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� Akadémiai Kiadó, Budapest, Hungary 2014

Abstract The advantages of instrumental neutron acti-

vation analysis applied to archaeological ceramics have

been enhanced through the analysis of entire objects, using

both the k0 method and the relative method, respectively, to

determine the concentrations of chemical elements in ali-

quots of replicate objects used as comparators and in the

sample object. Twenty-two chemical elements of archae-

ological importance were measured in mud figurines from

Caral civilization (5000 year BC), irradiated inside a well-

characterized radial channel facility of the nuclear research

reactor at IPEN, Peru. The results showed less than 10 %

of bias for most of the elements.
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Introduction

Instrumental neutron activation analysis (INAA) is widely

recognized as an important technique for studying siliceous

samples, above all, archaeological matrixes, because of its

powerful advantages: easy sample preparation, possibility

of using only a few milligrams to perform multielemental

analysis by non-destructive methods, minimum manipula-

tion and absence of matrix interferences.

The application of INAA in archaeology began with the

pioneering research of Sayre and Dodson in 1957 [1],

which opened the way to the work of other scientists [2].

Afterwards, the efforts of archaeologist like Rands and

Bishop, working together with analytical chemists, con-

tributed to demonstrate how data on chemical elements

could effectively address specific questions, and helped to

establish INAA as an integral part of the archaeological

tool kit [3].

INAA is usually applied in archaeology through the

analysis of powder ceramic extracted from fragments;

however, the intrinsic value of the archaeological speci-

mens is such that a mandatory requirement to keep the

object as intact as possible. Such demand implies the need

for carrying out the analysis of entire objects, using a non-

destructive approach. To solve this challenge, the authors

have developed a method [4], that add the preservation of

the samples, without any damage or modification to the

above mentioned advantages of INAA.

In the present work, a variation of the method is

described, which has been applied to the analysis of figu-

rine samples. The experimental work comprises the use of

k0 method based INAA to determine chemical elements in

samples taken from duplicate objects, which are then used

as comparators for the analysis of the archaeological

samples, by the relative method.
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e-mail: pbedregal@ipen.gob.pe

I. M. Cohen

Secretarı́a de Ciencia, Tecnologı́a y Posgrado, Facultad Regional

Avellaneda, Universidad Tecnológica Nacional, Av. Mitre 750,

1870 Avellaneda, Buenos Aires, República Argentina

I. M. Cohen

Facultad Regional Buenos Aires, Departamento de Ingenierı́a

Quı́mica, Universidad Tecnológica Nacional, Av. Medrano 951,

C1179AAQ Ciudad Autónoma de Buenos Aires, República

Argentina

123

J Radioanal Nucl Chem (2014) 300:673–678

DOI 10.1007/s10967-014-3080-7



Experimental

Preparation of samples and comparators

The original samples were archaeological specimens

from Caral civilization (5000 year BC) made of raw mud.

Two figurines with approximate dimensions 0.07 9

0.04 9 0.02 m, and masses of 72.2 and 70.2 g, respectively

(labelled A and B), and one head of figurine, with approxi-

mate dimensions of 0.020 9 0.024 9 0.018 m, and 9.1 g of

mass (labelled C). An artisan exactly replicated these

objects, and the masses of the replicates were 71.0, 72.0

and 9.3 g, respectively. Samples of powder were extracted

by scraping with a tungsten carbon drill, at three points of

each replicate, in order to make the respective composite

samples.

A mass of 0.250 g of each powder sample was sealed in

a clean, labelled polyethylene container. The comparator

for k0 method was prepared depositing 1,000 lg of a

sodium primary standard solution on 0.050 g of cellulose

powder placed in the polyethylene container. The com-

parator was dried under controlled temperature, sealed and

placed in the irradiation vial, together with the samples. A

certified reference material (SRM 1633b Coal Fly Ash) was

prepared and irradiated in similar conditions, as quality

control for the analysis of the powder samples.

The original figure samples and their duplicate were

placed into polyethylene bags, labelled, sealed and irradi-

ated in a 0.17 m diameter disk of aluminium, where hol-

lows of the size of the figurines allowed arranging both the

originals (samples) and the duplicates (comparators) side

by side (Fig. 1).

Irradiation and measurement

Irradiations were performed in the nuclear research reactor

at IPEN, Peru. It is a circular pool type reactor (open tank),

which use 20 % enriched uranium fuel and light water,

with a maximum operation power of 10 MW. A thermal

channel, four radial channels and a pneumatic channel

allow performing specific experiments. Irradiation facilities

are located close to the core and in the periphery.

For the analysis based on the k0 method, powder sam-

ples, SRM and comparators were irradiated for 900 s, using

the pneumatic transfer system, as shown in Fig. 2, with

the reactor operating at maximum power. The N�4

radial channel of the reactor (Fig. 2) was used for the

analysis of the entire objects by the relative method. The

irradiation time was 9 h at a thermal flux of about

7.5 9 109 cm-2 s-1. The aluminium disk with the figu-

rines was placed at the opposite end of a square rod of

0.200 m length and inserted inside the radial channel, using

long tweezers.

The characterization of neutron flux at the pneumatic

irradiation position was performed using a set of 197Au,
98Mo, 59Co and 177Lu monitors. Gold was used as alloy foil

(IRMM-530 R Al–0.1 % Au) and lutetium as alloy wire

(0.1 % Lu–Al). Molybdenum and cobalt were irradiated as

aliquots of a multielemental solution, deposited on cellu-

lose placed in the irradiation container. The experimental

details are described elsewhere [5].

As the radial channel had not been previously used for

INAA, the neutron flux at this position was characterized

through a set of monitors: 177Lu, 65Ni, 51Cr, 198Au, 95Zr, 97Zr

and 65Zn, as wires or foils, which were attached to the samples.

Fig. 1 Figurines sample arrangement for its irradiation inside the radial channel
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The measurement of both the powder samples and the

figurines was performed using an HPGe Canberra GC 7019

detector (FWHM = 1.9 keV at the 1332.5 keVpeak from
60Co). The powder samples were firstly measured for

5,000 s, after 8 days of decay, to quantify 76As, 42K, 140La,
24Na, 239Np, 122Sb, 153Sm and 175Yb. Additional 30,000 s

measurements, in order to quantify the remaining elements,

were made after 18–20 days. Similarly, the figurine sam-

ples were measured twice, after decay periods of 7 and

15 days. The spectrum acquisition was performed by the

Canberra Genie 2000 software. The results for k0 method

were obtained using a MS-Excel spread sheet with macro

commands, in-house developed, whereas those for the

relative method were obtained using a simple MS-Excel

spread sheet.

Results and discussion

The parameters obtained from the characterization of both

irradiation positions used in this work are shown in

Table 1. As can be noted, the pneumatic irradiation posi-

tion, which was used for analysing the powder samples by

the k0 method, is relatively well thermalized; approxi-

mately 92 % of the neutron flux comes from the thermal

component and 2–6 %, respectively, from the epithermal

and fast components; the f value is 58.0 ± 2.0. Conversely,

the neutron flux in the radial channel is much less ther-

malized; the components of thermal, epithermal and fast

neutrons are respectively 60, 2 and 38 % of total; the

f value is 30.0 ± 1.0. The a-values obtained in both

irradiation positions are positive and indicate a softened

Fig. 2 Diagram of core

configuration of the RP-10

reactor and irradiation positions

used in sample analysis by k0

and relative methods
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epithermal neutron spectrum for the configuration used in

the reactor, which is shown in Fig. 2. As can be expected,

the neutron temperature is much higher in the radial

channel, because it is a slightly collimated irradiation

position. These parameters, together with detection effi-

ciency [6] and the data of Table 2 [7, 8], were used to

obtain the results of element concentrations and to

determine the concentrations in the comparators for the

application of the relative method.

The results of the SRM 1633b, analysed together with

extracted powder samples, to accomplish the internal

quality control, are summarized in Table 3. These results

are shown because of mass comparator used for the relative

method is determined with the results of concentration

obtained by the k0 method (powder samples), as well as, to

obtain the percentage recovery of entire samples, relating

them with the concentration of powder samples analysis.

Although more elements were determined in powder

samples and in the standard reference material, only those

used to calculate the concentration in the entire objects

were considered for quality control. The concentrations

obtained were compared with the certified values (En1),

and also with the results of other laboratories (En2 and En3)

[9, 10], respectively, using the En Number [11]. This

approach takes into account the average and the expanded

uncertainty of the results reported and of the reference data.

As only eight, out of the twenty-two elements, are certified,

the fourteen elements remaining are reported as informa-

tion values, without declaration of uncertainty. In these

cases, the relative biases were used for evaluation. The En

scores indicate satisfactory or unsatisfactory performances

for |En| B 1.0 and |En| [ 1.0, respectively. As seen in

Table 3, the results presented are in reasonable agreement

with the certified value and with results from other labo-

ratories. Values higher that 1 are computed for potassium

with respect to the certificate value, and for potassium and

lanthanum in comparison to Lab2 results; however, they

are perfectly comparable with Lab3 values. Other unsat-

isfactory scores are 1.3 and 1.9 for antimony and samar-

ium, respectively, with respect to Lab3 values, but they are

satisfactory, if compared with Lab2 values (scores of 0.13

and 0.90). In the case of relative bias, using data from the

certificate, lanthanum, antimony, scandium and uranium

show bias higher than 5 %.

The recovery of the relative method applied to entire

figurine samples is shown in Fig. 3. The concentrations

obtained in figurines were compared with those from the

analysis of powder extracted from the replicates that acted

as comparators. The percentage recovery of each element

in the sample was better than 90 %, good enough to assure

the reliability of the results obtained in the entire object.

The results of the analysis of figurine samples are shown

in Table 4 with its associated expanded uncertainty, which

was calculated combining the standard uncertainty of the

comparator mass calculation by k0 method and the standard

uncertainty of the entire sample calculation by the relative

method. It can be seen that the results obtained, include

some elements that have a remarkable differentiation dur-

ing the processes of formation of igneous rocks, namely

rare earth elements, Cr, Co, Th and Sc, which provide

Table 1 Characterization parameters of irradiation positions used in

the analysis by k0 method (pneumatic facility) and relative method

(radial channel)

Parameter Pneumatic (n = 6) Radial channel (n = 4)

uth (cm-2 s-1) 1.9 9 1013 7.5 9 109

uepi (cm-2 s-1) 3.3 9 1011 2.4 9 108

ufast (cm-2 s-1) 1.3 9 1012 4.7 9 109

f 58.0 ± 2.0 30.0 ± 1.0

a 0.038 ± 0.008 0.030 ± 0.004

Tn (�C) 45.0 ± 2.0 90.0 ± 2.0

Table 2 Relevant data applied for k0 standardization method in the

analysis of powder samples

Radionuclide Em (keV)a e (%)b Q0
c k0

c

76As 559.08 3.686 13.6 4.83E-2
131Ba 496.26 4.009 24.8 6.48E-5
141Ce 145.44 8.484 0.83 3.66E-3
60Co 1173.24 2.324 1.993 1.32

1332.5 2.113 1.993 1.32
51Cr 320.08 5.652 0.53 2.62E-3
134Cs 795.87 2.952 13.2 3.92E-1
152Eu 1408.0 2.017 1.25 9.36
59Fe 1099.25 2.428 0.975 7.7E-5

1291.6 2.166 0.975 5.93E-5
181Hf 482.0 4.096 2.52 4.56E-2
42K 1524.58 1.874 0.87 9.46E-4
140La 487.02 4.065 1.24 6.37E-2
177Lu 208.36 7.704 1.67 7.14E-2
24Na 1368.6 2.067 0.59 4.68E-2
86Rb 1076.69 2.461 14.8 7.65E-4
122Sb 564.37 3.663 33 4.31E-2
46Sc 889.25 2.766 0.43 1.22
153Sm 103.18 6.805 14.4 2.31E-1
182Ta 1221.41 2.258 33.3 6.45E-2
160Tb 879.36 2.784 1.9 9.42E-2
233Pa 312.01 5.769 11.5 2.52E-2
175Yb 396.33 4.758 0.46 3.12E-2
239Np 277.60 6.329 103.4 3.4E-3

a Main gamma rays of isotope measured [7]
b Relative efficiency calculated for GC 7019 detector [6]
c Nuclear data [8]
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Table 3 Results obtained in the quality control material NIST SRM 1633b coal fly ash and its comparison with results from other two

laboratories

Ele This work Certified values Lab 2 [9] Lab 3 [10] En1 En2 En3 Bias (%)

As 139.0 ± 7.0 136.2 ± 2.6 135.0 ± 1.5 133 ± 10 0.43 0.62 0.53 2.4

Ba 676 ± 70 709 ± 27 720 ± 13 720 ± 70 0.44 0.62 0.44 -4.6

Ce 188 ± 13 (190) 192.7 ± 2.1 186 ± 13 0.35 0.11 -1.05

Co 50.7 ± 2.7 (50) 49.6 ± 0.5 48 ± 4 0.41 0.57 1.4

Cr 198 ± 11 198.2 ± 4.7 196.0 ± 2.2 201 ± 14 0.004 0.20 0.15 0.02

Cs 11.20 ± 0.60 (11) 10.74 ± 0.14 10.2 ± 0.8 0.71 0.98 1.74

Eu 4.00 ± 0.20 (4.1) 4.12 ± 0.05 3.8 ± 0.3 1.0 0.30 -4.7

Fea 7.80 ± 0.40 7.78 ± 0.23 7.71 ± 0.090 7.5 ± 0.6 0.12 0.29 0.46 0.70

Hf 6.90 ± 0.40 (6.8) 6.82 ± 0.09 6.7 ± 0.5 0.33 0.39 2.2

Ka 1.80 ± 0.12 1.95 ± 0.03 1.949 ± 0.0220 1.83 ± 0.13 1.4 1.4 0.17 -9.0

La 84.0 ± 4.0 (94) 93.7 ± 1.0 82 ± 6 2.4 0.23 -11

Lu 1.14 ± 0.09 (1.2) 1.17 ± 0.027 NR 0.27 -4.6

Na 1970 ± 100 2,010 ± 30 2,011 ± 22 2,000 ± 140 0.38 0.40 0.30 -2.0

Rb 148 ± 10 (140) 145 ± 4 144 ± 12 0.34 0.05 5.7 6.0

Sb 5.10 ± 0.30 (6) 5.1 ± 0.08 5.8 ± 0.5 0.13 1.3 -15

Sc 44.0 ± 2.0 (41) 41.22 ± 0.44 40 ± 3 1.1 1.0 6.9

Sm 20.0 ± 1.0 (20) 19.17 ± 0.22 17.1 ± 1.2 0.22 1.9 0.35

Ta 1.74 ± 0.17 (1.8) 1.8 ± 0.04 1.71 ± 0.13 0.34 0.15 -3.2

Tb 2.70 ± 0.20 (2.6) 2.57 ± 0.06 2.7 ± 0.3 0.67 0.03 3.4

Th 25.4 ± 1.3 25.7 ± 1.3 25.64 ± 0.28 25.3 ± 1.8 0.14 0.14 0.06 -1.0

U 9.6 ± 1.5 8.79 ± 0.36 8.61 ± 0.22 8.7 ± 0.9 0.55 0.68 0.53 9.6

Yb 7.70 ± 0.60 (7.7) 7.62 ± 0.17 7.5 ± 0.6 0.14 0.25 1.4

Results expressed in mg kg-1 ± U

NR not reported
a (% ± U) (k = 2)
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information that reveals differences in the clay composition

[12].

Conclusion

The developed method and its application in the radial

irradiation facility to determine elements in entire archae-

ological objects showed reliable results and can be con-

sidered as a method that enhance the advantages of INAA

technique.

The set of elements determined is suitable to the purpose

of providing significant data related to provenance studies.
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