Analysis of large and non-standard geometry samples of ancient potteries by internal monostandard NAA using insitu detection efficiency
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Abstract
The k0-based internal monostandard neutron activation analysis (IM-NAA) method was used for the analysis of 30 large and non-standard geometry ancient pottery samples obtained from Buddhist sites of Andhra Pradesh, India. One freshly finished pottery and a sun-drenched pottery were also analyzed for comparison. Samples were irradiated in thermal column facility of Apsara reactor and also in graphite reflector position of Critical Facility (CF) of BARC. Radioactive assay was carried out using a 40% relative efficiency HPGe detector coupled to MCA. Concentration ratios of 15 elements with respect to Sc were determined. The La/Ce values as well as statistical cluster analysis utilizing concentration ratios of elements were used for grouping / provenance of the potteries. 
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Introduction

Studies of archaeological artifacts constitute an important area of research that might provide clues to unravel the past human activities, art and trade. One of the major interests to the archaeologists is provenance studies of ancient artifacts to find whether the artifacts belong to the same or different origin / group [1-3]. Provenance studies are carried out in two ways. First one is through visual properties where shape of the artifacts, design and pigmentation of its surface are frequently used as cultural and chronological indicators [4]. Besides this, microscopic properties such as paste texture (clay and temperature combination) can be used to infer the preparation techniques. Second one is through chemical composition analysis of artifacts which is the most important tool for locating the source(s) of ingredients of the artifacts in order to provide evidences of geographic displacement of ancient humans [5, 6]. The archaeological artifacts that are often studied are potteries, bricks, stones, coins and paintings, and among these, potteries are widely studied. Excavated potteries are used to trace the possible origin and culture of the era in which they were prepared.  The chemical composition of clay potteries are strongly related to the sources of clay and recipe of the making [7]. The variations of trace and minor elements (up to 1000 mg kg-1) are expected to provide the best information for provenance studies. Alkali, alkaline earth elements, transition elements and rare earth elements (REEs) [8] are the elements used for provenance studies. Some of these elements are Na, K, Cs, Sc, Fe, Cr, Co, Hf, Th, Mn and REEs [9].  Ratios of elements Al to Sc (non-volatile nature) or La to Ce (similar geochemical properties) are used for preliminary grouping [6, 7, 10, 11]. Confirmation of the grouping is done through statistical analysis using some of the selected elements [7, 10, 12].
Spectroscopic and nuclear analytical methods including X-ray Fluorescence (XRF), particle induced X-ray emission (PIXE) and instrumental NAA (INAA) are used for analysis of ceramics [4-6, 10, 12]. INAA is the most widely used technique for analysis of ceramic samples / potteries due to properties like simultaneous multielement capability, high sensitivity, high selectivity, negligible matrix effect and non-destructive nature [6, 7]. Elemental concentration ratios instead of absolute concentrations are adequate for provenance/grouping studies [13]. The k0-based IM-NAA in conjunction with in-situ detection efficiency, standardized at BARC, gives elemental concentration ratios with respect to one of the elements present in the sample. This method is capable of analyzing large and non standard geometry samples [12, 14, 15]. The internal monostandard takes care of any flux perturbation inside the sample during irradiation and the in-situ relative detection efficiency obtained from (-rays of the activation products present in the sample makes the method geometry independent as it takes care of (-ray attenuation, if any. Advantage of large size sample analysis is that it is expected to give better analytical representative results than replicate small size sample analyses [12, 16]. In our lab, the IM-NAA method was applied for (i) composition analysis of non-standard geometry samples of zircaloys, stainless steel and 1S-aluminium [12], used as cladding materials in nuclear reactors (ii) wheat grains [14], (iii) coal samples [17], and (iv) a few pottery samples [13].
In the present work, 30 large and non standard geometry ancient clay pottery samples, collected from excavated Buddhist sites of Andhra Pradesh (AP), India were analyzed by IM-NAA in conjunction with insitu relative detection efficiency. The element Sc was used as the internal monostandard. The method gives elemental concentration ratio with respect to Sc. The main objective of this work is to use elemental concentration ratios for grouping these artifacts with and without statistical cluster analysis. Characterization of irradiation position, results on elemental concentration ratios and salient observations are presented in this paper.

Experimental 

Sample details

Archaeologists have identified 140 Buddhist sites in Andhra Pradesh [18], India, which are on the sea costal area of Srikakulam and Visakhapatnam, and river coasts of Godavari and Krishna. Samples of ancient potteries belonging to 4th Century BC to 5th Century AD were collected with the help of archeologists from Department of Archaeology and Museums, Government of Andhra Pradesh, India. Samples of different shapes and lengths weighing about 200 g -1 kg were collected. The samples were washed off the sticking soil, if any, with water, wiped with soft cloths and sealed in clean polythene bags with labels. A total number of 30 pottery samples (11 from in the Visakhapatnam region and 19 from Hyderabad region) from seven districts of AP, India were taken for the study. Samples weighing in the range of 10-50 g were used for analysis. Photographs of two such samples are shown in Fig. 1. 

Sample irradiation and radioactive assay

Samples were sealed in polythene sheets and irradiated for 6 h at thermal column facility of Swimming pool type Apsara reactor and also at graphite reflector position of Critical Facility (CF) at BARC, Mumbai. For the determination of thermal to epithermal neutron flux ratio (f) of the irradiation positions by cadmium ratio method [13], indium standards with and without cadmium cover (0.8 mm) were irradiated for 4 hours. After appropriate cooling periods, radioactivity assay was carried out using a 40% relative efficiency HPGe detector coupled with MCA with 8k conversion gain that has spectrum analysis software PHAST [19].  The detector system had a resolution 1.9 keV at 1332 keV of 60Co.   
Calculations

In the IM-NAA using highly thermalized neutrons, the ratio of the mass (m) of an element x to the element y present in the sample is given by the following expression [12, 13],
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where PA is the net peak area under the gamma peak of interest, S is the saturation factor, D is the decay factor, C is the counting factor used for correcting the decay during counting period, the k0,Au is the literature k0-factor [20] with respect to 197Au and ( is the detection efficiency. Here we have used relative detection efficiency of the detector, which is determined using the (-rays of activation products produced in the sample [12, 13]. The in-situ relative efficiency is obtained using the following expression.  
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where ai is the coefficients of the polynomial of order m, kj is a constant characteristic of the jth nuclide. In the calculations a second order polynomial (m = 2) was used. A typical insitu relative detection plot obtained for a large size (38 g)  pottery sample is given in Fig. 2, which covers an energy range of 122-2754 keV using 152mEu, 140La, 56Mn and 24Na.
Results and discussion

The f-value of thermal column of Apsara reactor was found to be (6.0 ( 0.4) x 103 and the corresponding thermal equivalent flux is 1.2 x 108 cm-2 s-1 (> 99.9 % thermal neutron component) [13]. The f-value for CF obtained from the cadmium ratio method was found to be (8.6 ( 0.3) x 102. The corresponding thermal equivalent flux is 3.4 x 107 cm-2 s-1 (> 99.8 % thermal neutron component).

In our earlier work on large sample NAA of wheat grains, coal and uranium ores, the representative sample size was found to be 1 g and above [13, 15]. We analyzed four different sizes (1 g – 35 g) of an ancient pottery sample to arrive at the representative sample size. The La/Na values vs. mass of pottery sample (1-35 g) are given in Fig. 3. It is interesting to note that the values are almost constant (within 4% and all values are within the uncertainty range) in the mass range chosen. Thus in our further work, samples of mass 10 g and above were used. Larger mass is essentially to compensate for relatively lower neutron flux.

Scandium, the internal monostandard, has good geochemical properties and is a non volatile element. It is neither enriched nor depleted compared to the continental crust and thus behaves more conservatively during weathering [21]. Therefore, it is not expected to be leached and carried away easily during ancient ceramic burial, In addition, its nuclear properties are also favorable for our study [20]. The concentration ratios of 15 elements Na, K, Cr, Fe, Co, Ga, Cs, As, La, Ce, Sm, Eu, Lu, Hf and Th with respect to Sc were determined in all samples analyzed. Samples of pottery before it is fired (sun-drenched pottery) and the finished pottery were analyzed. The La/Ce values are almost same (0.37±0.03 and 0.40±0.02), indicating that they do not change after the pottery is made.  The elemental concentration ratios of almost all elements were found to be within ± 10% in both the samples indicating that the elements are source specific and there exists a correlation between them. 

For grouping study, 30 samples were divided into two groups; Visakhapatnam region and Hyderabad region depending on their collection history. Preliminary grouping based on La/Ce values were done. Based on La/Ce values, the potteries of Visakhapatnam fall broadly into four major groups namely V1 (P9: La/Ce 0.09), V2 (P1 and P3: La/Ce: 0.17 and 0.19),) V3 (P4-P8, P8, P10 and P11: La/Ce: 0.2 to 0.3) and V4 (P2: La/Ce: 0.7). Similarly 19 potteries from Hyderabad region fall into 3 major groups namely H1 (P12-P15, P17, P23-P26, P29 and P30: La/Ce: 0.3 to <0.4), H2 (P16, P18, P21, P22, P27 and P28: La/Ce: 0.4 to 0.5) and H3 (P19 and P20: La/Ce: 0.6 and 0.7). The La/Ce values of samples from Hyderabad region are in general higher, except for a few samples, than the samples of Visakhapatnam region.

To check the grouping by La/Ce values, we have selected 3 potteries from each region (two nearer and one far from a reference point) as per their collection location. The concentration ratios of 15 elements, with respect to Sc, of three ancient potteries along with one new pottery are given in Table 1. The uncertainties quoted in Table 1 are combined uncertainties at ±1s confidence limit. Three major parameters contribute to the combined uncertainty, they are counting statistics, detection efficiency and k0,Au factor. In our results uncertainties due to counting statistics including peak fitting error, relative detection efficiency and k0,Au factors have been propagated as per the equation (1) of the concentration ratio calculation. Uncertainty due to mass of the sample is negligible since we have used 10-50 g of sample and thus it is not included in the combined uncertainty. Since we have used concentration ratios of elements in the same sample, uncertainties due to concentration of standard, geometry differences of sample and standard during irradiation and counting don’t arise, which are major advantages of IM-NAA method. Propagated uncertainty values due to counting statistics along with peak fitting error, relative detection efficiency and k0,Au factors are in the ranges of  0.2-9.1%, 1.3-3.0% and 0.6-1 % (except K (1.17%) and Cs (2.03%)) respectively. The combined uncertainties on concentration ratio values, given in Table 1, are in the range of 2.5 – 10.5%

It is clearly observed from concentration ratios that P1 and P3 are in the same group and P9 is different. Similarly, P24 and P26 are in the same group and P20 is different. The values of the new pottery are quite different than the old pottery samples. These observations obtained from La/Ce values as well as from concentrations ratios of other elements are adequate for grouping study for a small number of samples. However, when the samples/artifacts under investigations are large in number, statistical approaches like principal component analysis or cluster analysis are handy for the grouping study.        

To validate the above observations of broad grouping by elemental ratios of La/Ce and other elements with respect to Sc, cluster analysis using concentrations ratios of all the elements except As was carried out using STASTICA 5.1 package [6, 7]. The dendrograms of pottery samples obtained by cluster analysis from Vishakhapatnam and Hyderabad regions are given in Figs. 4 and 5, respectively.  For Visakhapatnam samples, statistical analysis observations are in good agreement with grouping by La/Ce values. They fall into four groups as indicated before. It is interesting to note that though P1, P2 and P3 were collected from same location; results of P2 are quite different indicating its origin could be different.  For other set of samples from Hyderabad, cluster analysis also supported the findings by La/Ce values with a few exceptions. Although they fall into three major groups, there are a few outliers as shown in Fig. 5 (P13, P17, P23 and P25 and P21 and P22). They were grouped based on the proximity of collection sites.  It is possible that potteries corresponding to these outliers could have been brought from nearby places or their source could be different. Further it was observed that the samples (P21 and P22; P13; P17, P23 and P25) group well with other groups (obtained by La/Ce values), which could be attributed to their displacement due to human activities.

Conclusions

The study shows the capability of IM-NAA method using insitu relative detection efficiency for obtaining elemental concentration ratios of large size pottery samples. Elemental concentration ratios with respect to Sc of 15 elements were sufficient for provenance study of 30 pottery samples. Grouping by La/Ce values as well as cluster analysis were in good agreement for Visakhapatnam region and in fair agreement for Hyderabad region. It indicated that the samples belong to four groups in Visakhapatnam region and three groups in Hyderabad region. Compared to old pottery samples the concentration ratios in new potteries were found to be very different supporting the source specific nature of the potteries.
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Figure captions
Fig. 1 Photographs of two large and non-standard geometry ancient pottery samples irradiated and 
analyzed

Fig. 2 A typical insitu relative detection efficiency plot of a neutron activated 
large size pottery 
sample.

Fig. 3 Concentration ratios of La to Na with varying mass of a pottery sample

Fig.4 Dendrogram of ancient pottery sample obtained from cluster analysis (Visakhapatnam region)

Fig.5 Dendrogram of ancient pottery sample obtained from cluster analysis (Hyderabad region)
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Fig. 1. Dasari et al.
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Table 1.  Concentrations ratios of elements determined by IM-NAA of six ancient potteries and one new pottery  

	Element ratio
	Ancient pottery (Visakhapatnam)
	Ancient pottery (Hyderabad)
	New pottery (Visakhapatnam)

	
	P1
	P3
	P9
	P24
	P26
	P20
	NP

	Na/Sc
	(4.19±0.11)E+02
	(4.44±0.14)E+2
	(9.12E±0.29)E+01
	(2.87±0.06)E+02
	(2.27±0.06)E+02
	(8.49±0.34)E+02
	(7.35±0.19)E+02

	K/Sc
	(2.68±0.09)E+03
	(2.14±0.10)E+03
	(1.29±0.03)E+03
	(2.52±0.07)E+03
	(2.69±0.07)E+03
	(3.15±0.13)E+03
	(9.76±0.25)E+02

	Cr/Sc
	7.33±0.35
	7.12±0.36
	7.41±0.52
	(1.46±0.11)E+01
	8.98±0.64
	(1.81±0.09)E+01
	5.61±0.35

	Fe/Sc
	(3.54±0.24)E+03
	(3.28±0.21)E+03
	(1.57±0.05)E+04
	(3.01±0.16)E+03
	(3.63±0.16)E+03
	(4.70±0.38)E+03
	(9.07±0.36)E+04

	Co/Sc
	2.05±0.07
	1.74±0.05
	(4.50±0.16)E-01
	3.03±0.17
	2.89±0.13
	5.79±0.24
	3.30±0.10

	Ga/Sc
	1.63±0.11
	1.60±0.10
	1.32±0.10
	1.28±0.09
	1.34±0.06
	1.61±0.11
	1.13±0.04

	As/Sc
	(3.91±0.21)E-01
	(4.40±0.31)E-01
	(7.63±0.52)E-01
	(3.67±0.11)E-01
	(6.02±0.58)E-01
	(7.68±0.46)E-02
	(7.15±0.47)E-01

	Cs/Sc
	(3.71±0.29)E-01
	(2.38±0.13)E-01
	(9.90±0.52)E-02
	1.08±0.11
	(8.48±0.31)E-01
	3.50±0.27
	(1.70±0.12)E-02

	La/Sc
	4.88±0.13
	4.29±0.12
	1.82±0.09
	5.16±0.15
	4.47±0.15
	(1.39±0.06)E+01
	(1.07±0.06)E+01

	Ce/Sc
	(2.59±0.14)E+01
	(2.53±0.16)E+01
	(1.92±0.06)E+01
	(1.52±0.04)E+01
	(1.32±0.12)E+01
	(2.04±0.13)E+01
	(2.07±0.14)E+01

	Sm/Sc
	(6.61±0.40)E-01
	(5.28±0.35)E-01
	2.52±0.17
	(5.99±0.17)E-01
	(6.12±0.15)E-01
	1.14±0.04
	(2.76±0.10)E-01

	Eu/Sc
	(1.20±0.05)E-01
	(9.81±0.59)E-01
	(4.51±0.31)E-01
	(1.10±0.07)E-01
	(1.08±0.08)E-01
	(2.14±0.13)E-01
	9.06±0.36

	Lu/Sc
	(3.56±0.27)E-01
	(3.12±0.21)E-01
	6.79±0.45
	(1.27±0.07)E-01
	(1.26±0.07)E-01
	(3.86±0.22)E-01
	5.60±0.37

	Hf/Sc
	4.17±0.11
	4.80±0.26
	4.89±0.39
	1.10±0.04
	(8.01±0.26)E-01
	(1.60±0.12)
	(1.53±0.07)E+01

	Th/Sc
	6.53±0.43
	7.24±0.35
	1.89±0.11
	4.31±0.20
	3.74±0.33
	(1.29±0.06)E+01
	5.37±0.34

	La/Ce
	(1.88±0.11)E-01
	(1.69±0.11)E-01
	(0.94±0.06)E-01
	(3.39±0.21)E-01
	(3.37±0.24)E-01
	(6.81±0.51)E-01
	(5.16±0.43)E-01
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