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Abstract

Combined external lon Beam Analysis (IBA) measunmeisieconsisting of
Proton Induced X-ray Emission — Proton Induced Gamnay Emission — Rutherford
Back-Scattering (PIXE - PIGE - RBS) have been paréal on several obsidian
fragments with archaeological significance at thessendorf Tandem accelerator
using a 3.85 MeV proton beam. A comparison was nad@een these external IBA
results and the ones previously obtained on theesalbsidian samples using Laser
Ablation — Inductively Coupled Plasma-Mass Specttign (LA-ICP-MS). The
purpose of the study was to assess the potent@igxternal IBA for provenance
studies on archaeological obsidian, especially asradestructive alternative to the
LA-ICP-MS method. As an example, the source attiou of an archaeological
obsidian fragment from Transylvania to Tokay Moums#Slovakian range flow is

discussed.
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1. Introduction

Obsidian (volcanic glass) was often used for toakimg especially during
Neolithic times. In the earlier phases of prehigtbrade items that archaeologists can
use for documenting indubitable contacts betwestadi human communities were
very rare. Obsidian artefacts, beside gold and eoppjects, were sometimes found
in archaeological sites located at great distarficas potential natural sources. An
interesting example is that of Via (Yugoslavia) sites, where some of the obsidian
fragments discovered came from Melos, an Aegeandsiwhile others were from the
Tokay Mountains [1]. Obsidian raw materials and -pnoblucts were valuable
commodities in Neolithic period, so they were thdaver appreciable distances
during those prehistoric times. Since obsidiaigtl in a limited number of volcanic
districts, it is an ideal material for source aratle routes identification [2].

To trace back the geographical source of obsididefacts, physical and/or
chemical properties of the material must be deteechi Different variables might
help to discriminate between sources. The dateugdten in which the obsidian was
formed is one such parameter and the fission—tracklysis method of age
determination is such an approach [3-5]. Howevemdp a dating method, fission-
track analysis has its limitation: two geograpHicakmote eruptions might have
taken place simultaneously. In such cases, therdetation of a further parameter,

for example the uranium content of obsidian sampidsch is an integral part of the



fission-track analysis technique, may be usefulsupplementing other criteria
available for identification [3].

The alternative approach in archaeological obsidi@search is the
determination of the elemental composition. Takingp account that obsidian
artefacts are well preserved in most archaeologicatexts, that sources are limited
in number and, in most cases, compositionally hanegus, that the compositional
variability between different obsidian sources ighh it is then possible to link
artefacts with great confidence to individual segrcising elemental analysis. Up to
now, many different analytical techniques have bemployed in order to determine
the elemental composition of obsidians, each amnthaving its own advantages and
drawbacks. A compilation of the typical concentrai ranges for each element
contained in obsidians was given in the review p@le and it is presented in table 1.
These data were obtained using the three majorytaca! techniques that, until
recently, dominated the field of obsidian resealdoltrumental Neutron Activation
Analysis (INAA), X-ray Fluorescence (XRF), and R&# Induced X-ray Emission
(PIXE) [6].

The use of nuclear activation methods, such as IN#k#él/or Fast Neutron
Activation Analysis (FNAA) using a cyclotron hasettadvantage that a relatively
broad range of elements can be determined with $egisitivity. The limiting factors
are the remnant radioactivity of the sample andréduiced availability due to the
decreasing number of the nuclear reactors in aperf?, 7-9]. XRF analysis, both in
Energy Dispersion (ED-XRF) and/or Wavelength Dispar (WD-XRF) modes has
often been employed in studying obsidians due g@ostmplicity and relative rapidity
of the method [10, 11]. Electron Probe Micro-An&#y§EPMA) using wavelength

(WDS) or energy dispersive spectrometers (EDS) laégb been applied to



characterize obsidian. This method has been usedn#&dyze large numbers of
archaeological artefacts since only a tiny (1-2 miameter) sample needs to be
removed, sample preparation is minimal, and fullamitative measurement of all
major and minor elements is possible at a verypewsample cost [12-14]. Another
analytical approach was put forward by the Debregenp (ATOMKI, Hungary) that

used micro-PIGE (Proton Induced Gamma-ray Emissmtl) a CLOVER-Ge-BGO

detector [15]. These authors used the concentsabbhight elements (e.g. F and Na)
to plot bivariate graphs, obtaining distinct clusteor different obsidians sources [16].

During the last few years, the application of masgsectrometry with
inductively coupled plasma as an ion source an@ssociation with laser ablation
(LA-ICP-MS) has increasingly been applied and pdbve represent a very rapid,
highly sensitive technique in obsidian charactéira However, this method offers
punctual results and has the disadvantage of ngeatater pits with diameters of the
order of tens or even hundreds of microns, i.e. rtfethod is not entirely non-
destructive [17, 18]. Alternative non-destructivectiniques, such as external lon
Beam Analysis (IBA) (see below) could be of vitatarest for analytical work on
unique artefacts made of obsidian.

Europe is an interesting area for archaeologicalidmin research, because
obsidian-bearing volcanoes are very few in thisggaphical area, being located far
one from another. Such volcanoes are found in dtahan and Aegean islands and in
the Tokay Mountains - North-Eastern Hungary andtétasSlovakia. Armenia and
Anatolia are other potential - i.e. geographicatlpse enough - sources for the
archaeological obsidian found in Europe.

The very few archaeological obsidian artefacts tbimTransylvania (North-

Western part of Romania) are a particularly intimgucase for Romanian historians as



there is no obsidian source in Romanian Carpatihianntains [1]. Previous studies
on Transylvanian archaeological obsidians foundlifferent locations, using ED-

XRF for the determination of heavier elements ahdEPfor elements of medium

atomic number, attributed those obsidians to ont@®ftwo Tokay Mountains flows.

This approach resorted to discriminating diagrafmsioed by plotting Nb/Zr, Ba/Ce,
Ti/Mn, Rb/Zr and Y/Zr ratios. Given the large numlné samples analyzed, distinct
clusters were formed [19].

Some geological obsidian samples coming from the flews of Tokay
Mountains were previously analyzed using the LA-KZB method [16]. This was
proved to be, as already stated, a highly senstiebnique, offering a complete
chemical characterization of the obsidian in a faghner.

The present work was aimed to determine whethemdirely non-destructive
analytical approach can be provided for obsidiaaratterization, giving results good
enough to allow a confident attribution of the gmald samples to specific sources.
Among the different non-destructive analytical noeth used to characterize obsidian,
the combination of PIXE and PIGE can provide an asimcomplete elemental
composition (major, minor and some trace elemesft)e obsidian outermost layers.
Because obsidians are remarkably homogeneous knalodl in surface, except for an
outermost micrometric hydration layer with an iraged amount of water in it [20],
the results obtained by the combined PIGE-PIXE wouthshould be relevant for the
whole sample.

An archaeological obsidian sample coming from thad®a region (North-
Western Transylvania) was analyzed in order to béista its provenance. The
excavation site of this archaeological artefacsitsated 250 km from the Tokay

Mountains, which, taking into account the previstigdies [19], can be considered as



the nearest and the most probable source. Furthmeyitin@re are two distinct obsidian
flows very different in composition in Tokay Mouita: one in Slovakia and another
in Hungary. Our intention was to check if our amblagical sample could be

attributed to one of these two flows.

2. Experimental

The application of lon Beam Analysis (IBA) to thieidy of cultural heritage
has led to the development of a specific experialesgt-up, the external beam, which
makes it possible to analyze the artefacts at gihwg pressure, thus avoiding
sampling or the harmful effects of vacuum irradiatias is the case for insulating
samples. The main advantage of the combined extBAamethods is the fact that
objects of any shape can be analyzed without sagfitil, 22].

PIXE is the basic analytical technique currentlyplagal in external beam
mode, due to its high sensitivity permitting measuents with very low ion fluency
and thus diminishing the risk of beam induced dam&tpwever, one must keep in
mind that it is not applicable to light elementsf4.3). In order to solve this problem
for silicon based matrices it is advisable to adgiray detector to the experimental
set-up when studying glasses of any type. Thisctiategecords the prompt gamma
rays emitted by the sample as a consequence arpbmtmbardment. In addition, a
RBS detector can help determine the presence asslbbp the depth profile of the
near-surface elements, except for H. In this waemtial surface abrasion and/or
surface contamination can be searched out.

The Rossendorf external beam set-up can simultashealetect the PIXE,

PIGE, and RBS signals emitted by the proton-bondshbject. The focused proton



beam ¢ 1 mm in diameter) was provided by the 5 MV Tandaeroelerator of the
Rossendorf Research Centre. Outside the vacuunexteenal proton beam travelled
3 cm to the target, being continuously flooded hebum gas stream to minimize the
energy losses. The paths of the X-rays and badksedtprotons were also kept under
helium atmosphere to obtain minimum effects of ¥-rabsorption and proton
stopping as well as to prevent the emission of glacaAr K radiation from air.
Moreover, the gas stream prevented heating of tiaéyzed object - an insulator in
our case. The proton energy on the target was [@&8. Careful proton irradiation
was performed using low beam currents 500 pA), under computer-controlled
exposures~ 10 minutes). The set-up comprised two X-ray detsct one for low X-
ray energies (PIXE1l) and another for higher X-rayergies (PIXE2) - a high
efficiency HPGe detector for PIGE and a PIPS detetdr RBS. PIXE1l was a
standard Si(Li) detector of 12 mirorystal area positioned at I°3&ith respect to the
incident beam and ddE=170 eV at 5.9 keV resolution. It was used to celighter
elements (Z13). The PIXE2 Si(Li) detector had an active aré:8® mnf being
positioned at 148backwards and having a resolutibB=160 eV at 5.9 keV. It was
implemented to determine the heavier elements £56). The HPGe detector, having
60% relative efficiency and 1.9 keV resolution a@33LMeV, was positioned at 52
backward direction. The main prompt gamma raysltiagurom (p, pg) reactions on
obsidian were: 440 keV for Na, 1014 keV for Al, @79 keV in the case of Si [23].
The simultaneously measured spectra of X-rays,ghest and gamma-rays
were stored and evaluated by special computer acdtwlhe PIXE spectra were
analyzed using the GUPIX [24] software packagehiokt target option, whereas the
RBS spectra were simulated by means of the RUMFR ¢@8]. A more detailed

description of the complex experimental set-upiiem in refs. [21] and [22]. To



calibrate the set-up, glasses of known compositsamged as reference materials for
PIGE. The PIXE detectors were calibrated using hneteargets from Goodfellow
Cambridge Limited.

The elemental concentrations were deduced stdrting a PIGE based matrix
of the light elements Si, Na, and Al, while O walded using the corresponding
stoichiometric ratios. After that, this matrix waput into the GUPIX routine for the
PIXE1 detector producing an improved matrix, whiobntains the oxides of the
minor elements - K, Ca, Ti, Mn and Fe. As a fintps this matrix was completed
with the trace elements given by the PIXE2 detecidre detailed procedure for
elemental concentration determination is descrédsewhere [26].

Before measurments, all the samples were carefudghed with alcohol
ensuring an acceptable degree of superficial dlezss.

To test the performances of IBA approach, measunesngere done on two
obsidian fragments, one coming from Tolcsva, in lthengarian Tokay Mountains
and another from Vinicki, in the Slovakian Tokay Whains, which had been
previously analyzed by LA-ICP-MS at IRAMAT, “Centréde Recherches Ernest
Babelon”, Orleans, France [16]. The instrumentati@s a VG Plasma Quad PQXS
(an inductively coupled plasma mass spectromete)eavVG UV Laser (a probe laser
ablation sampling device). The laser beam was g#gby Nd:YAG pulsed laser the
frequency of which was quadrupled to make it omenmatthe ultraviolet region at 266
nm. The laser beam was focused onto the samplacguthrough the window of a
guartz sample cell. The diameter of the laser beas adjusted by a set of ceramic
apertures and optical lenses, leading to ablatiatec diameters ranging from 20 to

200mm. The repetition rate of the laser could be vaftech 1 to 10 Hz. Small crater

pits of 40mm were made for major element determinations argfecrater pits from



80 mm to 100mm were made for minor and trace elements. Thewasl flushed by
approximately 1.2 I/min of argon carrier gas. Théated aerosol was carried through
a nylon and tygon tubing to the injector inlet lo¢ plasma torch where the matter was
dissociated, atomized and ionized. After passimguidjh an aperture system, the ion
beam was extracted and focused by a series ofdridal electrodes and then selected
depending upon their mass-to-charge ratio by argpate mass filter and collected
by a channel electron multiplier assembly. For aemetailed description of the LA-

ICP-MS set-up, the reader is referred to [17, 18].

3. Results and Discussions

Table 2 contains the elemental concentrationsimddaby IBA using the
external proton beam for both geological samplesic8va, Vinicki) and the
archaeological obsidian from Oradea region (Trar@yhk). The combined standard
uncertainty for the major elements is less than w#ereas the one for trace elements
is of the order of 10%.

Figures la and 1b show some typical spectra fer RiKE1l and PIXE2
detectors, the ones measured for the archaeolagpsadian from Oradea. The spectra
illustrate the gain in sensitivity for the highereEements when using PIXE2 detector.
In figures 2 and 3, PIGE and RBS spectra for thmesarchaeological obsidian
sample are presented.

An interesting situation was met when dealing wilg determination in
obsidian using PIGE. Taking into account [23], thest intense gamma-ray lines
resulting from the bombardment of Mg with 3.85 MeYbtons are the following:

1369 keV, 1612 keV, 585 keV, and 1809 keV, respebtj while in the case of Al,



these gamma-ray lines are to be found at 1014 Bd¥, keV, 1369 keV and 2211

keV, respectively (in each row the most intense ivas quoted the first). Obviously,
in samples containing both Al and Mg - as is theecaf obsidian - an interference of
Al and Mg signals at 1369 keV might be observedrédwer, analyzing the data in
table 1, the typical concentration of Al in obsidia of the order of a few percents (5-
12%), while Mg is to be found in much lower amougmeaximum 2500 ppm). In our

experiment, additional measurements were perforomepure Mg and Al targets, and
the above mentioned 1369 keV superposition wasnpoitevidence. Compared to the
pure Al target, no significant increase of tipkne intensity ratio 1(1369 keV)/I(1014

keV) was obtained when analyzing the obsidianss Tédl to the conclusion that the
superimposed Mg signal was very small. Taking exdoount the additional fact that
the othergray lines of Mg, in particular the ones at 161¥ lend 1809 keV (the 585

keV line is in a part of the spectrum with high kgiound) did not appear in the
obsidian PIGE spectra, it was decided that the Mgcentration in the analyzed
obsidians was too low to be detected using PIGE.

The Tokay obsidian sources are located in major rmmor rhyolite bodies
distributed in a relatively wide area cut by thegant Hungary — Slovakia border.
Although the total amount of glass produced by ipldteruptions was relatively
small, these obsidians are very important becawsg dre the unique natural sources
of raw material recognized in Central Europe [Z)eTarchaeological obsidian found
in Oradea region and that from the Slovakian TokBuntains are very similar in
composition. This can be deduced from figures 4h4n where the concentrations of
all determined elements for these samples were w@sedoordinates. A good
correlation (calculated correlation coefficienf=R.99) between the data can be

observed. Taking into account these findings, tlstrlikely source for this Oradea
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archaeological obsidian of questionable originhe Slovakian flow of the Tokay
Mountains.

According to the well-known Locard’s criminologicatPrinciple of
Exchange”: ‘every contact leaves traces’, when @y objects come into contact
there is always a transfer of material from eadedaon to the other [27]. Surface Ca
and P contamination, if any, can be attributeddonds or wood the obsidian was in
contact with during its use [28, 29]. The RBS speutfor the archaeological sample
revealed no contamination on the surface. In pddi¢c no surface layer of Ca and P
was determined - see figure 3, where the calculatiegs for Ca and P are indicated,
but the corresponding elements were not deteateconclusion, it is very likely that
the archaeological obsidian was used as a weapbna@mas a cutting tool, or it was
not used at all by ancient peoples.

It is interesting to compare the results obtaingdhe combined external IBA
methods and the ones previously obtained with LR-I@S [16]. LA-ICP-MS was
chosen to characterize these samples, because lasthifew years, it has emerged as
the technique of choice in obsidian studies, reptathe traditional combination of
XRF and INAA [17, 18], due to the large number E#neents determined with a high
sensitivity and in a relatively short time.

The concentrations obtained through LA-ICP-MS asted in table 3, while
table 4 gives supplementary data on elements detednby LA-ICP-MS only. The
data in table 4 were not used for the comparisdawden external IBA and LA-ICP-
MS, because these elements could not be deterrnindee external PIXE-PIGE-RBS
set-up. It is worth mentioning that the sampleslymeal by LA-ICP-MS were
contemporary geological samples of no value foreaoscurators. Figures 5a, 5b, 6a

and 6b reflect the agreement (correlation coefiici®=0.99) between the results of
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the two experimental approaches - LA-ICP-MS ancem! PIXE-PIGE - when
analyzing one and the same sample.

Taking into account the above results, the follapguestion naturally occurs:
which approach had better be used to deal withaaalbgical obsidians — external
IBA methods, in particular PIXE-PIGE combinatiom,LaA-ICP-MS?

It is obvious that LA-ICP-MS provides highly semgit results - see table 5,
showing the detection limits for LA-ICP-MS, as giva [17]. The detection limits in
LA-ICP-MS range from a few tenths of ppb to somenpmepending on both the
measured isotope and the size of the laser spptLlR]7Moreover, a large number of
elements can be determined.

As proven in many papers dealing with obsidian istidbivariate plots of
certain elements concentrations - either major,omor traces - [9-14, 16], are good
enough to solve provenance issues. In these adetestion limits of the order of ppm
proved to be sufficient for a confident sourceilatttion. If one tries to discriminate
obsidian sources on a bivariate element-to-elernasis, rare earths elements (REE),
detected with a good sensitivity by LA-ICP-MS -rtad out to not be important
discriminators. However, it has been shown thamintivariate statistical analysis,
another frequently employed approach in obsidiaa deduction [7, 12-14], there are
cases where even vectors with low characteristatges can be useful, and, for this
reason, REE or any other very low concentratiormel@s contribution could be
therefore essential [30].

Despite all the above-mentioned advantages, LANMS3’-has the main
drawback of being partially destructive. Small ergpits of the order of tens or even

hundreds of microns are produced into the samfl&si8].

12



When investigating unique archaeological finds, hswas obsidian arrow
apexes, blades, scrapers, ornament objects orthry rehistoric tools ‘carved’ by
the ancient peoples, one has to meet the curatetsknown requirement that objects
should be analyzed without any kind of destructiDinere are even strong legislative
provisions stressing that any investigation onuraltheritage objects has to be made
avoiding any damage. The external IBA approach des@mppropriately with the
non-damage prerequisite. There is no need for sagipho discoloration or other
modification due to irradiation takes place duriagalysis, and no radioactivity is
induced. The combination of PIXE-PIGE techniquesvates analytical results that
are accurate and sensitive enough, to offer anstwersbsidian source attribution
questions. Minimum detectable amounts down to ¢vellof ppm can be attained -
see table 5 that also shows the detection limith@fPIXE-PIGE set-up used in this
paper (only for the elements detected in this erpatt). In particular, concentrations
of Rb, Sr, Y and Zr, some of the most sensitivecairs for discriminating obsidian
sources, very often used as source attributiortiftEns [11], can be determined with
enough accuracy and sensitivity to allow confiderdvenance conclusions. Due to
the homogeneous structure of obsidian (there ateally no mineral inclusions)
external IBA results determined for the first tesflsmicrometers in depth of the
samples can be generalized for the whole objed¢hithway, combined external IBA
(i.e. simultaneous PIXE-PIGE) can therefore contditan effective non-destructive
approach for determining the provenance of arcloggmdl obsidian finds by

elemental analysis.
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4. Conclusions

Starting from the fact that a completely non-degime procedure is
mandatory if the characterization of archaeologataidian finds is under study, the
present work proved the usefulness of the extelBAl methods for provenance
studies of obsidian. In particular, based on tleneintal composition obtained using
external PIXE-PIGE, it was possible to link an @eblogical obsidian sample to the
Slovakian Tokay Mountains source. A good agreenaars found between the IBA
experimental results and the corresponding onesairddt by LA-ICP-MS.
Concluding, the advantages of the external PIXEERRBS approach are the non-
destructivity and its satisfactory sensitivity &t the determined elements, leading to

a confident source attribution of the obsidians.
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Figure captions

Figure 1: Archaeological obsidian sample (Oradésg)jow X-ray energy section of
the PIXE1 spectrum, (b) high X-ray energy PIXE 2&pum.

Figure 2 - Archaeological obsidian sample: PIGECHpen.

Figure 3 - Archaeological obsidian sample: RBS spet

Figure 4 - Comparison between the elemental coratgts for the Oradea obsidian
sample and the ones for Slovakian Tokay Mounta¥isi¢ki) sample: (a)

concentrations of trace elements expressed in gpjngoncentrations of
minor and major elements expressed in weight p&cetine inset shows a
magnification of the lower left corner.

Figure 5 - Comparison between the concentratiortairsdd by the combined IBA
methods and LA-ICP-MS for the Hungarian Tokay Maimé (Tolcsva)
obsidian: (a) trace elements expressed in ppnoxides of major and minor
elements expressed in weight percents - the ifgets a magnification of
the lower left corner.

Figure 6 - Comparison between the concentratiortairdd by the combined IBA
methods and LA-ICP-MS for the Slovakian Tokay Mains$ (Vinicki)
obsidian: (a) trace elements expressed in ppnoxXides of major and minor
elements expressed in weight percents - the ifmgets a magnification of

the lower left corner.
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Tables

Table 1 - Typical composition of obsidians as giuefb].

Table 2 - Elemental concentrations determined kgraal IBA - values for matrix
and minor elements are given in weight percentssetor trace elements in
ppm.

Table 3 - Measured concentrations in obsidians fileenHungarian (Tolcsva) and the
Slovakian (Vinicki) Tokay Mountains. The results ekternal IBA are
compared with those of LA-ICP-MS. Oxide concentmasi are given in weight
percents and trace element concentrations in ppm.

Table 4 - Contents of additional elements in theidibns from the Hungarian
(Tolcsva) and the Slovakian (Vinicki) Tokay Moumtsj determined only by
LA-ICP-MS - the numbers are given in ppm.

Table 5 - Detection limits for LA-ICP-MS, as givem[17], and detection limits for
obsidian analysis by IBA for the Rossendorf exterb@am detector

arrangement.
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Table 1 - Typical composition of obsidians, as giue[6].

Element Concentration range
Si 25-40 %

Al 5-12 %

Ca 0.1-6 %

Fe 0.1-10 %

K 0.5-6 %

Na 1-5%

Ti 0.04-2 %

As 1-250 ppm
Ba 5-2500 ppm
Br 0.1-8 ppm
Ce 10-350 ppm
Co 0.1-2 ppm
Cr »7 ppm

Cs 0-50 ppm
Cu 1-30 ppm
Eu 0.4-4 ppm

F 300-5000 ppm
Ga 5-70 ppm
Gd 0-38 ppm
Hf 1-50 ppm

In »0,04 ppm




La 20-150 ppm
Lu 0,2-3 ppm
Mg 1-2500 ppm
Mn 100-3000 ppm
Nb 1-300 ppm
Nd 5-120 ppm
Ni 2-25 ppm
Pb 1-85 ppm
Pr 1-50 ppm
Rb 40-700 ppm
Sb 0.2-2 ppm
Sc 0,2-10 ppm
Sm 3-30 ppm
Sr 1-1250 ppm
Ta 1-20 ppm
Tb 0.3-5 ppm
Th 1-100 ppm
Tm »0.3 ppm

U 1-5 ppm

Y 0-200 ppm
Yb 1-50 ppm
Zn 10-600 ppm
Zr 15-2200 ppm
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Table 2 - Elemental concentrations (given in weBghfior matrix and minor elements and in ppm focéralements).

O

wit%

Na

wt%

Al

wt%

Si

wit%

wt%

Ca

wit%

Ti

wit%

Mn

wt%

Fe

wit%

Cr

ppm

Zn

ppm

Ga

ppm

As

ppm

Rb

ppm

Sr

ppm

ppm

Zr

ppm

Ba

ppm

Tolcsva

49.64

3.02

6.88

34.66

3.95

0.66

0.06

0.03

0.99

32

46

16

19

201

85

29

123

475

Vinicki

49.90

2.78

6.60

35.28

3.89

0.64

0.04

0.03

0.73

29

15

16

187

74

35

66

655

Oradea

50.29

2.86

6.63

35.88

3.20

0.45

0.03

0.03

0.57

25

13

15

201

60

22

69

202
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Table 3 — Oxide concentrations given in weight pets, and the trace elements in ppm.

NaO | Al,O0; | SIO, | KO | FeOs | TIO, | Ca Mn Zn As Rb Sr Y Zr Ba
wt% | wt% |wt% |[wt% |wt% |[wt% |wt% |wt% | ppm | ppm | ppm | ppm | ppm | ppm | ppm
Tolcsva 414 |13.22 7522|500 132 |0.10 |[0.66 |0.03 |46 19 201 85 29 123 475
PIXE-PIGE
Tolcsva 358 1490|7450 411 |143 |0.08 |[098 |0.03 |52 7.5 221 75 34 138 729
LA-ICP-MS
Vinicki 3.78 |12.61|76.50 | 5.09 |0.98 |0.07 |0.64 |0.03 |29 16 187 |74 35 66 655
PIXE-PIGE
Vinicki 3.48 | 13.30 |76.804.10 |1.19 | 0.06 |091 |0.03 |27 6 179 55 20 52 407
LA-ICP-MS
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Table 4 — Contents in some other elements, detednonly by LA-ICP-MS on the Hungarian (Tolcsva) as8hbvakian (Vinicki) Tokay

Mountains obsidian samples. The numbers are givepin.

Tolcsva Vinicki

P.Os 516 387
Li 70 12
B 60 42
Mg 444 389
\% 1.6 0.9
Nb 19 11
Sb 0.4 0
Cs 9.9 9.6
La 41 24
Ce 81 49
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Table 5 - Detection limits for LA-ICP-MS (as given[17]), and for PIXE-PIGE of

the set-up in this paper.

Element Detection limits (ppm) Detection limits (ppm)
LA-ICP-MS PIXE-PIGE

Li 5 Not detectable

B 2 Not detectable

Na 1100 70

Mg 4 Not detectable

Al 45 200

Si Not given in reference [17]| 200

P 60 Not detectable

K 300 50

Ca 200 200

Sc 3 n. c.*

Ti 4 40

\% 0.5 n.c

Cr Not given in reference [17]| 15

Mn 2 15

Fe 130 10

Cu 20 n.c

Zn 2 2

Ga Not given in reference [17]] 2

! Not calculated, because it was not found in theymed samples
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As 5 15
Rb 2 4

Sr 0.3 2.5
Y 0.5 9

Zr 3 6
Nb 0.3 n. c.
Sb 0.2 n.c
Cs 0.5 n.c
Ba 0.08 200
La 0.06 n. c.
Ce 0.5 n.c
Pr 0.03 n.c
Nd 0.13 n. c.
Sm 0.35 n.c
Eu 0.04 n.c
Gd 0.4 n. c.
Tb 0.04 n. c.
Dy 0.2 n. c.
Ho 0.06 n. c.
Er 0.16 n. c.
m 0.06 n.c
Yb 0.1 n. c.
Lu 0.04 n. c.
Hf 0.02 n. c.
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Ta 0.05
Pb 0.1

Th 0.07
u 0.05
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