE. 

According to archaeological records, fifteen pottery 

fragments belong to the Dedan period (D1 to D15), 

ten to the Nabatean period in the first century CE (N-

1 to N-10), seven to the Abbasid/Islami period 

around the ninth century CE (Ab-1 to Ab-8) and three 

are classified as Tayma/Madyan pottery (M1 to M3). 
Fig. 4 shows photos of some of ancient pottery 

fragments. All these pottery shards were excavated at 

the Dedan (al-Khuraybah) heritage site 

(26°39'18.3"N, 37°54'49.2"E), between 2008 and 

2010, between the fifth and seventh excavation 

seasons in al-Ula, Saudi Arabia.  

 

Fig. 4. Photograph showing of some ancient pottery shards from Dedan archeological site. Dedan, (D1-D4), 

Nabataean (N1-N, N4, N5 and N9), Abbasid (Ab-1, Ab-4, Ab-5 and Ab-7) and Tayma (M1-M3). 
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Sample digestion for inductively coupled plasma–mass spectrometry (ICP-MS) analysis 

To avoid environmental contamination, the surfaces 

of the pottery fragments were removed. The shards 

were then drilled using a drill bit (HSS, solid carbide-

tipped 5 mm jobber drill bit). Between three and five 
holes were drilled on the shard surface. The sample 

powder was then transferred into glass vials. All 

samples were then dehydrated in an electric oven at 

105°C overnight. 

Powder samples were digested with concentrated 

acids, as described below. Samples (0.1‒0.15 g) were 

digested in 8 mL HNO3 (69%), 2 mL HCl (34%) and 

2 mL HF (43%) in a microwave digestion system 

(Topwave, Analytik Jena AG, Germany) using a 12-

vessel (fluoropolymer) multi-prep router. For our 

experiments, vessels were used to digest 

archaeological samples, one was reserved as a blank 
sample, and the remaining vessel was used for a 

quality control sample (BHOV-2). The samples were 

cold-digested for 20 min prior to microwave 

digestion. The heating programme consisted of a 50-

min ramp to 200°C, where the temperature was held 

for 30 min at 50 bars. After that, the cooling 

programme consisted of a 10 min ramp to 50°C, 

where the temperature was held for 10 min. The 

vessels were then left to cool to room temperature 

(approximately 40 min) to avoid foaming and 

splashing. The cooled samples were diluted to 50 mL 
in conical graduated tubes with deionised water 

(18.2 million ohm-cm). Next, approximately 5 mL of 

the sample was filtered through a nylon syringe filter 

with a 0.45-µm pore size to protect the nebulisation 

system and to improve the accuracy of the test results 

by removing unwanted particles. This was followed 

by a second, 10-fold dilution, making the final acid 

concentration less than 2%. A diluent containing 10 

ppb Rhas an internal standard was used to make the 

second dilution. 

Instrumentation 

The analytical method used throughout this study is 
inductively coupled plasma-mass spectrometry (ICP-

MS). ICP-MS identifies the chemical composition of 

targeted areas of the paste. The ICP-MS instrument 

used in this investigation was a NexION 300D ICP-

MS (PerkinElmer, USA). Table 1 highlights the 

operating conditions used in this study.  

 

Table 1: ICP-MS Operating conditions 

Operations                                   Conditions 

RF power        1600 W 

Auxiliary Gas Flow RB               1.205 L/min 

Nebulizer Back Pressure RB    35.355psi 

Nebulizer Gas Flow RB              0.983 L/min 

Plasma Gas Flow RB                   18.013 L/min 

Lens Voltage 9.25 V 

Analog Stage Voltage                  -1913 V 

Pulse Stage Voltage                     1099 FV 
Number of Replicate                   3 

Reading / Replicate                     20 

Scan Mode      Peak Hopping 

Dwell Time                               40 ms 

Integration                                   1200 ms 

 

Statistical analysis of data 
Two main types of multivariate statistical treatments 

were applied to the elemental data: a clustering 

technique aimed at partitioning the ancient pottery 

shards into groups of similar composition and PCA 

(part of a factorial technique), which used mainly as a 

data reduction and interpretative tool [35]. This 

statistical method is powerful way to 
justify and explain archaeological hypotheses, 

presenting an additional tool to simple visual 

inspection and stylistic classification [36]. The 

elemental concentrations obtained from ICP-MS 

were used as variables in the statistical treatment. In 

this study, Statistical Package for the Social Sciences 

(SPSS, version 22) was used for CA. Initially, the 

data were normalised using "z-scores", a 

transformation that generated new variables with an 
average of zero and a standard deviation of one. In 

CA, the square Euclidean distance was used as a 

measure in n-dimensional space along with 

hierarchical CA (HCA) using Ward’s method [37]. In 

addition, Statistical Analysis System (SAS, released 

8.02, Cary, NC, USA) software was used for PCA. 

The following 29 elements (or variables) were 

statistically analysed using both SSPS and SAS:Li, 

Be, Sc, Ti, V, Cr, Mn, Co, Ni, Zn, Ga, Rb, Sr, Y, Zr, 

Cs, Ba, La, Ce, Sm, Tb, Dy, Yb, Lu, Hf, Tl, Pb, Th 

and U. 

 

RESULTS AND DISCUSSION: 

Results of the ICP-MS analysis of the samples of 36 

shards are displayed in Tables 2, 3(a) and 3(b), where 

the compositional data are expressed in μg/g of the 29 

elements. Reference material (USGS, Basalt, 

Hawaiian Volcanic Observatory, BHVO-2) was used 

to gauge the accuracy of the elemental concentration 

data (Table 2). 

Principal components analysis (PCA)and factor 

loadings 

The chemical data were statistically analysed using 
the PCA method in SAS. The first principal 

component accounts for 37.88% of the total sample 

variance. The first two principal components 

collectively explain 57.21% of the total sample 

variance. As a result, we can say that sample 
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variation is summarized well by the two principal 

components. A reduction in the data from 36 

observations on 29 variables to 36 observations on 2 

principal components is therefore reasonable (Table 

4). 
 

Fig. 5 demonstrates a scatter plot of the four groups 

of pottery shards (Abbasid, Nabataean, Tayma and 

Dedan) in a two-dimensional perspective, with each 

dimension being represented by the principal 

components, PC1 and PC2, with PC1 along the y-axis 

and PC2 along the x-axis. It should be noticed that 

the four groups are clearly separated. Groups 1 and 2 

are close to each other, despite being visually 

separated. Cluster 2 was characterised by negative 

values of PC1 and PC2, taking into account a more 

relevant contribution of Rb, Tl and Sc in the PC plot. 
Cluster 1 has higher concentrations of Ni, Mn, Zr and 

Hf than cluster 2, whereas cluster 2 has higher 

concentrations V and Tl than cluster 1. For example, 

the average concentration of vanadium (V) is 

approximately 155±21 μg/g in cluster 2, while it is 

112±10.5 µg/g in cluster 1. Cluster 3 is separated 

from the other groups and is associated with high 

concentrations of Rb, Cs and U. In general, cluster 4 

was characterized by positive values of PC1 and PC2, 

taking into consideration a more relevant contribution 

from high concentrations of elements, such Zr, Zn, 
Cr, Co, Ti, Tb and Sm, in the PC plot. All the shards 

included in cluster 4 came from the Dedan period. As 

seen in cluster 4, the distribution between the pottery 

samples shows some variation, which is probably due 

to the different periods in which the pottery objects 

were manufactured. The presence of four associations 

in the data may be related either to the exploitation of 

four different sources of raw materials or to the 
presence of different production units. The projection 

of the cases on the PCA plane clearly differentiates 

four distinct sample groups. The factor loadings are 

the correlation coefficients of the original variables to 

the principal component (PC). These loadings range 

from -1 to +1, ranging from an absolute negative 

correlation to an absolute positive correlation. A 

value near zero indicates that there is no relationship 

between the variable and the principal component 

[38].  These factor loadings are summarised in Table 

5 for three factors. In Table 5, the values that can be 

considered large are in boldface, using approximately 
0.5 as the cutoff. Based on this criterion the following 

statements can be made. Factor 1 is correlated most 

strongly with Sm, Yb, Dy, Tb, Th, La, Ce, Y, Pb, Lu, 

Be, Ti, Ga, Co, and Ba and toa lesser extent Tl, Li, Ni 

and Mn. Therefore, in this case, it can be said that the 

first factor is primarily a measure of most of the 

variables with large factor loadings. Factor 2 is 

primarily related to Ni, Zr, Hf and Mn. Here, as these 

variables increase, elements such Rb, Li and Cs 

decrease. Factor 3 is correlated most strongly with 

Ba, Sr, Ga, Sc and Ti. Moreover, it can be noted that 
the variables Ba, Ga, Sc and Ti are negatively related 

to Sr.  

 

 
Fig. 5: Multivariate analysis PCA. The first two principal components account for 57.21% of cumulative 

variance in the ICP-MS data for Dedan site pottery shards shown with the element coordinates. The analysis 

reveals four distinct source groups: (1) Abbasid, (2) Nabataean, (3) Tayma and (4) Dedan. 
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Table 4: Eigenvalues and the percent of explained variance 

PC 
Eigenvalue Difference Proportion Cumulative 

1 10.9864232 5.3825539 0.3788 0.3788 

2 5.6038693 1.6835609 0.1932 0.5721 

3 3.9203085 1.6985576 0.1352 0.7073 

 

Table 5: Factor Loadings–Correlation coefficients between original variables and components. 

 
 

 

Hierarchical cluster analysis HCA 

Cluster analysis (CA) is a convenient method for 

identifying homogenous groups of objects. The CA 

here used Ward’s method of the squared Euclidean 

distance matrix using 29 variables (Li, Be, Sc, Ti, V, 
Cr, Mn, Co, Ni, Zn, Ga, Rb, Sr, Y, Zr, Cs, Ba, La, 

Ce, Sm, Tb, Dy, Yb, Lu, Hf, Tl, Pb, Th and U) (Fig. 

6). The resulting dendrogram shows that the data set 

of 36 fragments has two main parts. One of them is 

made up of the Abbasid and Nabataean groups, and 

the other is made up of the Dedan and Tayma groups. 

Cluster 1 contains 8 samples (Ab-1 to Ab-8) of 
pottery shards from the Abbasid period with a 

distance level of 5. Cluster 2 is an example of 

Variable Factor 1 Factor 2 Factor 3 

Li 0.07743 -0.75766 -0.05307 

Be 0.74241 -0.11709 0.38546 

Sc -0.26758 -0.01924 0.60342 

Ti 0.66711 0.44349 0.50270 

V 0.15850 -0.09865 0.14035 

Cr 0.35584 0.29195 0.46504 

Mn -0.00621 0.57464 0.44714 

Co 0.57228 0.13287 0.32446 

Ni 0.05289 0.94607 0.15093 

Zn 0.24725 0.48143 0.45803 

Ga 0.65029 -0.22224 0.64654 

Rb 0.10358 -0.91124 0.18590 

Sr 0.30568 0.41165 -0.69524 

Y 0.86134 -0.06977 -0.35458 

Zr 0.24152 0.80522 -0.04357 

Cs 0.30885 -0.79775 0.36061 

Ba 0.54893 0.06294 0.72838 

La 0.90230 -0.13785 -0.28942 

Ce 0.88787 -0.12093 -0.23177 

Sm 0.95447 0.02243 -0.23917 

Tb 0.91049 0.17227 -0.32110 

Dy 0.92736 0.13949 -0.30039 

Yb 0.94810 -0.17783 -0.13043 

Lu 0.84582 -0.05706 -0.13973 

Hf 0.41987 0.62241 -0.03860 

Tl 0.08167 -0.38765 0.38783 

Pb 0.84940 -0.03962 0.25794 

Th 0.90410 -0.22584 -0.08359 

U 0.32682 -0.44521 -0.06504 
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Nabataean pottery (N-1 to N-10) at a distance level of 

5. Another15 pottery shards (D1 to D15) are grouped 

in cluster 4 with a distance level of 10, which are 

related to Dedan pottery. In addition, cluster 3, which 

is smaller, contains samples M1, M2 and M3, which 
are classified as Tayma pottery. These four groups or 

clusters were also identified in both the PCA diagram 

and 3D scatter plots. 

From the above plots and cluster, it could be 

concluded that the chemical compositions of the 

Dedan wares from different periods (from different 

excavation levels (depths) in the site) differ slightly. 

Although the distinctions are not big, they can be 

effectively grouped using multivariate statistical 

analysis. The slight difference between Dedan shards 

could be interpreted similarly to the results of 

Bagnasco et al. (2001), who suggested that 
differences between groups in HCA may not indicate 

separate provenances but may be due to the use of 

clays withdrawn from various beds (or from the same 

bed in successive periods), to the adoption of 

different technological procedures or to the 

occurrence of post-depositional phenomena. 
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3D- Scatter plots 

A 3D-scatter plot was employed, using SPSS, to 

visualise the data, including the ability to examine the 

relationship between the three variables. For some 
selected elements, four groups can be visualised 

within 3-diminsional space (x, y, and z). Fig. 7(a, b, 

and c) illustrates that the Tayma group had the 

highest Rb concentration with an average of 122 μg/g 

and the lowest Ni and Mn concentrations with 

averages of 23 and 121 μg/g, respectively, among the 

rest of groups. In general, the Abbasid group has 

higher Sc and Mn concentrations, with averages of 61 

and 840 μg/g, respectively, than the Dedan and 

Nabatean groups (Fig. 7(a, c)). The Nabataean group 

contains lower Ti concentrations, with an average of 

2835 µg/g, than the Dedan group (5780 μg/g) (Fig. 
7(d)). The 3D-scatter plots expressed clear 

differences between the four groups of ancient 

potteries. Effectively, these pottery fragments can be 

clustering using only three variables. These variables 

(elements) were selected from the PCA loading plot, 

with high loadings on the extracted factors, and 

mostly were orthogonal to each other (Fig. 5 and 

Table 5). 
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CONCLUSIONS: 

This study has looked at the characterisation of 

pottery shards from an archaeological site in Dedan 

in northwestern Saudi Arabia. The ancient pottery 

shards differ in their chemical composition, reflecting 
variations in manufacturing technology and the 

possibility of different types of clay material. The 

analysis of 36 fragments of ancient pottery from the 

Dedan heritage site indicates the existence four 

different types of pottery shards (Abbasid, 

Nabataean, Tayma and Dedan). Multivariate analysis 

using principle components and clustering confirmed 

the existence of these different pottery groups, which 

are interpreted via plots and a dendrogram. In 

addition, the study demonstrates that high-precision 

ICP-MS elemental analysis is a powerful tool for the 

characterisation of archaeological pottery shards. 
Finally, this work, based on elemental analysis using 

ICP-MS and statistical analysis to study ancient 

pottery shards from the old Arabian Peninsula, would 

be helpful for archaeologists, as it would contribute 

to the establishment of an elemental composition 

database regarding ancient Arabian pottery in Saudi 

Arabia. 
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