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PREFACE

PREFACE

The claim to the understanding of our surroundings and predecessors ha
already been existed at the dawn of our civilization, hence ttte dfigeology
and archeology can be dated to very early times. Howevenqrfgrtimes, these
sciences were restricted to observations, sometimes quetgidhabries and
interpretations which were not supported by experimental data eeuise
measurements.

Reliable analytical study of geological objects was started only atithe m
of the 19" century by the introduction of the petrologic microscope and wet
chemical methods, while the so-called "New Archeology”, whicimted to
support the archeological methods and theories with an exactifsciBame,
began in the 1960's. From this time on, powerful physical techniques like
radioactive age determination methods, magnetic and electristivigs
surveying, etc., have also been gradually involved into the aralytic
investigations to gain as much information, and to give as pretirpretations
as possible.

The appearance of ion beam methods in archeology and geology can be
dated to about 50 years back, but it became widely used only i9#iEs. The
ion beam techniques can give wide variety of information orstindied objects
including compositional, lateral and spatial distributions and hawnelestructive
capabilities, which makes them comprehensively useful iheatogical and
geological research.

In the Institute of Nuclear Research of the Hungarian Acadefy
Sciences (ATOMKI), the first application of ion beams infie& of archeology
was in 1994 when roman glasses were studied by Proton Induced X-ray Emission
(PIXE) and Proton Induced Gamma-ray Emission (PIGE) techn[§oe84].

Since then, enormous developments (installation of a scanning noiceopr
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facility and various kind of radiation detectors) were earmout, and nowadays
the ion beam analysis is routinely used.

This work includes interdisciplinary ion beam research in MKQD It
shows how the ion beam based analytical techniques can helpstbeds@arch
of geology and archeology and demonstrates how they relate bgleksios and
prompt methodological developments and measurements of fundamental
parameters required for analytical purposes.

In chapter 1 a short summary of the principles of the applied iam bea
techniques (PIXE /Particle Induced X-ray emission/ and somA KNRiclear
Reaction Analysis/ methods) and their realization in praciicthe ATOMKI
nuclear microprobe is discussed. It also contains the authortibation to the
technical and experimental improvements in a longer form
(subchapters 1.3.1 and 1.3.2). Chapter 2 includes specific applications of ion
beams in the field of geology and archeology carried out by myastdf my
cooperators. Detailed description of the problems, the given amsamer the
conclusions are drawn as well.

I would like to thank the many people at the Section of Electiostat
Accelerators who made it possible to realize this work. My \special thanks
are due to my supervisor, Arpad Zoltan Kiss who always helpeduspubrted
me. | am also grateful to my archeologist colleagues, KafalBir6 and Tamas
Gesztelyi and geologist cooperators Gyuladszind Péter R6zsa who raised
exciting problems and were always ready for discussion. Firadlguld like to
acknowledge the assistance of some members of the ATOMKdrcbse staff,

namely, Gyula Hegyesi, J6zsef Molnar, Attila Krasznahorkay and Jang8sG
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1. THEATOMKI NUCLEAR MICROPROBE AND THEAPPLIEDMETHODS

1. THE ATOMKI NUCLEAR MICROPROBE AND THE

APPLIED METHODS

In this chapter the ATOMKI nuclear microprobe and the techniques
applied in this work are described with an emphasis on my contnibtbi
methodological developments carried out in the past five yasvand the
microprobe and on my results achieved in the improvements of thersepeal
techniques.

Subchapter 1.1 begins with a brief introduction to the corangptheory
of the nuclear microprobes and continues with the presentatidre akalized
instrument at our laboratory.

Subchapter 1.2 is a short summary of the PIXE method. Its gaa@pe
first detailed, then its practical implementation at the ogicsbe facility is
described

Subchapter 1.3 is about those NRA technigues, namely, ion-ion and
ion-gamma reactions, which were used in the analytical inatistigg. At the
beginning the theory and concepts of these methods are discudsiés, w
subchapters 1.3.1 and 1.3.2 deal with the installation and application of a
Clover-Ge-BGO detector system and my study on the role of destén ion

beam analysis respectively.

' In one case (analysis of Roman gems in subchapter) the macro-PIXE setup of
ATOMKI was used. Nevertheless, it is not connectigdngly to the subject of the thesis,
therefore it is discussed in the corresponding lsapter.



1.1THE ATOMKI NUCLEAR MICROPROBEFACILITY

1.1 THE ATOMKI NUCLEAR MICROPROBE FACILITY

Principles

The instrument which provides chemical information on a sampleawit
certain lateral resolution is called a microprobe [Che81]onder to get this
information, the samples should be irradiated with some sort t€lpar In the
case of nuclear microprobes, these particles are ions, and éhsypglied by a
particle accelerator.

The schematic layout of a nuclear microprobe is shown in Figute 1.1.
The ion beam from the accelerator is transferred to an apétheeso-called
object slit). The demagnified image of the aperture generatetiebjocusing
lens is imaged on the surface of the sample over which the @&n lsescanned
in order to explore the lateral distribution of the elemeht® elemental maps
can be produced by storing and plotting the information on the beanopasitil

the emerging radiation in a two-dimensional graph using, e.g., a suate for
the different intensities.

g focusing
E aperture lens
L
§ beam scanning
tra.n Bl unit sample
T units Y *
ij::::::::::::‘? = D
A K
analyzing
magnet

Figure 1.1.1 Schematic layout of a nuclear microprobe
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The ATOMKI nuclear microprobe facility

The ATOMKI nuclear microprobe was installed in 1994. The
paper [Raj96] deals with the installation and contains detailedtigiésn of the
facility, therefore only some important features are recalledihexshort way.

For the production of ion beams, the 5 MV single ended Van de Graaff
accelerator of ATOMKI is used. The microprobe is located aOtheeamline,

which is shown in Figure 1.1.2.

o B o 8
Z & 2 = = B
[STNSY ey ) = o = E
T E = & 0% <7 ;v B ‘é & Egﬁ é %
g§ § 38 XX g N g = R} et
2 2 8 KOO & ! 2 £ T N ©
R SRR

i | .
e L e

ol OO K |
1| =i
T
I

g

a

=

g

?

\ / fi=t

- =

d ™ ~ = \& comcrct:':5

L <

Figure 1.1.2 The ATOMKI nuclear microprobe beamline

After passing the beam shaping and focusing system (olijecbiimating slit,
magnetic quadruple doublet), the ions enter the target chairhigergcently
modified version of which can be found in[Uzo01]) and hit the
sample (Figure 1.1.3). The specimen is adjusted with an XYZ atasl
manipulator of 5-1Qum precision. The smallest attainable focus fsrix 1um,
while the largest scan size is 2500 x 2500um.

The beam current is measured by a small beam chopper @Etted
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insulator
mechanical interface

PGT Si(L1)
BNC plugs

microscope with
a CCD camera

alternative place
of the microscope
(above the beam)

Canberra Si(Li it
Ly \ mechanical interface
insulator

Clover-Ge-BGO
detector system

Figure 1.1.3 The ATOMKI nuclear microprobe sample chamber

entrance hole of the chamber. The ions scatter back from theofihg chopper
into an annular surface barrier semiconductor detector atvlii9tespect to the
beam direction. The calibration of the particle yield igiedrout using a micro
Faraday-cup with an entrance hole of about |3@JBar00]. The usual beam
currents are 30 pA and 1 nA atufh x 1um and 1Qum x 10um beam sizes
respectively.

For the optical observation of the sample, a microscope e@lLipiple a
colored CCD camera is situated at 0° with respect to thenlgirection. This
microscope can also be mounted at 180° when thick samples are analyzed.

In order to prevent the charging up of insulating samples, amogiegin
is used during some measurements. The necessity of this deexglained in

subchapter 1.2.
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For the detection of the radiation induced by the particle yetimg the
sample, the nuclear microprobe is equipped with the following detectors:

The X-rays leaving the sample are detected by two Si(Ligctlats
symmetrically placed at 135° with respect to the beam dwecth detailed
description of the set-up can be found in subchapter 1.2.

For the detection of charged particles, moveable surfacgetba
semiconductor detectors are used, which is described in subchapter 1.3.

The gamma-rays are detected by Harshaw Ge(Li) or Canbe@Ga HP
detectors and recently a Clover-Ge-BGO detector system.d&tails of this
topic is discussed in subchapter 1.3.

The analytical methods based on the detection of different lohds
radiation mentioned above and their application in the inteptiisary analyses
are highlighted at the end of their detailed description in Table 1.3.1.

An Oxford type OMDAQ data acquisition system [Gri94] is used for
generating the so-called elemental maps and for controllingdaening unit.
The X-ray, gamma-ray and particle spectra are stored by nafaNsicleus
ADCs independent of each other.
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1.2 PARTICLE INDUCED X-RAY EMISSION

Principles

Particle induced X-ray emission is a multi-stage process. ibhe
approaching the atom with considerably high kinetic energyt fireates
vacancies in the inner electron shells of the target,atwen these vacancies are
filled up by outer shell electrons. The excess energy are takay lay either
photons or Auger electrons. The emitted photons are named s$oetlaitial and
final state of the atom are taken into account. In Figure 1.2.fn¢is¢ common
transitions are plotted. The energy of the radiation is chaistiteo the atomic

number of the target atom.

K ¥y YyYYyy

Kg

Figure 1.2.1 Some common X-ray transitions
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The yield of an X-ray peak is proportional to the concentratiothef

respective element and can be given by the following formula [Sza89, Joh88]:

Vvlm = g(EIm)T(EIm)[j
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the number of the bombarding particles with endggy

the Avogadro's number

the concentration of the elemérin g/g

mass of the atomin AMU

the solid angle of the detector

the efficiency of the detector

the transmission of the absorbers placed between the sampieeand
detector

the initial bombarding energy

X-ray production cross section of the limeof the elemenit

the stopping power in the sample at endtgy

the mass absorption coefficient of the sample for X-rays of ekgrgy
the angle between the normal of the sample and the direftithe
projectiles

the angle between the normal of the sample and the dirauftithe
detector

the outgoing intensity of the radiatidm in the direction of the
detection S excited in the total volume of the sample by the

radiationij of unit intensity in deptiX(E).

For the detection of X-rays, Si(Li) semiconductor deteaoesused with

a typical energy resolution of 140 eV at 5.9 keV. Their ifficy is the largest
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between 4 and 15 keV. The low energy limit of the detection syralggiends on

the material and thickness of the detector entrance windowhwhicommonly
made from beryllium (because its atomic number and, consequently, its
absorption for X-rays is small, and quite thin window can loelyoced from it),
partly employed to prevent the detector from the scattered idmshwan
deteriorate the semiconductor crystal, and partly to maintgoum in the end
cap. In front of the detectors, some absorption filters asm gftaced to reduce

the intensity of major or disturbing X-rays, thus decreasinglétection limit of
other elements.

If we plot the X-ray yield as the function of target atomic bamfor a
usual detector and bombarding energy (Figure 1.2.2), we can obsentbetha
yield is the largest in the range 13<Z<30 fqrltes and 60<Z<80 for Llines.
(Recently, ultra thin, polymer windowed detectors are also prddwbere this
graph is slightly different.) The position of the sharp drop at the Idwambers
depends on the detector efficiency, while the gradually deogeéshdency at
the higher atomic numbers is the consequence of the fall obniaiion cross

section.

2 MeV proton
10 K

1081

Yield
S
I
/ i

106_

105_

Figure 1.2.2 X-ray yield vs. target atomic humber for a usueledtor and bombarding
energy
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The spectrum analysis and concentration calculation are quite
complicated in PIXE, therefore computer packages are used for the ereduati
which several effects should be considered:

* energy loss of the projectiles and the attenuation of X-naythe

sample material and detector entrance window

» the X-rays of energk, can interact with the Si atoms of the detector,
and the emerging radiation may escape from the detector, thus
so-called escape peaks appear in the spectra

o if two pulses arrive to the amplifier at nearly the saime tthey are
seen as one pulse twice the height (these peaks are catladb pil
peaks)

» there are various origins of background radiation which has to be
taken into account in the fitting procedure: the bremsstrahlutigeof
secondary electrons ejected from the sample, projectile
bremsstrahlung, Compton scattering of gamma-rays occurrifggin t
detector; the charging up effects of the insulating samplégch
causes the free electrons to accelerate towards the sample.

The knowledge of background under the peaks is also important from the

point of view of detection limits which is a key feature of an analyteinique.
The minimum detection limit of element(MDL;) is defined by the following

expression:

MDL, = 3@
Y

whereY is the given peak area aB@ is the sum of the background counts under
this peak. In routine measurements, the relative detectiors laretin the range
of 10°-107 g/g, while the absolute detection limits vary betweeR-10" g
depending on the sample matrix, thickness and beam size. Thartotatainty

of the concentration values ranges from 5 to 10 %. Extrenoslydetection
limits can be achieved by means of microbeams. With few miiemiateral

resolution, the absolute detection limits aré®00° g.
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PIXE measurements at the ATOMKI nuclear microprobe

Several details of the target chamber and experimental aorlitsed at
the nuclear microprobe have been discussed earlier in subchaptéefetore
only the specific parts, which relates to the PIXE analysis, is tduuhe.

Although the beam parameters and experimental conditions vary from
measurements to measurements, which is separately detadladhirsubchapter
dealing with the applications, a general description can b& givemicro-PIXE
analyses. The usual beam energy is 2 MeV because the X-ray tmoduc
cross-section is high enough at this energy, however most eofnticlear
reactions are not significant, therefore they do not causednigrgy background
in the X-ray spectra. For the detection of the radiationtechtty light atoms (up
to Fe), the beam current is kept low (30-100 pA atpir® beam spot sizes) in
order to avoid pile-up effect. Nevertheless, sometimes whentidgtenergetic
X-rays (>5 keV) from heavier atoms, higher intensity (1-2 hnAGOumM? beam
size) is used with absorption filters in front of the detettocollect enough
counts in the X-ray peaks in reasonably short times. For the aixetit
determination of concentration values of major and minor elemeoliscted
charges of 0.01-0.4C are sufficient, however to achieve this goal for trace
elements, a fewC should be used.

The photons emitted from the target are detected by two Si¢téctors.
The high energy part of the radiation (larger than 5 keV) is to@d by a
common Be-windowed detector with @t Hostaphan and 9818n aluminum
filters in front of its entrance winddwwhile the other detector with an ultra
thin (0.38um) polymer window is dedicated to light elements. Even the
extremely low energy X-rays from carbon (0.28 keV) can be tdstagith this
set-up. Some MDLs characterizing the best results can be foJiko01].
However, both the scattered ions and the light can penetrathithentrance

window. Therefore, a permanent magnet is used in front of thetaleteaeflect

2 Before the purchase of the ultra thin window detecit was also used without
aluminum filter to determine the concentrationtw tighter elements down to Al

10
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the ions which can deteriorate the detector, and a thin carba@@qig/cnt) is
mounted as an absorber to get rid of the filtering light. (i§ itequired, other
absorbers can also be mounted externally with a filter rotating device.)

As it was mentioned in subchapter 1.1 the charging up effect of the
samples should be removed. In order to do this, an electron gun is molastd
to the target. In fact, this electron gun is a filament the peupply of which
can be adjusted (in this way its electron current is charmed)sponding to the
given sample. The possibility of the beam current measuremiénérsidins with
the usage of the beam chopper.

The spectrum evaluation and the concentration calculationsaetiedc
out by using an updated version of the program package PIXYKLME$za

which is capable of handling even micro-PIXE spectra taken on rounded objects

11
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1.3 NUCLEAR REACTION ANALYSIS

Concepts and theory

When a sample is bombarded by ions of a few MeV energy, atever

interactions may occur among which the major ones are nucletionsa These

reactions are governed by the following general equations whickemhgced

from

the conservation of energy and momentum

(Figure 1.3.1) [Bir85]:

12
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Figure 1.3.1 Relevant particle parameters in nuclear reactions

principles
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a) for normal kinematicdM2>M1, Y= X, using positive sign unle¥sX)
Y 2

«/X—sinze)

PRODUCT ION E, = XE, (cosf +

RECOIL ATOM E,=E,+Q-E,

b) for threshold reaction€k0)
Y 2

«/X—sinze)

PRODUCT ION E, = XE, (cosd +
RECOIL ATOM E,=E,+Q-E,

THRESHOLD ENERGY E = _Q('V'll\;I“'V'z)
2

whereQ is the energy release in the reaction in question. Most uszfalions
have largeQ values, and if the final nucleus is formed in an excitec stét
energyE', then a modified energy balanc@<£Q=E") must be used in kinematics
calculations.

From the energy of the emitted particles, principally, thgetanucleus
can be identified, however it is not an easy task because the primaryoradaati
be changed in several ways when passing through the target anaiei
interacting with the detector nuclei and atoms.

The vyield of the nuclear reaction products depends on the areacti
cross-section. Each reaction has its own characteristic dape:dn energy and
angle of observation. The vyield of the product radiation is propaititmnthe
concentration of the emitting isotope. Although the nature of idpeifisant
interactions, which should be taken into account in calculatierdgifferent for
each analytical technique based on the various reactien&lkbwing treatment
provides equations which are common to most aspects of ion beam analysis:

For so-called thick samples (thickness greater than thgeraf the
incident ion), and supposed that the product radiation is not seymify

attenuated by travelling through this still quite thin layer,

13
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the observed yield obeys the following relation:

do

Y, = Nedej dx = Nedej‘i E:NledQ' QSm(E)

dQe, (E)

\o
m'—»o

N the number of the incident ions

e the detector efficiency

de the solid angle of the detector

fi atomic percent of the isotopén the sample

do . . o
—— the differential cross-section in barn/(atem

dQ
dx the ion path length in the sample in atonf/cm

E; the initial bombarding energy

&(E) the stopping cross-sectios ((E) = z f.€ (E) for a mixture)
G weight percent of the isotopén the sample

is the

m equal

Av

Avogadro's number

SW(E) the stopping power§, (E) = Z f.S(E) for a mixture).

Since accurate data on the cross-section are practivatlyavailable,
approximations are commonly used in concentration calculations. midst
powerful and widespread one is the average stopping power

method [Ish87, Dec78]. If an average stopping power is defined asopipnst

power at an energE such that

then the ratio of concentrations from a standard (with knownposition)

14
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and an unknown sample is:

f,=1 Y, £(B) and ¢C =cC Y S(E)

Y, & (E) Y, S(B)

This approach gives deviations from the true yield by 10 % or less in most case
If the outgoing radiation is significantly attenuated in the sample or in the
absorbers placed in front of the detector, the calculated yieldddsiheu

multiplied by additional attenuation factors.

lon-ion reactions

Both the ion inducing the reaction and the ion emitted by the dxcite
nucleus are influenced by the Coulomb barrier of the target nuttieieefore at
energies of a few MeV, ion-ion reactions are most probable for ligit
irradiation of light nuclides. For thick targets, the energyl gield of the
outgoing ions are modified by the sample matrix, hence the resphlirigle
spectrum is complicated and difficult to interpret someting@gn when
resonances are used. Moreover, the detection limits for tieeedif elements are
strongly depend on the given reaction, thus the ion detection method bannot
regarded as a multielemental technique.

For the detection of the product ions, surface barrier semicamduct
detectors with energy resolution of about 10 keV are custgmarsied.
(However, a number of electrostatic and magnetic spectrenate recently
employed in ion beam analysis with an order of magnitude better
resolution [Lan00, Dol98].) Sometimes various types of absorbes faikt
mounted in front of the entrance window either to prevent the defeato light
or to avoid high count rate (which is originated from baaksted ions) or to
eliminate disturbing and uninteresting radiation. However, the major drawback of
foil technique is that the resolution may be degraded to about 50 to 100 keV.

Sensitivities of the order of 1fy/g or even less can be achieved with

measuring times of tens of minutes and commonly using 0.5 to 2 MeV energies.

15
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lon-gamma reactions

Particle Induced Gamma-ray Emission (PIGE) is one of the most
common applications of NRA.

The emitted radiation are almost not attenuated, thereforg itoi
necessary to put the detectors into a vacuum chamber. On thehatitkrthe
detectors with a possible shielding sometimes are too kardé into these
chambers. However, the efficiencies are very low, therefoeg should be
placed as close to the sample as possible. Because @whéfficiency, quite
high beam currents and collected charge is employed. The best kmuwvn a
everyday-used detectors are:

e Lithium Drifted Germanium /Ge(Li)/ and Hyperpure

Germanium /HPGe/ with low efficiency and good energy resolution
* Sodium lodide /Nal/ and Bismuth Germanate /BGO/ with high
efficiency and low energy resolution.
Nowadays the HPGe and Ge(Li) detectors mostly serve astiaablyevices,
while the latter ones are often built into detector sys@sngeto instruments by
means of which, the detection limits can be significantly reduced.

The analysis of a PIGE spectrum is often sophisticatguecially for
samples having complex composition, however far easier thawdheton of a
particle spectrum:

« the nuclear reactions can interfere, producing the same final nucleus

e the individual peaks of interest can be overlapped by other peaks

(e.g., from the laboratory background)

e quite high background is present from the Compton scattering of

photons

e escape peaks of a primary peak with an enBrgppear at energies

E-511 keV and E-1022 keV because the positron of the
electron-positron pair produced during the interaction between the
photons and the detector material annihilates, and one or both

of 511 keV photons may escape from the detector

16
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» the fitting procedure is complicated by the fact that theqiwmay
undergo Doppler effect, which shifts and broadens the peak.

Generally, PIGE method does not reach the sensitivity l&vBIXE technique
even for the light elements with the highest cross-sectiomgetheless, with the
careful selection of the bombarding energy and particle, angtdsdrvation,
distance between the target and the sample and with the usenoidence
methods and shielding/vetoing devices, 1 to 10§@ detection limits can be
achieved for the region A<40. Moreover, several elements cartdrendeed in a
single run with considerably good detection limits.

Table 1.3.1

Highlights of the applied methods at low energyed@ators (<5 MV)
PIXE lon-lon PIGE

Bombarding p p, d,a p,d

particles

Bombarding 2-3 MeV 0-5 MeV 0-5 MeV

energy

Detected X-ray ion gamma-ray

radiation

Detected C-u Li-Ca Li-Ca

elements multielemental especially Z<15 especially Z<15

Sensitivity <10pug/g 1-500ug/g 1-1000ug/g

Concentration 10 % 10-20 % 10-20 %

uncertainty

Absolute concentration yes yes yes

determination

Isotopic no yes yes

specificity

Depth profiling yes yes yes

Depth resolution 1-10 nm 10-100 nm 1-10 nm

Non-destructivity yes yes yes

17
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1.3.1 CLOVER-GE-BGO DETECTOR SYSTEM

Motivation

In the analytical applications, two of the most important requirements are
the short measuring time and low detection limit. Asit was mentioned before, the
cross sections in PIXE technique are higher than that of PIGE method, moreover,
lower detection limits can be generally achieved by the detection of X-rays.
Therefore, the detection of gamma-rays should be made more efficient, and the
background in PIGE spectra should be reduced. These goals can be achieved at
the same time by the use of a Clover-Ge-BGO Compton suppression

spectrometer which is described below.

General description
The detector system contains a Clover detector and a surrounding BGO
shield (Figure 1.3.2).

microprobe

18



1.3 NUCLEAR REACTION ANALYSIS

The Clover has been developed by EURISYS MESURES in the
framework of the EUROGAM collaboration. It consists of four coaxia N-type
HPGe detectors arranged like a four leaf clover. Each crystal has a sguare front
face with round edges. The sum of their active volumes is about 470 cm®, and
they are mounted in the same cryostat. A common high voltage of +3500V is
applied to the inner contacts. Energy and timing signals are obtained for each
crysta through AC coupling.

The BGO detector has been designed by CYBERSTAR having complete
compatibility with the Clover detector. It has a pyramidal shape at the end of
which, it is cut, and a heavy metal collimator is placed. The detector contains

16 crystals with separate energy outputs and high voltage of +1000 V inputs.

Installation at the nuclear microprobe

The schematic view of the electronic setup built from NIM modules is
shown in Figure 1.3.3.

BGO _——Collimator
\

g Timin v
ng | NG TFA cro =L inverter =—= anp
+1000 V Clover \/ Timing e Logic
unit
T v i) Logic |1
‘é\ TFAs CFDs unit T GATE
@
HV e B n
+3500 V Amplifiers F—— ADCs T
Computer

Figure 1.3.3 Schematic view of the electronic setup of the Clover-Ge-BGO system

The four energy signals from the preamplifiers of the Clover detector are
fed into linear spectroscopy amplifiers which magnify and shape the pulses in
order to facilitate accurate amplitude measurements and to optimize the energy
resolutions. Then the maximum amplitudes are converted into digital numbers

using analog-to-digital converters (ADCs) used in coincidence mode by applying

19
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appropriate gate pulses (GATE). The outputs are stored in binary format on a
personal computer.

The timing signals from the Clover preamplifiers serve as input pulses
for four timing filter amplifiers (TFAS) which shape the pulses, alowing the
optimization of the signal-to-noise ratios. The outputs are delivered to constant
fraction discriminators (CFDs), thus resulting in timing signals independent of
the pulse amplitudes. Then an OR function is applied to these output signals by
using a four fold logic unit, obtaining a signal which is present when at least one
of the detectors catch a gamma-photon (CLOV-OR).

The signals deriving from the independent BGO crystd s are summed and
accepted by a TFA and then a CFD, gaining a fast timing signal which is
delivered to a logic unit where it is inverted. Ancther logic unit performs an
AND function with this signal and the CLOV-OR one. In this way, we get the
GATE signas for the ADCs, where the GATE permits the conversion only when
at least one of the HPGe detectors send a signal, but the BGO does not fire.

The histograms from the binary file including information on the
conversion values of the four ADCs are produced off-line by Physics Anaysis
Workstation (PAW, from CERN, Geneva) computer package.

The detector system can be used in a slightly modified arrangement as
well, i.e.,, the Clover energy signals can be analogously summed after the
preamplification and fed into a PC acquisition card which is gated by the proper
pulse created in the way above. This layout results in poorer energy resolution
(about 4 keV at 1332 keV), nevertheless it has the advantage of the production of
elemental maps and on-line manipul ation.

After the buildup of electronics, characteristic features of the detector
system (photopeak efficiency, Compton suppression factor, minimum detection
limits) were determined.

The total photopeak efficiency (i.e., the sum of the full gammaray
absorption in each of the individual crystals and the full gamma-ray absorptionin

two or more crystals for composite detectors) of Clover detectors was measured
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1.3 NUCLEAR REACTION ANALYSIS

earlier [Duc99]. However, this is not reported for the whole detector system
containing the BGO shield, therefore it was determined in this work using ®Ga,
*®Co, ®?Eu and ®Co radioactive sources in a region of 120-4800 keV which is
interesting in anaytical applications performed by PIGE method. The
gamma-emitters were placed at a distance of 25 cm from the Ge crystal front
face, and the counting rate did not exceed afew kHz in the total detection mode.
The obtained absolute total photopeak efficiency (g,w) versus the gamma-ray
energy is shown in Figure 1.3.4. In this low energy region, the data can be fitted
by a quite simple three-parameter equation (fitting coefficient R>=0.9955):
ab
biE’

The measured efficiency corresponds to the efficiency obtained in [Duc99] if we

£, =Y, +

consider that the BGO collimator covers approximately the half of the sensitive

volume.

10-3 -

&0y +ab/(b+E)

absolute efficiency

a=3.33*10"°
b=350.965
¥,=9.013*10°

SP(D—

10~

T
100 1000

Energy (keV)

Figure 1.3.4 Absolute total photopeak efficiency of the Clover-Ge-BGO system vs.
gamma-ray energy
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The most characteristic parameters of the detector system are the
peak-to-total (P/T) and peak-to-Compton (P/C) ratios. The P/T value was
calculated as the ratio of the summed net area of the 1173 keV and 1332 keV
gamma-ray peaks and the total counts in the spectrum above 100 keV. The P/C
value is the ratio of the height of the 1332 keV gamma-ray line and the average
height of the spectrum between 1040 and 1096 keV. These values were
determined in four cases: (A) bare CLOVER detector without shielding, (B) in
passive 5 cm thick Pb shield, (C) with the surrounding BGO used as a passive
shield, (D) with the BGO anti-Compton shield. The corresponding spectra are
plotted together in Figure 1.3.5. The Compton suppression factor (E) as a
function of gamma-ray energy, utilizing A and D layout, is added as well. In the
attached table, the PIT and P/C data are summarized. Comparing the P/T ratios
with the ones in[Duc99], it can be seen that the absolute values are different
because in the cited paper the authors subtracted the laboratory background from
the spectra. However, the relative peak-to-total ratios are in a good agreement.

10000 +
A layout P/T P/C
A 0105 44
.o B 0172 53
o C 0214 53
§ 5000 | D 0382 150
2
5
Q 4000
[&]
2000
D i
S 0
.Q 24 -
cn
g8, o™
ESE 8
Oa8 o .

Figure 1.3.5 Spectra taken by the Clover-Ge-BGO system in four different experimental
layouts (see text)
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In order to check the minimum detection limits achievable with the
detector system in micro-PIGE measurements, spectra were taken on several
standard mineral and glass samples. Table 1.3.2 includes the MDLs at
bombarding energy of 3.3 MeV, beam spot size of 10-100 pm?, beam current
of 1nA and collected charge of 3uC (in parentheses the gamma-ray energy
values are shown in keV units) which are convenient and common beam
parameters and measurement conditions in analytical applications allowing quite

fast (30-45 min/sample) concentration determination.

Table1.3.2

Minimum detection limitsin pg/g units

Sample Li Be B F Na Al Si
(478) (3562) (2125) (197) (440) (1014) (1779)

Macusanite 20 - 160 25 75 210 375

volcanic glass

Volcanicglass 15 - - 30 110 375 590

(Tokaj Mts.)

Pyrex - - 140 - 100 235 490

Fe-tourmaline - - 150 - 110 325 430

Petalite 40 - - - - 350 525

Hambergyte - 420 145 - - - -

Beryl 20 380 - - 80 240 400

Although the MDLs may strongly depend on the beam energy,
measuring time, collected charge, beam spot size, beam current density and
sample composition, they can be compared with the values determined by others
in different experimental conditions[Tro99, Rio95, Tou93, Cou9l]. It can be
concluded that the detection limits of the Clover-Ge-BGO system for Li, B and
Na are much lower than the values achieved by other setups (e.g., reach the level
of a particle detection system in case of Li), while for Be, F, Al and Si the MDLs
are similar to each other.

The detection limits for C and O in iron matrix were also determined
at 90 and 70 pg/g respectively, using deuteron bombarding particles (incident
energy of 1.8MeV, beam spot size of 100 um?, beam current of 1nA and

collected charge of 3 uC), whichis discussed in subchapter 1.3.2 in details.
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1.3 NUCLEAR REACTION ANALYSIS

By using common HPGe detectors, the achievable minimum detection
limits for C and O are high as compared with the values of charged particle
detection, therefore the ion-ion technique is usualy preferred for the
determination of these elements. However, the values attained by the
Clover-Ge-BGO spectrometer show that its MDLs are close to that of the particle
detection (10 ug/g each [Tou9l, Rya93]) and reasonably good in geologica and
archeological applications.
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1.3NUCLEAR REACTION ANALYSIS

1.3.2APPLICATION OFDEUTERONBEAMS IN ELEMENTAL ANALYSIS

Introduction

In recent years, there has been a growing interest of ismcheam
analyses in which charged particle induced reactions leaditigetemission of
gamma-rays are applied. This is partly due to the use of heawgactions via
gamma-ray detection [Sep98] and partly to the appearancegef gamma-ray
detectors [Pie96] and detector systems of high efficien@@®lin ion beam
applications. The nondestructivity of the methods and the easyfiesdernal
beams, when gamma-ray detection is desired, are also important adsantag

Systematic studies of m, ‘Li, *?C, N and *®0 induced gamma-ray
emission have been performed in several works (see ref. [Sep@8), Kis85]
and references therein), while the systematic investigafiatewateron induced
gamma-ray emission (DIGE, or d-PIGE) is concerned by anlformer
publication [Kis94].

Deuteron induced gamma-ray yields are needed not only for aahlyti
purposes, but also for the effective design and operation of lokgizamd
experiments in many other fields where energetic deuteron beamsdre use

The aim of this work was to continue the analysis of the axpeatal
work done at the AGLAE facility of the Louvre Museum. It watemded to
complete the results (published in ref. [Kis94]) with the prediemt of typical
gamma-ray spectra for the analyzed elements and to condbtts
summarizing the most suitable gamma-ray lines for elemantdysis of a given
element. The thick-target yields for the most characterigimma-rays of
elements with Z=3-20 (except Be, Ne, P and Ar) in the deuterag\enenge
of 0.7-3.4 MeV are also completed with additional yield curves. hic& target
yield investigations are contributed to differential cresstion measurements on
carbon target material (which was not discussed from the pbiview of
elemental analysis earlier) in order to gain a better hihsig the analytical

applicability of DIGE method for concentration determinatioraron. Several
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interdisciplinary studies were performed by the deuteron lzgégre 5 MV Van
de Graaff accelerator of ATOMKI, the experience of whpehmits to point out
some features of the method which make DIGE complementary her ot
accelerator-based analytical methods.

Experimental and data analysis

Although the measurements were performed earlier by the deuter
beam of the 6 SDH-2 2 MV Pelletron accelerator of AGLAE, some cbasi
experimental conditions are recalled here for the completefiggical ion
currents were in the range of 0.5-10 nA with average measuring tohe
about 300 s. The collected charge measured by a calibrated dategrator
varied between 0.02 and 2(C depending on the sample and on the deuteron
energy. A precision of about 5 % in the determination of the ion cloge be
achieved with this set-up. Instead of elemental targets, companmules were
used in many cases as stable specimens.

For the detection of gamma-rays an Intertechnique N-type HPGe detector
(58 mm diameter, 160 ¢hwolume) has been applied at an angle of 18&h
respect to the incident beam direction with a distance ofrilBatween the front
face of the crystal and the samples. The high efficienchefdetection system
made it possible to use low ion doses, thus avoiding radiationgganfathe
samples. For further details of the experiment, see ref. [Kis94].

The 8k-channel gamma-ray spectra were sent to a SUN wtiwkstand
originally analyzed off-line using the program package FLORENG&lable at
AGLAE laboratory. The more detailed investigation of the ltegkle97]
revealed that this package can not correctly handle neitbgrethks not totally
resolved nor single peaks showing Doppler broadening. Thereforanalyzes
of the experimental data was made with the use of the prograkageac
FORGAMMA [Szé85] capable of analyzing complex unresolved gamgna-ra
peaks and also line shapes with Doppler broadening.
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For the conversion of yields taken on compound samples to thése of
respective elements, the approximation method of Kenny et al8[§ewas
followed.

The thin target measurements and interdisciplinary studéee varried
out at the nuclear microprobe facility of ATOMKI installedthé 5 MV Van de
Graaff accelerator. The cross section experiments on théore%€(d,py)**C
were done first by using a self-supporting carbon foil as a&tangterial. The
thickness of the foil was determined by Rutherford Backsaagter

. N .
Spectrometry (RBS) using the formila&a ———— where t is the
NN, QLo

thicknessN is the number of scattered particleds the number of bombarding
ions hitting the target\,, is the Avogadro's numbef? is the detector solid angle
and o is the Rutherford cross-section at the given bombarding energgnashel

of detection. The measurements were repeated ten timeseagwlif§pots on the
foil with proton beam energy of 2 MeV and collected charge ofiG.5The solid
angle of the detector was 30 msr, while the angle between réngiain of the
beam and that of the detection was®1Zlhe average value of thickness was
determined at 21#0.6 pg/cnf.
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Figure 1.3.6 Excitation curve of the reactidfC(d,py)**C
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The measurements of the excitation curve (Figure 1.3.6) wdsdstt
deuteron beam energy of 1.9 MeV and continued downwards with energy steps
of 10 keV except when the resonance at 1.45 MeV was reached. Atittiisip®
energy step was reduced to 2 keV. The gamma-rays were detegtehe
Clover-Ge-BGO detector system placed &t whh respect to the beam direction
using detector—target distance of 25 cm. The calculation ofrtiss-section was

based on the relatioa = Nim where o is the differential
n Dfp L[N ,, U

cross-sectionN is the counts in 3089 keV peak originating from the transition
between the first excited state and the ground statfCofproduced in the
reaction*’C(d,py)**C, m is the mass number of the bombarded nucleis,the
number of deuterons hitting the targef,«d is the absolute total photopeak
efficiency of the spectrometer at 3089 keV with a deteeiwet distance

of 25 cm, N4, is the Avogadro's number ands the thickness of the foil. The
collected charge on the target was@ while the beam spot size, scanned area
and beam current were 107, 1 mnf and 1 nA respectively.

The number of incident deuterons was measured by the beam chopper. In
order to avoid the radiation which would come from the diffetarget chamber
material, a Faraday-cup-like box wrapped with tantalum inside placed
behind the target to catch the deuterons passing the foil. It turnetiaduio
disturbing or competing reactions occurred. After every fivepsst a test
measurement was done irradiating the cup directly without tHmmaoil to
monitor the contribution of the carbon buildup in the box to the 3089 keV peak.
This contribution was measured at 5 % of the total counts ahaali change
significantly during the measurements. The neutron background deriving
from (d,n) reactions was also measured at the object slit ofitreprobe where
the highest dose was expected.

In the ion beam analysis, the accuracy and minimum deteatiats bf
the method were tested for two of the best detectable etepmeamely, oxygen
and carbon, measuring on magnetic spherules and some samples (Hadafung
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steel, Mylar, Kapton) used as standards with well-known carboermsnin the
same geometry as above. The deuteron beam energy was 1.8 Me¥ thehil
other experimental conditions were the same as for excitationtidonc

measurements.

Results and discussion

In Figures 1.3.7-1.3.10 only some gamma-ray spectra corresponding to
Li, C, N, O (bombarded by deuteron beam of 1.8 MeV) and yield curvéd® of t
strongest gamma-rays are plotted together. However, the giaptise other
elements can be found in [Ele00]. Tables listing the gammaersrgies
originating from the samples and the nuclear reaction fromhathie respective
gamma-rays emerged are added to the figures. The energy wélpeaks for
which yield curves are shown and proposed to be selected fozrgbdranalysis
are typed in bold, thus contrasting with other peaks originatorg the element
in question. In the case of the gamma-ray spectrum obtained wasing
LiSO, sample, several other peaks are also marked (their eneagées
underlined). As for their origin, they emerge because the neyprodsiced in
(d,n) reactions generate (njnreactions on nuclei of the Ge crystal and target
chamber materials (Al, Fe, Cu). On the other hand, they may come from deuteron
induced reactions on elements like C, O, and Si which contammmagty the
samples but also some parts of the sample chamber or diaghoddhe beam
transport line. As it is expected in common gamma-ray spedmpmine
annihilation peak at 511 keV and the escape peaks (marked by a timk full
energy peaks in the figures) of the high energy peaks atpear. These
disturbing peaks are listed in Table 1.3.3. (But they are denoted only inote ab
spectrum to avoid complicate presentation). The peaks whicmategirom
other sample constituents, when a compound was applied for the analysis, are no
indicated in the spectra.
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Figure 1.3.7 Spectrum, yield curves and tables with peaksifoium. The spectrum was
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Table 1.3.3
Possible disturbing peaks appearing in a spectrum

E, [keV]? Reaction

198 ""Ge 22.7y + 175.2y
511 Annihilation
569 2%Ph(n, nt)
596 Z:ge(”* ny)
e(n,y)
609 Z:ge(”* ny)
e(n,y)
669 cu(n, ny)
693 "“Ge(n, n)
844 ZTAl(n, ny)
847 **Fe(n, ny)
871 0(d, pro'’0
1014 ZTAl(n, ny)
1039 "%Ge(n, ny)
1238 *Fe(n, ny)
1376 *0(d, pr21)'°0
1461 Laboratory background
1779 2sj(n, ny)
1811 *Fe(n, ny)
1982 ¥o(n, ny)
2210 ZAl(n, n'y)
2313 C(d, y.o)M'C
3088 12c(d, prro)C
3684 “C(d, pro)°C
3854 'C(d, pr.g°C

@ Taken from references [Gih86, Ajz]

The measured absolute gamma-ray yields are listed in Tablddr. &%

most relevant peaks.

Table 1.3.4
Thick target absolute gamma-ray yields at deuter@rgy of 1.8 MeV

E,[keV]?  Yield [N/srjuC]  Yield [N/sruC]  Reaction

(measured) (fitted)
Li 429 1.10 (6Y 1.07 (6) ®Li(d, ny,.q)'Be
478 2.31 (6) 2.45 (6) ®Li(d, pyw.o)'Li
B 953 1.09 (7) 1.03 (7) YB(d, pyi.o)**B
1674 1.36 (7) 1.28 (7) YB(d, py».0)*B
C 3089 1.55 (7) 1.44 (7) 2C(d, pro)™C
3684 1.14 (6) 8.76 (5) 2C(d, ppo)C
3853.2¢ 6.92 (4) 5.77 (4) 2C(d, pr.0)C
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Table 1.3.4 (Continued)

E,[keV]®  Yield [N/sriC]  Yield [N/sruC]  Reaction
(measured) (fitted)

N 1885 2.56 (6) 2.44 (6) N(d, pyan)™N
2297 2.15 (6) 1.96 (6) “N(d, pre.) "N
5239.9 5.46 (5) 5.53 (5) N(d, ny1.0)™0
8310 4.30 (6) 4.38 (6) “N(d, py.0 "N

O 4953 - - °0(d, ny.o'F
870.7 1.22 (7) 1.18 (7) %*0(d, pr-ot’o

F 656 2.02 (6) 1.66 (6) F(d, pro)*°F
822.7 2.30 (5) 2.24 (5) ¥F(d, pao)®F
870.7 1.16 (6) 1.09 (6) ¥F(d, ay..0)*’0
983.5 3.57 (5) 3.31 (5) F(d, prao)’F
1057 2.29 (6) 1.84 (6) YF(d, pa.o)®F
1309.2 4.25 (5) 3.40 (5) YF(d, pso)*F

Na  350.7 6.61 (5) 6.08 (5) »Na(d,ay1.0)*'Ne
472.2 4.68 (6) 3.84 (6) ZNa(d, pro)*Na
1368.6 2.39 (6) 2.06 (6) Na(d, 1v1.0)*"Mg

Mg 389.7 3.98 (5) 3.18 (5) Mg (d, py21)°*Mg
4515 8.53 (5) 7.37 (5) #Mg(d, nyso)*°Al
585.0 1.66 (6) 1.44 (6) *Mg(d, pyi-0)°*°"Mg
974.7 4.61 (5) 3.86 (5) Mg(d, pr20)*°Mg
1809 2.09 (5) 2.16 (5) *Mg(d, pyi-0)°°Mg

Al 5850 1.22 (5) 1.27 (5) AI(d, ay,-)*°Mg
974.7° AI(d, oy2.0* Mg
983° 1.96 (5) 1.81 (5) 27A1(d. py,.) %Al
1014 9.94 (4) 8.46 (4) 2TAI(d, pys.0)°°Al
2272 8.27 (4) 8.02 (4) 2TAI(d, pye.o)*°Al
2839 1.09 (5) 1.17 (5) ZTAI(d, py7.0)°°Al

Si 755 5.76 (4) 4.73 (4) 3i(d, pp-)*°Si
1273 4.96 (5) 4.10 (5) 3j(d, pri-o)*°Si
1384 1.07 (5) 1.07 (5) 23j(d, ny10*°P
2028 2.26 (5) 2.11 (5) ?8Si(d, pr0)>’Si
2426 1.25 (5) 1.17 (5) *5Si(d, pra.0>’Si
4934 6.42 (5) 5.90 (5) ?5Si(d, P109>°Si

S 841.0 2.18 (5) 2.32 (5) 3(d, prr-)®sS

Cl 6714 2.11 (4) 2.25 (4) 3CI(d, pyro)*Cl
788.4 5.66 (4) 5.16 (4) Ci(d, py1.o)*°Cl
1164.9 7.13 (4) 6.67 (4) 5CI(d, py2-0)*°Cl
1951.1° CI(d, pya0)*°Cl
1959.1°  1.45 (5) 1.30 (5) CI(d, pys0)°°Cl
1970° 5CI(d, nyy.9) *°Ar
2167 7.79 (4) 6.48 (4) ¥7CI(d, nyy.9 PAr

K 770 4.29 (4) 4.34 (4) 23K(d, pv2.1)22K
2070° K(d, pyz-0)*K
5074¢ 9.21 (3) 9.23(3) 39|<Ed, gs_l;sz
3737 2.29 (4) 2.21(4) *K(d, ny..9*°Ca
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Table 1.3.4 (Continued)

E, [keV]? Yield [N/sruC]  Yield [N/srjuC]  Reaction
(measured) (fitted)

Ca 1943 - - “Ca(d, y1.0*'Ca
2009.7 - - ““Ca(d, y..9*'Ca

& Taken from references [Gih86, Ajz]

® (n) means x10

¢ Sum of gamma-ray yields are presented

4 gamma-rays showing no Doppler broadening are ateitby their more precise
energy. The lifetime of the respective excitedestat = 1 ps.

The bombarding energy of 1.8 MeV is chosen because it lies jusiv libk
neutron threshold (1.828 MeV) of the reactté@(d,n)’F. This resulted in the
best peak to background ratio for samples containing oxygen. Thsipneof
yields ranges from 15t025%. It depends on the uncertainties in
determination of the net area of peaks, Kenny's matrix diorecdetector
efficiency, beam current and solid angle. Comparing the valuésthé ones in
reference [Kis94], it can be concluded that in the majorityashma-ray yields,
the agreement is good. In most cases, the discrepancy is les$5tita.
However, for some values, larger differences can be observed thesdifferent
background subtraction procedure and peak area calculation appledable 1
in reference [Kis94] is completed and revised here with absgikitts of several
other gamma-rays.

It was found that the measured yields could be fitted byheraimple
three-parameter function:

Y=Yo{EsEw)®

whereY is the absolute gamma-ray Yyiek, is the deuteron energy;, Eq anda
are the fitting parameters. These parameters and the fitiefficient (R) for

each element are listed in Table 1.3.5.
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Table 1.3.5

Fitting parameters of the yield curves for theelid#int gamma-ray peaks.

The equation used for fittingy= Yo AE4+E 40)°.

E, [keV] a Eio Yo R
L 429 2.0260 04214 103232 09815
478 24622 06608 17772644 0.9961
B 953 26153 04196 4453621 0.9963
1674 25114 08506 14575754 0.9984
C 3089 21292 0.6689 11098039 0.9952
3684 45781 02961 135347 0.9846
38532  2.0054 15695 4104699 0.9907
N 1885 2024 05647 1590121 0.9968
2297 27811 04861 916118 0.9965
5239.9  4.1438  0.2496 89940 0.9882
8310 21905 05771 2820529 0.9959
O 4953 20355 23656 21572890 0.9712
870.7 23939 05142 6479876 0.9982
F 656 32476 04891 687615 0.9960
8227  3.0599 0.5552 114480 0.9929
8707 24548 05244 597070 0.9975
9835 27429 05876 195246 0.9957
1057 26406 05618 1048293 0.9954
13092  3.0362 0.4876 149100 0.9929
Na 3507 31522 07166 472295 0.9979
4722 35221 05229 1622319 0.9961
1368.6  4.0400 04141 551926 0.9962
Mg 3897  3.4161 05952 168119 0.9914
4515  2.8606 07156 584246 0.9966
5850  3.0019 07175 1133471 0.9975
9747 30157 07054 293889 0.9967
1809 25240 00176 296915 0.9931
Al 5850 32138 0.8809 166725 0.9993
g;;n 35612 0.7738 165174 0.9978
1014 32330 08524 100627 0.9971
2272 34330 09264 125920 0.9969
2839 4.0878  0.6051 56550 0.9961
Si 755 4.0876  0.6836 30144 0.9896
1273 38388 07341 320773 0.9958
1384 3.8851  0.8008 107290 0.9913
2028 40038 07550 176509 0.9969
2426 42567 0.6836 73313 0.9947
4934 33891 07399 484414 0.9976
S 8410 33142 10427 582204 0.9973
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1.3NUCLEAR REACTION ANALYSIS

Table 1.3.5 (Continued)

E, [keV] a Eio Yo R

Cl 6714 22.3578 -4.80651.04410%* 0.9901
788.4 24.0028 -5.18162.85110% 0.9856
1164.9  20.5251 -4.30944.913102 0.9891

1951.1
1959.1  8.8210 -0.3564 148 0.9829
1970
2167 34.005 -8.9647 523110 0.9869

K 770 4.7266  0.8648 59572 0.9989
2070
2074 2.8152 1.4428 167479 0.9892
3737 3.9341 1.1728 138203 0.9881

Ca 1943 6.9642 0.1577 1512 0.9873

2009.7 1.9515 2.1699 1032335 0.9813

The R coefficients show that rather good fits could be achievedrdler to
illustrate this fact in another way, the calculated values=tt.8 MeV from
these fitted curves are also presented in Table 1.3.4. The difésrbetween the
measured and calculated yield values are generally less than 15 % which does
not exceed the precision of the gamma-ray yields. The use abthve equation
gives a useful tool in elemental analysis for concentraticouledions. It should

be noted, however, that in this way, it is assumed that the aotsns of the
reactions vary smoothly with the deuteron energy, no compound reaction
contribution to the direct reaction yield is taken into accothis is allowable
because in most of the (d,p) and (d,n) reactions, the directoreactichanism is
dominant. This type of reactions does not show sharp, well-sedasgonances
except few cases like oxygen at around 960 keV energy. (See, e.g., the
pioneering work of Amsel and Samuel [Ams67] and also some later
studies [Vic94, Gih86] in  the  reactid?O(d,p)’O and™O(d,py10)* 'O
respectively). For thick samples, the contribution of thwva mentioned
resonance to the average gamma-ray vield is negligibie was shown by my
calculations. On the other hand, it was mentioned earlier thattbeage

stopping power method is the most accurate one in concentration evaluations.
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Focusing on the individual spectra, the following statementbeaiven
for carbon, nitrogen and oxygen (for the other elements a dkthdeussion can
be found in [Ele00]):

Several peaks originating froroarbon via**C(d,py) reaction can be
detected but only the peak of 3089 keV ({he transition) has yield high
enough for analytical purposes in the whole deuteron bombarding energy rang
The vyields of the 3684 and 3853 keV gamma-ray lines (frg2r0, y3-0
transitions, respectively) start playing more and more impbrtde at deuteron
energies above 1.8 MeV. The use of high energy gamma-rays eedhée
application of large volume detectors because the photopeakiaeteiticiency
decreases with increasing gamma-ray energy. The) (@action channel is open
for both*?C and™C isotopes, but their gamma-ray yields are rather weak.

The spectrum collected usimitrogen target (TaN sample) is rich in
peaks due to the numerous gamma-ray transitions in the re¥Numalcleus,
moreover, it is complicated by the strong escape peaks of tfe dmiergy
gamma-rays. The peak at 8310 keV can be used for analytipalsest however
the net area of the 7301 keV peak contains the counts from the dmdalpe
peak of 8310 keV, therefore it was excluded from yield cal@nati In
reference [Kis94] the 5240, 5269 and 5298 keV peaks were not separated, and
their yields were calculated together. Now only the yieldtler5240 keV peak
is presented because at 5300 keV the double escape peak of 6322 ke, appea
adding counts to the yields of the 5269, 5298 keV peaks.

The 871 keVoxygen (WO; sample) peak is very strong, however, if the
unknown target contains high amount of fluorine, small correction dhoeil
applied in order to calculate the correct oxygen concentrationcastdbution
to the yield may arise also from the reactif{doy.))*’O. In this case,
the 495 keV peak can also be employed for the identification of oxydegher
deuteron energies.

The excitation function of the reacti®iC(d,py)*C was measured in the

deuteron energy interval of 1.4-1.9 MeV and &t BBth respect to the beam

37



1.3NUCLEAR REACTION ANALYSIS

direction (Figure 1.3.6), since this experimental condition msnofised and can

be suggested for analytical purposes. The shape of the curvalbersdtects

that of the curve in [Try73] published for, proton group deduced from the

lineshape of the 3089 keV gamma-ray peak. In conclusion, it cadviged that

for thick targets, 1.8 MeV deuteron energy should be used becauss imaly

the complex resonance around 1.8 MeV can be integrated resulting higher

gamma-ray dose with acceptable neutron hazard (1Q:3@b at the object slit

and 1-3uSv/h at the sample chamber). On the other hand, for thin tatgets

highest yield can be achieved at 1.792 MeV, therefore this shoulthene

recommended energy. The resonance at 1.4495 NMg\={ keV) [Ajz] can be

easily used for carbon depth profiling if a thin (10-150 nm) suriaper is to be

analyzed on a thick substrate (1 keV energy step means approximately 4 nm).
By measuring the geological and standard samples, the egeurd the

MDLs for the carbon and oxygen determination was tested. It was gante

that the concentration values can be calculated with an uncertainty of 10 &, whil

the MDLs in iron matrix are 90 and p@/g for C and O respectively.
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2. APPLICATIONS IN THE FIELD OF ARCHEOLOGY AND

GEOLOGY

This chapter includes my interdisciplinary research ritheology and
geology which were carried out in cooperation with the Hungarianohti
Museum, Budapest, the Department of Classical Philology and the Department of
Mineralogy and Geology of the University of Debrecen.

Subchapter 2.1 is devoted to some challenging archeological psoblem
including analysis of Roman gems and their imitations, studiepreistoric
stone tool materials such as obsidian and radiolarite and inu&stigé one of
the earliest artificial materials, pottery.

Subchapter 2.2 deals with the subject of geology, hamely, the ianalys
obsidians from the point of view of geological processes andipatons on
magnetic spherules and their role in the answering of geological qestion
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2.1 ARCHEOLOGY

2.1.1ANALYSIS OF ROMAN GEMS AND THEIRIMITATIONS

Introduction

The claim to antique or looking like antique pieces of arts appeared in the
era of the Renaissance, and this claim also reached Huhj&B4]. The
manufacturing of imitations and business with them turned anteeritable
branch of industry from the £Zentury on.

One of the most popular group of antigues was engraved
gems (Figure 2.1.1) which were used both for seal and jewel in liquity.
The exacting replicas and imitations meant, and means nowadeayisas pitfall
for both collectors and specialists. For example, the most famagsers, as
L. Natter and A. Pichler, signed their works, with Greek Isitéut the other
artists also wrote antique names on their products, which dgageta the
appearance of originality. Therefore, it has been getting nmater@re difficult
to distinguish imitations and replicas from originals.

Figure2.1.1 One of the studied engraved gems
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2.1 ARCHEOLOGY

Our aim was to analyze some imitations and to compare thgneach
other and original Roman samples, thus establishing to what élesndiffer
and how they can be separated from each other on the basesraflémental

compositions.

Description of the studied gems

In Table 2.1.1 some properties of the studied samples are summarized.
Six imitations were analyzed and two specimens, an original Rgevanand a
Roman glass, were chosen as reference materials. The cseléin the
extremely rich gem production of the™@&entury occurred on the basis of the
material and theme depicted on the ring stones. The selectésapebhave the
properties that the antique and antiquated representations appealusinede
faithful imitations of stone types preferred in the Antiquity.

Table 2.1.1
Features of the studied samples
Sample Origin Engraving Characteristics Material
number
1 Wedgwood product,Alexander the black mat surfaces clay with
copy Great additives
2 Wedgwood product,Cleopatra’s suicideblack mat surfaces clay with
copy additives
3 18" copy Felix's Mercurius polished to bright, air glass-paste
work bubbles in glass matrix (supposed)

4 nicolo gem, copy Mars and Minervalain polished surfaces  onyx

5 nicolo gem, copy Amor riding a liorplain polished surfaces  onyx

6 nicolo gem, copy Sacrificing Amor  plain polisheatfaces, glass-paste
air bubbles in glass (supposed)
matrix

7 original roman gem Bonus Eventus

8 original roman glass glass

Two nice pieces of the Modern Age collection of the HuragaNational
Museum can be mentioned to illustrate the appearance and qualitye of
so-called black basalt. They were produced in the Wedgwood yddtor79],
North-England in the T8century. The base material of these objects was a
mixture (essentially clay with various additives) worked oxpegimentally
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during the production of ceramics. This mixture was pressed timb form and
backed to very hard.

The Hellenistic medal representation served as a model fggm on
which the portrait of Alexander the Great (sample 1) can bewsite ram horns.
On an other gem, Cleopatra’s suicide (sample 2) is shown in the mader
wording of the well-known story of Antique era.

From the Roman collection of the Hungarian National Museum,ck bla
colored gem, which gives the impression of onyx (a type of quaréz) selected
for the analysis (sample 3). Mercurius appears on it in thregegsiaview. This
is an excellent product of the classicism from the Augustusnade by Felix
who worked at via Sacra. Its edge and back are mat. Fimelgridy can be
observed on the mat surface. Holding to light, it looks transtuttsnmaterial
seems to be glass-paste which was polished to bright. Air butdaealso be
recognized when using proper magnification.

One of the typical type of onyx, in which a thin light blue layaepds
over a thick dark (black-blue-brown shaded) layer, is named naftéo the
Italian name of the mineral. The characteristic featurethedge stones are the
following: both of their sides are plain, rims are oblique, edgesvertical,
surfaces are polished. Their popularity is indicated by thetfedttthey were
mass-produced from glass-paste later.

Three nicolo gems were investigated. In one of these gmorsaits of
two persons in helmet can be seen (sample 4). It can not be detidégkmthe
representation of Mars and Minerva, which can be mostly expected,tao
heroes or just two warriors is shown.

The other piece is a copy of a famous antique cameo (samplis5)
dimension is just half of the original, Amor riding a lion aiester, the form of
the lute is simpler.

The third nicolo gem is not a real copy, but an imitated compasiiin
front of an altar, Amor half knelt down sacrifices (sampleL}le air bubbles

appear at large optical magnification, which makes it possibtetibagem was
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made by glass-paste molding. The different material of ther latece can be
explored when light is transmitted through it. It does not letligy through,
while the other nicolo gems are translucent.

Experimental

The analysis were carried out by PIXE and PIGE techniques in trde
determine the major, minor and trace constituents.

For the PIXE measurements, a2 MeV proton beam of 0.5 nA was
supplied by the 5 MV Van de Graaff accelerator of ATOMKI. Thpegimental
arrangement of the standard ATOMKI internal macrobeam PIX&lity is
described in details elsewhere [Bor85]. A pair of charatieiX-ray spectra was
taken on each sample with and without a8 thick aluminum foil placed
between the target and the X-ray detector to determinedheentrations of
elements heavier and lighter than Fe respectively. ThayXdetector was a
Canberra Si(Li) with an active area of 12.5Mmand 155 eV resolution
at 5.989 keV. The total charge collected in taking a spectrum amounted
to 300 nC. The spectrum analysis, identification of the elemetassignment
of concentration values were carried out with the program packa
PIXYKLM [Sza93].

In the PIGE measurements, the samples were irradiated by 3.8 MeV
proton beam of 2-10 nA. The angle between the proton beam and the sample
was 45°. 5uC of charge was collected on each sample. A 100idarshaw
Ge(Li) gamma-ray detector with a resolution of 2.4 ke\Eafl.33 MeV was
mounted at 90° with respect to the beam direction at a distancecof ff®m the
target.

In order to investigate the reliability of the concentratiatugs, more
than one spectrum were taken on the samples. It turned outehatetision of

the set-up is about 5-10 %.
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Results and discussion

By means of the detection of the arising gamma- and X-rays, the
concentrations of the following elements were determined: &, g, Al, Si
(with PIGE) and Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu, &Zm(with
PIXE).

On the basis of these concentration values, a classificatimng the
samples was performed. In Figure 2.1.2 the concentration ratios of &S
Al/Si are shown from PIGE measurements, while in Figure 2.1.3 gastyn
dendogram using PIXE data is displayed. The dendogram was producedhthroug
cluster analysis using STATISTICA program package [Stath Bigures, i.e.,
the results of the two different techniques of elemantalysis, clearly show the
separation of samples 4, 5, 7 into the same group (Group |.). It camdeaded
that the same type of mineral was used to make the imitafimamghe
samples 4 and 5 as for the authentic Roman gem (sample 7).

0.7 | | I | |

05| -
04| -

Na/Si

0.2 .

0.0-@1 | G Du

00 02 04 06 08 1.0
Al/SI

Figure 2.1.2 Na/Si vs. Al/Si elemental ratios of the samplesrfiPIGE measurements
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Figure 2.1.3 Dissimilarity dendogram of the samples using PtéEa

The members of the next group (samples1and?2) represent
the 19" century complex composition of Wedgwood products (Group II.). On the
basis of both PIXE and PIGE analysis, it can be stated thatldmental
composition of these gems differs remarkably from the onyx wiireerd the
glass pastes. The remaining samples (3, 6 and 8) have the higloestt&a. On
the basis of the composition of the original Roman glass (s&@hptme can
suppose that both of the samples3and 6 are made from sodium glass.
Nevertheless, Figure 2.1.3 shows that sample 6 is quite diffeiremnh
samples 3and 8. The similarity of samples 3 and 8 confirm thealiniti
assumption, i.e., the base material of gem Mercurius (sampe Bade of
glass-paste. Our analysis shows that the nicolo "Sacrifisingr" (sample 6) is
made of glassy material, but its boron content indicatesttimdifferent from
the Roman glass, therefore its glass-paste can not be of Roman origin.
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2.1.2INVESTIGATION OFRADIOLARITE STONE TOOLS

Introduction

Radiolarites (Figure 2.1.4) belong to the group of sedimentacgils
rocks. As the name indicates, it is formedRafliolaria (Figure 2.1.5), i.e., the
skeletal elements of siliceous unicellular beings. Apamnfisiliceous sponges
and diatomsRadiolaria is the most important biogene source for the formation
of sedimentary siliceous rocks. They are present in the a@h oceans since at
least the Paleozoic period.

Figure 2.1.4 Radiolarite stone tools
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Figure 2.1.5 Radiolaria with various structures (their size in nature @sarbetween 10
and 100ums)

Being small in size (10-100m), Radiolaria accumulates in radiolarian
silt very slowly, by a rate of some cm per million years. Thssroccurrence of
Radiolaria and formation of radiolarite in Hungary took place mainly ia th
Mesozoic period when the world ocean (Tethys) was of equatoosition.
Radiolarite was formed in a long, west-eastern arch albagAlp-Carpathian
system, across the Balkans till the Himalayas.

Radiolarites, as it has been demonstrated by recent petrdagibalo
and archeological research, have special importance for
prehistory [Bir91, Gro97]. In large parts of Central and Southern Eurcaialy
to the south of the Cretaceous and Tertiary flint zones, tbi Isapply of
siliceous rocks for chipped stone artifacts, "silex" in gdnevas radiolarite.
Recognition of radiolarite among archeological lithic rawterials is also fairly
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recent. At the same time, separating the material comiom fdifferent
radiolarite sources is far not easy. There are several galbants, but the
macroscopical type groups distinguished mainly on the basislof do not
necessarily agree with actual sources.

The consequent elemental analysis of radiolarites in large nsmilazer
not carried out before. Therefore, this IBA study can be degbas a pioneering
work which provide primary knowledge on the distribution of coneioin
values measured for samples with different geographical locations.

Our main question, when starting the analyses, was the followimg. T
what extent are we able to characterize the radiolsoitece areas by ion beam
methods ? In order to answer this, we should

e separate radiolarite from other raw materials frequamisd (e.qg.,

obsidian, limnic quartzite, hydroquartzite) in the Carpathian Basin

» discriminate the individual source areas from each other

« find out whether existing macroscopical grouping based on physical

qualities, mainly color, has anything to do with differences in
chemical composition

» check some "macroscopically grouped" pieces against theintjadte

sources.

Description of the analyzed samples

Experiences on source-collected material and macroscopical
characterization of archeological lithic material allowed gheuping presented
in Table 2.1.2.

Table 2.1.2
Radiolarite types in Hungarian (archeological aadlggical) lithic material separated
macroscopically

Nr? Type name Geological ag&
4 Carpathian radiolarite - "blue silex" J3

5 Carpathian radiolarite, marble dark red J3

6 Carpathian radiolarite, dark brownish-red J3

7 Carpathian radiolarite, gray J3

8 Carpathian radiolarite, other J3
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Table 2.1.2 (Continued)

Nr? Type name Geological ag®@

9 Transdanubian radiolarite - Szentgal radiolavitad red J2

10 Transdanubian radiolarite - Urkat-Eplény raditég mustard J2
yellow

11 Transdanubian radiolarite - Harskut radiolagt@nge J2
shaded brown

12 Transdanubian radiolarite - Tata type radiaarit J2
liver-colored

13 Transdanubian radiolarite, reddish brown J2

14 Transdanubian radiolarite - Stimeg radiolaritgish gray C1

15 Transdanubian radiolarite, other J2

16 Mecsek radiolarite, dark red J3

17 Mecsek radiolarite, gray J3-C1

18 Mecsek radiolarite, other J3

19 Transdanubian radiolarite - Gerecse region J2-33

20 Bikk radiolarite J1-2

21 unspecified radiolarite

Numbers are given according to macroscopical typegs of Hungarian chipped stone
lithic raw materials [Bir98]

®The abbreviations refers to the different perigtthe Mesozoic era, i. e., J=Jurassic,
C=Cretaceous

It should be noted that this table was made focusing on Hungarian
archeological material. Therefore, Hungarian radiolarite gsuend types are
well represented, while some important radiolarite sourcesgchwivere not
unambiguously identified in Hungarian lithic material yet, are jlsmped
together" under "unspecified radiolarite". This collectiventeneans radiolarites
coming from Transylvania, especially the Maros valley, aladgite from the
Southern Carpathians or the Vienna Basin. The Lithotheca collectidheo
Hungarian National Museum has some examples from these segiors, but
the petroarcheological cognizance of these regions is not adequate yet

Samples were selected for the purpose of analysis bothgeotogical
and archeological sites. Geological ones were chosen from thetHdca
collection from localities representing most of the known radtelasource
regions of the Carpathian Basin. The specimens are listed aodibge in

Table 2.1.3. Some pieces were previously analyzed by G. Newton, &&eich
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with neutron activation analysis (NAA)The results were published in the first
volume of the Lithotheca catalogue [Bir91a]. The samples for lwhie have

control data by NAA are marked by asterisks in table 2.1.3.

Table 2.1.3
Description of the samples

Sample Source region/

Site or source

Character of Macroscopical type

number hypothetical source the sample  group
region and descriptioft
and geological age
*1 Bakony J2 Véarogid- geological 10
Savoévolgy dark mustard yellow
2 Bakony J2 Varoéd- geological 10
Savoévolgy dark mustard yellow
3 Bakony J2 Varostd- geological 11
Savovolgy brown
4 Bakony J2 Varoéd- geological 10
Savovolgy orange shade mustard
yellow
5 Bakony J2 Varoéd- geological 9
Savoévolgy red
*6 Bakony J2 Varogld- geological 15
Savoévolgy orange-reddish brown
7 Bakony J2 Szentgal- geological 15
Tuzkbveshegy skin-colored porcelanite
8 Bakony J2 Szentgal- geological 9
Tiizkdveshegy red
9 Bakony J2 Harskut- geological 9
Edesvizmajor red
10 Bakony J2 Harskut- geological 9
Edesvizmajor red fragment from
varicolored piece
11 Bakony J2 Bakonycsernyageological 13
Tizkovesarok reddish brown
12 Bakony J2 Bakonycsernyageological 9
Tizkovesarok red
13 Bakony J1 Lékat- geological 9
Hosszu arok red
14 Bakony K1 Simeg- geological 14
Mogyorésdomb bluish gray radiolarian
chert
15 Bakony K1 Simeg- geological 14
Mogyorésdomb bluish gray radiolarian

chert

3 Only Fe is the common element which was determimeNAA and IBA, therefore a
detailed comparison of the results can not be given

50



2.1 ARCHEOLOGY

Table 2.1.3 (Continued)

Sample Source region/ Site or source

Character of Macroscopical type

number hypothetical source the sample  group
region and descriptioft
and geological age
16 Gerecse J2-3 Agostyan-  geological 19
Lotér reddish gray
17 Gerecse J2-3 L&batlan- geological 19
Tolgyhat liver-colored
18 Gerecse J2-3 Labatlan- geological 19
Tolgyhat liver-colored
19 Gerecse J2-3 Labatlan- geological 19
Voéroskbbanya reddish brown
20 Gerecse J2-3 Labatlan- geological 19
Pisznice tet liver-colored
21 Gerecse J2-3 L&batlan- geological 19
Pisznice tet bluish gray
22 Gerecse J2 Tata- geological 19
Kéalvariadomb liver-colored
23 Mecsek J3 Kistujbdnya- geological 16
Kistuft dark (brownish) red
24 Mecsek J3-K1 Kistujbanya- geological 17
Marévari silky gray
volgyfé
25 Mecsek J3 Hosszuheténygeological 17
Cseng hegy silky gray
26 Mecsek J3 Hosszuheténygeological 16
Cseng hegy dark (brownish) red
27 Carpathian J3 Trencinska geological 6
Bohuslavice dark red
28 Carpathian J3 Trencinska geological 4
Bohuslavice bluish gray
29 Carpathian J3 Trencinska geological 5
Bohuslavice greenish gray
30 Bakony J2 Zerttzyarkony archeological 9
Red
31 Mecsek J3 Zerigarkony archeological 17
silky gray
32 Mecsek J3 Zewigarkony archeological 16
dark (brownish) red
33 Mecsek J3 Zewigarkony archeological 17
silky gray
34 Mecsek J3 Zerigarkony archeological 17
silky gray with
cream-rosy shade
35 Austria Vienna-Mauerngeological dark mauve red
36 Austria Vienna-Mauern geological bluish gray
37 Bakony J2 Szentgal- geological 15
Tuzkdveshegy skin-colored porcelanite
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Table 2.1.3 (Continued)

Sample Source region/

Site or source

Character of Macroscopical type

number hypothetical source the sample  group
region and descriptioft
and geological age
38 Bakony J2 Szentgal- geological 9
Tiizkdveshegy red
39 Bakony J2 Szentgal- geological 9
Tuzkbveshegy red
40 Bakony J2 Szentgal- geological 13
Tuzkbveshegy reddish brown
41 Carpathian J3 Arka archeological 6
dark (brownish) red
42 Carpathian J3 Arka archeological 6
dark red
43 Carpathian J3 Bodrogkereszncheological 4
bluish gray
44 Carpathian J3 Bodrogkereszincheological 8
dark red part of a bluish
gray piece with dark red
rim
45 Carpathian J3 Bodrogkeresztincheological 6
dark red
46 Stone marrow Bodrogkeresztarcheological -
hydroquartzite with
kaoline
a7 Limnic quartzite Bodrogkereszt@rcheological -
bluish white, slightly
translucent
48 Bakony J2 Csabdi archeological 10
dark mustard yellow wit|
white porcelanite
49 Bakony J2 Csabdi archeological 10
dark mustard yellow wit|
white cortex
50 Bakony J2 Csabdi archeological 9
red
51 Bakony J2 Szentgal- archeological 9
Teleki dilé red
52 Bakony J2 Szentgal- archeological 9
Teleki dilé red
53 Bakony J2 Szentgal- archeological 9
Teleki dilé red with porcelanite
54 Greece Koziakas, geological -
Thessaly dark red
55 Greece Koziakas, geological -
Thessaly dark red

Numbers refer to the grouping in Table 2.1.2
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The geological and archeological sites, from which the samples originate,
are well-known raw material sources and important archeologites for lithic
archeology. They are not described here, however information ondhe be
found in the literature [Lec95, Wei99, Rut70, Bar79, Ard78, Vér65, Dob00,
Dom60, Bac89, Ant90, Bir98, Ant82, Bir91].

Experimental

The samples were cleaned only with pure alcohol (becausavéreyflat
and plain enough for the analysis) and irradiated by proton beam subplied
the 5 MV Van de Graaff accelerator of ATOMKI. The experimentsevearried
out at the nuclear microprobe unit because this allowed a @recigent
measurement and easy sample manipulation in case of some spEebaneg
small dimensions (about 1 MmMON the other hand, the homogeneity had to be
checked, since the determination of the bulk composition was rdqtiitearned
out that the radiolarite samples were quite homogeneous (thent@mics
values derived from measurements taken on different spdie shinples varied
only within the range of their statistical errors), but stromigpmogeneities were
found in porcelanite samples (e.g., sample 38) considering thgr aral minor
components. However, the trace elements - used for provenancing Vetes
uniformly distributed.

For PIGE analysis, the proton energy, collected charge, beaengurr
beam spot size and scanned area were 3.5 MeYC1® nA, 10um x 10um
and 50um x 50pum respectively. The beam energy of 3.5 MeV was chosen
because the gamma-ray yields from light elements are higigé at this energy
to allow a fast determination of the elemental concentratiomswdat is more
important, it is above the quite strong resonance (at3.1 MeV) of the
reaction®Si(p, pY)?®Si [Gea74], thus making the detection of gamma-photons
from silicon easier. The other beam parameters were adjsistitat the current
density did not exceed 25 gAh® because a higher current density could alter

the original composition of the samples [Tou93].
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The gammarays were detected by the CLOVER-Ge-BGO detector
system. The spectra were evaluated by the computer code Physics Anaysis
Workstation (PAW, from CERN, Geneva).

The PIXE study was done in two steps. Although the characteristic
X-rays were detected by using a common Si(Li) detector in both cases, only the
Hostaphan filter of 24 um was first applied before the entrance window of the
detector, while in the second run, the aluminum filter of 98.8 um was aso
mounted. The proton energy, collected charge, beam current, beam spot size and
scanned area were2MeV, 0.04 uC (5 uCwith aluminum filter), 0.03 nA
(2 nA with auminum filter), 10 umx 10 um and 50 um x 50 um respectively.
The concentration of elements in the region of 14<Z<24 was determined in the
first run, while the other constituents were measured in the second step up to

zirconium.

Results and discussion

Concentration values of 24 elements were determined by ion beam
methods, namely, F, Li, Al, Na, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, As, Rb, S, Y, Zr.

The samples, which are not radiolarites, could be separated on the basis
of their potassum, rubidium and iron contents. The "stone marrow" sample
contained extremely high amount of potassium and rubidium, while the limnic
quartzite had low concentration in potassum and iron comparing with the
average valuesin radiolarites.

Utilizing the geological samples, natural clusters can be formed such as
Bakony, Mecsek, Gerecse, Carpathian, Greek and Vienna groups.

It was found that only few elements, namely, Ni, Cu, Zn characterize the
provenance, since either the mean values for the other elements are not different
from each other or the standard deviations are quite high to make any
distinctions. On the basis of the concentration data of the indicator elements

mentioned above, a cluster analysis was carried out using STATISTICA software
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(developed by Microsoft) [Sta]. It seemed that three or four rational and
interpretable clusters can be given. Therefore, the so called k-means clustering
was employed in the analysis. The purpose of this type of clusterization is to
classify objects into a pre-specified number of clusters. The algorithm moves
objects into different clusters with the goal of minimizing the within-cluster
variability, while maximizing the between-cluster variability.

The samples attached to each other into the different clusters can be seen
in Table2.1.4. The archeological specimens are in italics. The first cluster
contains samples from the Vienna-basin and the Transdanubian object from Tata
(type number 12). In the second and fourth clusters, mainly Carpathian and
Transdanubian (from Gerecse region, type number 19) samples and the pieces
from Greece can be found. Some Transdanubian specimen from the Bakony
region (type numbers 9, 10, 11, 12, 13, 14, 15) and few archeological pieces are
added to these groups. The third cluster is the group of the Transdanubian
samples from Bakony region. Several archeological specimens with various

provenances are linked to this cluster.

Table2.1.4
Clusters with samples linked to each other
Cluster
1 2 3 4

22,35,36 17,18,55 1,2,3,4,56,7,8,09, 10, 11, 16, 19, 20, 21, 27, 29, 31, 38,
12, 13, 14, 15, 23, 24, 25, 26, 42,48,54
28, 30, 32, 33, 34, 37, 39, 40,
41, 43, 44, 45, 49, 50, 51, 52,
53

In Table 2.1.5 the mean values and the standard deviations of the clusters
are shown for the different elements, i.e, for the variables in the
three-dimensional space. For the measurement of the distances, the Euclidean
distance was employed. In order to illustrate the distances between clusters, the
three-dimensional space is projected to a plane (Figure 2.1.6) where the two

variables are Cu and Zn.
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Figure 2.1.6 Thelocalization of the clustersin the Cu-Zn plane

Table2.1.5
Descriptive statistics for the clusters

Mean value (standard deviation)
Cluster 1 Cluster 2 Cluster 3 Cluster 4

Ni 125+ 54 26+ 35 6+1 10+9
Cu 131+ 22 69+9 9+3 25+6
Zn 58 + 33 26+ 13 8+4 16+ 10

The concentration data were also investigated from the point of view
whether there are correations between them and the color of the samples,
however no relations could be found.
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2.1.3STUDY ON ARCHEOLOGICALOBSIDIANS

Introduction

Obsidian (Figure 2.1.7) is a glassy material which emergengluhe
rapid chilling of lava of high silicon content. It was widely u$edtool-making
by prehistoric men, especially during Neolithic times becéusas easy to form
different objects such as blades, arrowheads, scrapers anes kinbm the
volcanic glass. Chemical and physical properties of this natiaisd,gas obtained
from different volcanic sectors, are peculiar of the speoidcurrence and allow
their discrimination. Obsidian is also an ideal material for pravematudies and
a unique material which can be used for reconstructing ancieftarege
networks and cultural relations between different populatiortednprehistoric
epoch.

Figure 2.1.7 Natural obsidian lump

In addition to the Mediterranean (Greece, Turkey, Italy) and &asc

(Armenia), obsidian turns up in large numbers in Europe only in the
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Carpathian Basin, or more precisely in the region of the Tokaj-Preswtiich
belongs to Slovakia and Hungary today. From time to time, treésarad valuable
volcanic glass could be the reason for sudden migration or sfdtsation of
people and also for powerful conflicts. On the other hand, wideéngng
connections and trade routes were formed with many distant aloh@al sites
in Europe.

The obsidian samples were widely investigated by differemhicia¢ and
physical methods earlier (summarized in [Tho95]). IBA technigaes also
included (e.g., [Bir78, Bel99]) because they are non-destructive, which is
essential for archeological specimens, and do not requirsaangle preparation.
The obsidians from the Tokaj Mts. were analyzed by Bir6 et al. with the use of an
electron microprobe and found two main groups of Slovakian and Hungarian
objects, while the Hungarian sources were separated into twaisigos![Bir91].
However, ion beam analysis of Hungarian obsidians were no¢daut in large
numbers before.

In this study, the proposed object was to chemically charzeteri
Carpathian obsidians with all the possible localities by PIX@&ERIGE methods,
thus fingerprinting the geological sources, to find new subgrouperié tis any
and to build a compositional database for them in ATOMKI. It &las aimed to
classify several archaeological samples found at an impoRateolithic
settlement, Bodrogkeresztur-Henye and to reveal distangknt@this site or to

confirm the assumption that these materials are local or mesolocal.

Description of the investigated obsidians and Bodrogkeresztur-Henye site

Table 2.1.6 contains the analyzed obsidians which cover all the
Carpathian  sources  explored earlier (Mad, Tolcsvaikadye,
Vini¢ky) [Bir91, Tho95]. Many other geological samples with differentlibies
were studied in order to compare them with the Carpathian ones.
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Table 2.1.6 Sample number and locations

Number Location

1 Tolcsva, Tokaj Mts., Hungary

2 Erdsbénye, Tokaj Mts., Hungary

3 Sima, Tokaj Mts., Hungary

4 Jerevan, Armenia

5 Teotihuacan, Mexico

6 Hrafutinnusker, Iceland

7 Erdsbénye, Tokaj Mts., Hungary

8 Tolcsva, Tokaj Mts. Hungary

9 Tolcsva, Tokaj Mts., Hungary

10 Mad, Tokaj Mts., Hungary

11 Vinicky, Slovakia

12 Komurcl Koyd, Turkey

13 Jerevan, Armenia

14 Karacatren, Turkey

15 Lipari Island, Italy

16 Tolcsva, Tokaj Mts., Hungary

17 Tolcsva, Tokaj Mts., Hungary

18 Tolcsva slope, Tokaj Mts., Hungary

19 Tolcsva slope, Tokaj Mts., Hungary

20 Tokaj-Lebuj (perlite), Tokaj Mts., Hungary

21 Erddbénye, under Mondoha, Tokaj Mts., Hungary
22 1 km west from Eftbénye, Tokaj Mts., Hungary
23 Erddbénye, Mondoha slope, Tokaj Mts., Hungary
24 Erdbbénye, Tokaj Mts., Hungary

25 Mad, Kakas hill, vineyard I., Tokaj Mts., Hungar
26 Mad, Kakas hill, vineyard I., Tokaj Mts., Hungar
27 Méd, near the winehouse, Tokaj Mts., Hungary
28 Mad, at the winehouse, Tokaj Mts., Hungary
29 Vinicky, Tokaj Mts., Slovakia

30 Vinicky, Tokaj Mts., Slovakia

31 Melos-Demenegaki, Greece

32 Melos-Demenegaki, Greece

33 Melos, Greece

34 Melos-Adamas, Greece

35 Melos, Greece

36 Antiparos

37 Antiparos

38 Yali Island, Greece

39 Yali Island, Greece

40 Yali Island, Greece

41 Bodrogkeresztir-Henye, Hungary

42 Bodrogkeresztir-Henye, Hungary

43 Bodrogkeresztir-Henye, Hungary

44 Bodrogkeresztir-Henye, Hungary
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The archeological samples in italics are from Bodrogkereszagihill
which is one of the classical sites of the Hungarian UppeoRdilic. It belongs
to the so-called Gravettian complex and dated to 28000 B.P. [Dob00]. The most
important raw materials at this site are local (South-jjdkanic quartzite, local
and Slovakian obsidian, a special local raw material ,stoneromgr a
hydroquartzite related to kaolinite occurring also locally. Afranin this, a large
number of regional ,imported” raw materials including radiotaritas reported
from this site [Dob00]. However, even supposing gravel pebble resofoce

radiolarite, this site lies much far from possible outcrops.

Experimental

The samples were cleaned with pure alcohol and bombarded by proton
beam at the nuclear microprobe facility. This technique was lnseause it was
well-known that obsidian may contain minerals at micrometele stiaerefore
these inhomogeneities should have been explored and excluded frdmlkhe
measurements The experimental conditions were similar to that of radiela
study, hence only the data on beam parameters are listed here.

For PIGE analysis, the proton energy, the collected chargs) berrent,
beam spot size and scanned area were 3.5 Mg, 3 nA, 10um x 10pm and
1000pm x 1000um respectively.

The PIXE study was carried out in two runs as in case of raitiésla
(with and without the aluminum filter in front of the Be-windowededgdr). The
proton energy, collected charge, beam current, beam spot sizeamted area
were 2 MeV, 0.04C (1uC with aluminum filter), 0.03 nA (1 nA with
aluminum filter), 1Qum x 10um and 100Qum x 1000um respectively.

The ion beam measurements were completed by LA-ICP-MS analysi
Orléans [Gra99]. This device is capable of determining condiemsaof almost

all the stable elements of the periodic tablegly level. However, it probes the

* However, they can give additional geochemicalrimiation on the lava flows, as it is
presented in subchapter 2.2.1.
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bulk of the samples, and furthermore, standards should be used dweing t

evaluation of the spectra.

Results and discussion

By means of PIGE and PIXE techniques, 20 elements were atktect

Among these elements, Na, Al, Si, K, Ca and Fe as major carmtst while Li,
F, P, Cl, Ti, Mn Cu, Zn, Rb, Sr, Y Zr, Nb, Ba as minor or tracesomere

determined.
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Figure 2.1.8 Classification of the studied obsidian samplestlmn basis of Y/Zr and

Nb/Zr elemental ratios

In Figure 2.1.8 the position of the samples

is displayed

in

two-dimensional plot of Y/Zr vs. Nb/Zr. These elements rerstable during the

production and evolution of obsidian, therefore they adequatelyatbara the

lava flows, in this way the geographical sources. As a rasigtclear that ion

beam techniques could sharply separate the different sousseaare confirmed
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the fact found earlier by electron microprobe measurements othigit the
following geological sources existed in the Carpathian basin:d, M&
Tolcsva-Erdbénye, and Viriky. A proper and wide database was created in
ATOMKI, thus allowing the classification of any Carpathian haaogical
obsidian with an unknown provenance in the future.

Two of the samples collected at the site BodrogkeresztureHiatlyinto
the group of Mad, and the clusters Tolcsvaédbéhye and Viriky also contain
each. It means that it can be stated that these materiédea¥enesolocal and do
not show any evidence for linkage to other sites. In other words, th
archeological assumption is still correct, i.e., the peopthisitsite exploited the
sources of the area and did not use obsidian and radiolariteéahatetools of

distant provenances.
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2.1.4ANALYSIS OF PREHISTORICPOTTERY

Introduction

Pottery, one of the earliest artificial materials, raisesnumber of
questions in archeology. It is generally known that typologieglisnces based
on pottery form and style constituted the relative chronologida¢rse of the
periods prior to the appearance of writing and general use w@ilan&ven in
periods dated by written evidence, pottery serves as an ampartarker for
culture and date. However, much less can be found about the rawameateri
pottery finds and their possible indication for provenance, technology and dating.

Pottery consists of raw and additive materials, clay and&@m land
temper, formed wet into shape, fired at variable temperatamesused for
storage and domestic purposes. The appearance of fired clapdeitesell into
the Paleolithic period, but its regular applications as l®sseone of the
hallmarks of the first productive economies, i.e., the Neolpkriod. It could be
assumed that the materials of all the prehistoric potteséee basically local and
originated from clay localities on the site; pottery tempearious additives to
enhance physical qualities like Cag @60, SiO, scale, biotite, different
feldspars, especially prevent shrinkage and cracking during fifi the pottery -
most probably was constituted mainly of materials also avail&xcally.
Knowing the ,picky” choice of prehistoric people in selectthgir lithic raw
material stock, this is not necessarily true [Bir98a]. Esesuming a basically
local origin for most contents of pottery, we can expect muclietyain
technology and finish. Furthermore, as a rule, it is known thaigpogic pottery
could travel long distances as container of other goods or awiismerit for
artistic beauty already in the Neolithic period [Kal77].
The chemical characterization of prehistoric pottery iapadiy developing field
of archaeological research [Man88, Kil88, S4n98, Shr99 , Ont00]. Due to the
complexity of the problem, the archeometrical study of prehispatitery started
much later than other, more ,simple” materials like glassesetals. It is not
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quite clear what is mirrored: place of origin or productionht@bogy or
workshop. The chemistry and mineral composition of the pottery lgemsethe
resultant of all these factors which are very difficaltseparate [Sil00]. It is not

by chance that fingerprinting pottery had been effective fitrsthe case of
vessels with very strict technological processing technigue., terra
sigillata [Bal88]. Recent investigations on prehistoric pottény Hungary
concentrated mainly on temper mineralogy of Bronze Age/Early Iron Age pottery
from the Western parts of Transdanubia [Ghe99].

In this study, material from one excavation site represergmgeral
chronological periods was selected. The aim was to see avhdthre are
differences in choice of raw material, production technology withe shards
from different periods and how much the differences can be arplaif there
are any. For this purpose, the nuclear microprobe technique wasdapjih the
small beam size, which beside the bulk composition and minechlsions,

allow to observe other temper materials (like seashell pieces).

Description of the site and the samples

The archaeological site chosen as the object of analysitheis
northernmost settlement for one of the earliest Neolithic ptpofa in the
Carpathian Basin, the so-called 8o culture. The site Vors is located in the
south of lake Balaton, in the middle of the Kis-Balaton marshes. Probalgdt
to be a protruding long peninsula in the Prehistoric period when dter Vevel
of lake Balaton was much higher than today. The environs of Vastriemely
rich in archaeological remains: almost all archaeologiedibds are represented,
which is partly due to the favorable natural endowments of tlierrebut also to
intensive archaeological work conducted here over several deca@lde site
Méariaasszonysziget itself contains the archaeological herithgeveral cultures,
both in prehistory and historical periods.

On the earlier excavation by Cs. Aradi, rich Neolithic matgurned
up [Kal98]. Later on, this material was recognized as the mostentyriexposed
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site of the Staievo culture, thus having special historical significance fer t
Neolithization of the Central Danube [Kal98]. Due to the inguoce of the
material, new excavations were started in order to gathenwch scientific
evidence as possible from this important site. The top soil remeved, and
closed units from the prehistoric periods were opened by se&lengthods. This
material has large information value, as it came fi@roontrolled and dated
context. The pottery fragments selected for analyses cowverehlistoric periods
found during the recent excavation season, with an emphasis orNeailthic
pottery. In Table 2.1.7 the properties of the samples are listed.fifitng
atmosphere was concluded from the color of the specimens [Mah&8h be
seen that some developments were achieved in the contrahgftBmperature,

since mainly the technique of oxygen reduction was observed frentdhy

Copper Age.

Table 2.1.7

Properties of the samples

Number Unit Culture Age Atmosphere
1 52 (western part) St&vo Early Neolithic Oxidizing

2 50 Statevo Early Neolithic Mixed

3 54 (southern part) Staavo Early Neolithic Oxidizing

4 52 (grave soil) Staevo Early Neolithic Mixed

5 43 Lengyel Early Copper Age Reducing
6 53 (eastern part) Kostolac Late Copper Age Reduci
7 48 Kisapostag Early Bronze Age Mixed

8 46 Kisapostag Early Bronze Age Reducing
Experimental

Three parts of the samples (original inner, outer surfaces@ndross
sections) were probed by the proton beam after cleaning tlighnpue alcohol
in order to check the reliability of concentration values.

PIXE method described in subchapter 1.2 was employed to obtain
information on the fragments. Approximately 10 frsheach part of the samples
were mapped by the proton beam in five steps using 25 soan sizes to
achieve an average and characteristic distribution of ttesinas. Spectra were

taken first on the bulk and then on the inclusions using smatkan sizes
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corresponding to the specific situation. The scan areas usedllyinit
(2.5 mm x 1 mm) allowed to observe even 3QiDsize objects, thus the typical
enrichments with the smallest size of about il@0were easily explored. For the
bulk measurements, the proton energy, collected charge, beam emddpeam
spot size were 2 MeV, OC (2uC with aluminum filter), 0.1 nA (0.5 nA with
aluminum filter), 3um x 3um respectively. When measuring on the inclusions,

the beam parameters were adjusted regarding to the composition ohfile.sa

Results and discussion
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Figure 2.1.9 Typical spectrum taken on the bulk of a pottenpgle and some elemental
maps (produced by the low energy Si(Li) detectonjlidating the characterizing
enrichment places in the bulk material (scan Z&¢mm x 1 mm)

In Figure 2.1.9 typical spectra taken on the bulk of a pottery and som
elemental maps indicating the characteristic enrichmentbeaeen. The major
elements detected were Mg, Al, Si, K, Ca and Fe, while Ti, K, GU, Zn, As,

Rb, Sr and Zr appeared in the spectra as minor or traostittients.
Unfortunately no correlation was found between the distribution anifler s
and/or number of enriched places and the age of the samples. Althiaug
addition to the abundant parts presented in Figure 2.1.9, Cu-rich places
(originated from chalcopyrite) were found in all of the samgbesept the ones

from the Early Neolithic. This may be an indication that fréwa Early Copper
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Age, beside the common tempers, some other minerals were sdsofeor
producing potteries.
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Figure 2.1.10 Variation of the concentration of some interesttgments from the outer
to the inner surface of samples

The composition of the samples and the relation of the elementa
concentrations to each other can vary during the firing, usage aaddseeof the
interaction between the material of the potteries and tharsaihich they are
buried. These factors are mixed, and their effects can not bebiguemusly
separated. This is illustrated in Figure 2.1.10 by the variatagdnthe bulk
concentration values of some elements used later for provenancing from the outer
to the inner surfaces through the cross sections of thplessimAlthough only
few elements are presented in this graph, the others alsotBisoigature. (The
largest concentration differences between the surfamksha cross sections can
be observed for P in samples #7 and #8. This reflects that theyused not

only for storage, but for cooking [San98]). Because of this anfhttdéound and
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mentioned earlier, namely, there is no unambiguous relation between t
composition of mineral inclusions and age of the samples, the cross section of the
specimens, which are almost not influenced by the above effeassbrought
into focus. On the basis of this analysis, it was shown that using the coticentra
values of P, V, Rb and Sr (the selection of them is somehowemtal and the
result of attempts according to the precedent in refeid@e88]), a
classification can be given among the samples to a certaEmtexthe
distribution of the pottery pieces in the 3-dimensional space chesgdotted in
Figure 2.1.11. As it is clearly seen, two distinct groups cafotmeed. The first
one includes samples from the 8&o and Kostolac cultures, while into the
second cluster, the specimens from the Kisapostag and Lengyelesulire
fallen, which reflects the raw material differences ratthem the production
technique of the specimens. In this way, the initial assumptian, the raw
material of the potteries would be local, was disproved, whichegathe

possibility of trade with other populations or other clay source nearby.
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Figure 2.1.11 Distribution of the samples in a 3-dimensional cgpaising P/Sr, V/Sr,
Rb/Sr concentration ratios
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2.2 GEOLOGY

2.2.1STuDY ON PHENOCRYSTS INOBSIDIAN GLASSES

Introduction

The study presented in subchapter 2.1.3 focused on the chemical
composition of obsidians from different geographical localitiBlse samples
were collected in order to investigate the glassy mateaal ircheometrical and
geochemical point of view. However, some of the specimens contsévedal
phenocrysts of relatively large size (10-5Q@m). Silica-rich volcanic glasses,
obsidians have a very low (sometime practically zero)esundf phenocrysts.
Therefore, the mineralogical identification of the charadienzEhenocrysts when
they are present and the knowledge of their minor and traoesat contents can
help to distinct among ancient obsidian sources. Moreover, phenoomgsts
provide petrologic information as well.

This subchapter deals with the analysis of silicate, subide sulfate
minerals found in the obsidian samples from Tertiary or Quaternary volcaaic ar

of Armenia, Greece, Hungary and Slovakia.

Description of the studied volcanic glasses
The localities, geological settings and age of the sampeedisted in
Table 2.2.1.

® Phenocyst is a microcrystal in the host glasi.isfincorporated from the surrounding
rocks by the lava, it is called a xenocryst.
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Table 2.2.1
The locality, geological setting and age of thelyaed obsidian samples
Sample Locality Geological setting Geological age
number
1 Aragats Mts., Armenia subduction related Pliocene-Quatern
volcanic arc ary
2 Giali, Greece volcanic arc Miocene-Quatern
ary
3 Melos, Greece volcanic arc Miocene-Quatern
ary
4 Erdébénye, Tokaj Mts., volcanic arc Miocene
Hungary
5 Sima, Tokaj Mts., Hungary  volcanic arc Miocene
6 Vinicky , Tokaj Mts., volcanic arc Miocene
Slovakia

According to the so-called total alkali-silica (TAS) diagravta[89] each
sample can be petrographically regarded as rhyolites (Figudd.2However,
silicic obsidians can be classified chemically correspondirthdiv CaO, AJO;
and NaO+K,O contents [Mac92]. According to this ternary diagram, the
samples show subalkaline peraluminous character (Figure 2.2.2).
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Figure 2.2.1 Localization of the studied obsidian samples ie total alcali-silica
diagram
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Figure 2.2.2 Localization of the studied obsidian samples & @a0-A}Oz-(Na,O+K,0)
diagram

Experimental

Thin sections of 40-5Qm were produced first and the minerals were
identified by using a NIKON Microphot SA polarizing microscope.

Although the routine analysis of mineral phases is usualljedaout by
the electron microprobe technique, in this work the nuclearomicbe facility
was used because additional information can be achieved wittetbetion of
minor and trace elements (e.g., Y, Ag, Hf), which can be easily performed by this
device. On the other hand, the latter instrument allowed toure#sose trace
elements in the host glass which are major or minor constitd the minerals,
thus giving the possibility of direct comparison of them.

The experimental conditions were the same as in subchapter 2.1.4,
therefore they are not entirely recalled here. The proton be@Wekl has an

average projected range of abouts in silicate materials which corresponds
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to the size of the grains. The size of 2 & and intensity of 50 pA of the beam
provided a non-destructive analysis. The integrated charge sarf@es varied
in a wider range (200-400 nC) according to the specific mineral studiedc@he
size of the beam was also adjusted according to the sizéeoimtneral
assemblage in question. After the production of elemental mapssiirier and
differing parts of the assemblages were selected and measured ito odeeitify
the individual mineral phases. When small minerals {g#) were investigated,
interferences with the host material could be observed, tmeréiese spectra

were not interpreted.

Results and discussion

The minerals measured in the obsidian glasses were zyrquadés),
pyroxene (4 pieces), amphibole (2 pieces), biotite (7 pieces), pggoc
feldspar (3 pieces), quartz (4 pieces), anhydrite (1 piecesite Br pieces),
chalcopyrite (2 pieces), pyrrhotite (1 pieces) with the occoe®rof elements
Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Rh XS Zr,
Ag, Hf. In the following paragraphs, their description and relatedlogical

discussion is detailed.

Silicate minerals

a) Zircons

Zircon (ZrSiQ) is a common accessory mineral in acidic volcanic rocks.
It always contains some Hf, and continuous solid solution extends t
hafnon (HfSIQ).

Two crystals in obsidian from Sima (Hungary) and four crgstal
obsidian from Vinkky (Slovakia) were analyzed. The Hf/Zr atomic ratioghef
measured zircon crystals were definitely lower for obsidiah Sima
(0.009 and 0.010) than that of Miky (0.012, 0.0.14, 0.015 and 0.018). The
calculated wt% of Hf in zircons is 0.83 and 0.91 for Sima, and ranges1ir10
to 1.68 for Vintky. These values are lower than the mean of 1.71 calculated by
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Ahrens and Erlank, however they belong to the ranges of high fregirethe
distribution diagram compiled by these authors [Car74]. The Hifi@mic ratios
of the host glasses are higher than those of the zircotalsry6.033 for Sima
and 0.027 for Viniky). It is worth mentioning that the differences between the
Hf/Zr ratios of the zircon crystals and that of the hdasgis much higher for
Sima than for Viniky, which reflects the differences of the bulk contents of
these sources mentioned in subchapter 2.1.3.

The yttrium content of the analyzed zircon crystals is aésnarkable.
The Y/Zr atomic ratios are 0.008 and 0.010 for Sima and range from 0.004
to 0.013 for Vinéky . It seems that there is no definite correlation betwé&n
and Hf/Zr ratios.

b) Pyroxenes

Pyroxenes are relatively rare, but not uncommon mineral comgstire
acid volcanic rocks. They have a general form@i,Og in which X is usually
Mg, Fe, Ca rarely Mn, Li, Ti, Al or Na.

Pyroxene crystals were found in three samples coming from three
different localities. According to the CaSi®IgSIiOs-FeSiQ contents
(Table 2.2.2), pyroxenes of obsidians from Melos (Greece) areeaagil those
from Giali (Greece) are diopside-hedenbergite, while the pyrozerstal found
in obsidian from Sima (Hungary) is ferrosilite [Mor88]. Position @di-rich
pyroxene from Melos and that of Ca-poor pyroxene from Sima moressr le
corresponds to the crystallization trend of Ca-rich and Ca-poavxenes
suggested by Carmichael [Car60], however the crystal from Balifar away

from the trends.
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Table 2.2.2
Estimated composition of the pyroxene crystals Jaif the(;‘j+2)fwllgOO ratios for these
crystals and their residual glasses

CaSiQ MgSiO; FeSiQ %m
|\/|pa 40.2 48.7 11.1 19.8
Mr - - - 72.4
Gpl 47.0 25.0 28.0 37.5
Gp2 46.6 27.0 26.4 37.0
Gr - - - 82.4
Sp 3.5 24.6 71.9 74.5
Sr - - - 93.5

& Mp = pyroxene from obsidian Melos (Greece); Mesidual glass-Melos;
Gpl, Gp2 = pyroxenes from obsidian Giali (Gree@)s residual glass-Giali;
Sp = pyroxene from obsidian Sima (Hungary); Srsideal glass-Sima

1400 _T
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1300 4
1200 -
OC)‘ Mp = o a Mr
g Gp1,Gp2 W s Gr
11004 BlAp gl
Sp= Sr
1000 P
Solid
900 — T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 8 90 100
Mg (Fe+Mn)*100 FeMn
Fe+Mn+Mg

Figure 2.2.3 Possible relationship between pyroxenes and tiesidual glasses with
respect to their relative iron enrichment

Pyroxene phenocrysts may be in equilibrium with residual glasbegr
may be xenocrysts which have been incorporated in the glasse Ri¢.3 shows
a possible relationship between pyroxenes and their residaggegl, in which
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hypothetical solidus and liquidus curves were constructed by Claaslion the
basis of analytical data on Ca-rich pyroxenes and their résifasses from
some British and Icelandic Tertiary pitchstone [Bow13]. Hyeoxene—glass
pairs Mp—Mr and Gpl/Gp2-Gr lie off the hypothetical curves, tbezethese
pyroxene crystals could be regarded as xenocrysts. However,icGaem
suggests that a “rather odd-shaped bulge” of the solidus curvalsanbe

assumed [Bow13]; in that case Mp-Mr and Gpl/Gp2—Gr pairs are not anomalous.

c) Amphiboles

Chemical composition of minerals of the amphibole group can be
expressed with the formuk&.sYs 7SisO.2(OH), in which X can be Ca, Na, K, and
Y can be Mg, Fe, Mn, Al, Ti. Silicon and (OH) can be partialiylaeed by Al
and O or F respectively. Amphibole is common mineral constitueigneous
rocks, however it is relatively rare in obsidians.

Two amphibole (hornblende) crystals were found in the obsidian sample
from Melos (Greece). It is quite difficult to give an exaomposition because of
the complicated structure of amphiboles and limits of the mitk&Hnethod
(OH- content cannot be measured). According to the analyses, th@molbable
composition of these hornblende crystals is N8MgaFe Algq
Si7Al 1-2022(O H)Z] .

d) Biotites

Biotite is the most common mafic mineral constituent iidl aolcanic
rocks. Its chemical composition can be expressed by the
formula K(Mg,Fe)[AlISi;0:(OH),].

Numerous biotite crystals were found in the studied samples,veowe
most of them were small in siz&20um) and opacitized. Some unweathered
biotite crystals in samples from Bfatnye (Hungary) and Vitky (Slovakia)

were analyzed.
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Mg/Fe ratio of biotite crystals from Efbdénye and Viriky ranged
from 0.9 to 1.9 and from 0.6 to 0.9 respectively. Rubidium could be detected in
each crystal (in the range of 0.1 at%), and the Rb/K ratio pravdzk tquite
similar for the two localities (0.003 for Vigky and 0.002-0.004 for Eétbénye).

Rb,O contents of the studied biotite crystals are also sinaitet show low
variety: they ranges from 0.10 to 0.16 and from 0.11 to 0.12 fafbErgye and

Vini¢ky respectively.

e) Plagioclase feldspars

Plagioclase feldspars are formed by a continuous series of bitee a
(Ab) (NaAlSikOg) and anorthite (An) (Cah$i,Og). Sodium-rich plagioclase is a
common felsic mineral in acid igneous rocks. Accordingly, seyaegioclase
feldspar crystals of oligoclase composition {fdaAnios) were detected in
obsidians from various localities. In some cases, howevegiugatich
plagioclases were also identified (Table 2.2.3). According tomiwo-PIXE
measurements, two plagioclase crystals in obsidian fronéRyir{Slovakia) have
bytownite (AboAngy) and labradorite (AgANnss) compositions, while one crystal
in obsidian sample from Melos (Greece) showed bytownite-dalbite
composition (AgAnyo).

Table 2.2.3
The albite-anorthite ratios for the Ca-rich pladgse crystals and their residual glasses
(Wt%0).

albite  anorthite

Mf2 30 70
Mr 80" 20°
Vil 20 80
\Vivi 45 55
Vr 86° 14°

& Mf = feldspar from obsidian Melos (Greece); Mresidual glass-Melos;

Vfl, Vf2 = feldspars from obsidian Vigky (Slovakia); Vr = residual glass-Vitky;
Sf = feldspar from obsidian Sima (Hungary); Sr sideal glass-Sima

® calculated from the normative Ab and An contents
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Figure 2.2.4 Possible relationship between Ca-rich plagioclaaed their residual
glasses. The system albite—anorthite at 1 bar ymessas made after Bowen [Bow13]
and revised by Kushiro [Kus73]

Following Carmichael’s train of thoughts related to pyroxenes fannd
acid glasses, possible relationship between Ca-rich feklspat their residual
glasses can be outlined. Figure 2.2.4 shows Ab/An ratios for thedeldssidual
glass pairs in the binary system Ab-An. The ratios for éisédual glasses based
on normative Ab and An values calculated from their major ehtah
compositions. As it can be seen, feldspar members of the paitgujzaly
points Mf, Vf1) lie far from the solidus curve, indicating thihey are not in
equilibrium with their residual glasses. This pattern sugghsts Mf, VIl are
probably, and Vf2 possibly xenocrysts incorporated by the acid melts.

f) Quartz
Quartz is essential mineral constituent in acid igneoussrdubwever,

quite rare in obsidians. Obsidian from Giali (Greece) contagmsral angular
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guartz crystals the size of which is some hungimed Some of these crystals are
scattered in the glass, but others, sometime together withdadic plagioclase,

are embedded in rounded opaque material. These rounded objects can be
regarded as inclusions, while the individual quartz crystads x@nocrysts.
Probably, these quartz crystals were incorporated by the absithigma just
before or during the volcanic activity because they do not shoarptem

embayments.

Non-silicate minerals

Two samples contained very interesting non-silicate mineral
assemblages. Onanhydrite (CaSQ) crystal was found in obsidian from the
Aragats Mountain (Armenia). The anhydrite crystal contaiaiesed fine grains
of chalcopyrite (CuFe$) and is surrounded by secondary copper
mineral (Figure 2.2.5). The latter mineral could not be identifieimbiguously,
nevertheless its emerging Ag content (0.06 at%) confirm trdatféers from the
inner chalcopyrite. Although anhydrite is primarily sedimentaigeral, it can
be also formed by hydrothermal activity or volcanic exhalatippearance of
copper ore minerals in and around the crystal suggests hydrothermal origi

A rounded opaque grain was found in an obsidian from ¢kini
(Slovakia) which proved to be a mineral assemblagepyofhotite (FeS),
pyrite (FeS) and subordinatelghal copyrite (Figure 2.2.6). The Fe/S ratio of 8/9
of the pyrrhotite was deduced from the measurements which showed
chalcopyrite-pyrrhotite composition because it could not be originageusing
the spectrum taken on the pyrrhotite-pyrite assemblage, sitee t
pyrrhotite/pyrite ratio is ambiguous. The presence of pyrite laatbiv (0.1 at%)

Ni content suggest a hydrothermal origin for this ore minassemblage.
Pyrrhotite has not been observed in obsidians fromiMrso far Pud].
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Figure 2.25 The photograph and some characteristic PIXE eleahenaps of the
anhydrite and associated crystals
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Finally, it must be noted that obsidian glasses from the abemioned
localities do not show trace of hydrothermal alteration. Thezefbis also
possible that these hydrothermal minerals were incorporated béfhere
solidification. The clarification of this question requires furthedss.
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2.2.2INVESTIGATION OFMAGNETIC SPHERULES

Introduction

For the first time, Nordenskjold (1874) and later Murray (187ppnted
on "magnetic spherules" the origin of which was interpretesl a
"cosmic" [Nor74, Mur76]. The systematic exploration and investigatif these
objects started by the oceanographic expeditions Albatros, €Galatimd
Challenger [Pet50, Bru55].

In the past hundred years, magnetic spherules were foundigus/a
geological environments, namely, in the Antarctic and Greenland ice
and glacial sediments [Koe89, Zbi94], in deep-sea floor cores [Kur@96ta
in meteorite fall areas [Nin54, Shy93], in Paleozoic-Mesozoic [Mio930&)et
Mesozoic-Cenozoic [L0z81, Cza83] and  Quaternary [Bi93, Mar67, Bor95]
sediments, in volcanic [Fil81, Rob96] and granitoid-metamorphic [Jer78, Jak89]
rocks. Magnetic spherules collected in recent sediments aadiodmor around
the industrial centers may also be the products of air pollutiorhgps
over 99 %) [Puf80].

The origin of the magnetic spherules has not been entirédyndeed,
although it has been restricted to extraterrestrialnfgmsdust or meteoritic
impact), igneous (volcanic or metamorphic) and industrial preseg&xamples
for each genetic type of magnetic spherules above from Holocene flupaite
of the Carpathian Basin can be found in [Raj96a, Sz695]:

(1) impactites (extraterrestrial)

(a) magnetite spherules formed by the melting of meteoritic matte
or from condensed metal vapor,
(b) metallic-silicate (and glassy) spherules formed by theéngixf
the terrestrial matter by shock metamorphism,
(2) globules of the volcanogene hydrothermal effect (igneous),
(3) iron-welding produced spheres (industrial).
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The aim of this study is to contribute to the identificationhef thagnetic
spherules found in the Carpathian Basin and to prove the hypothdsihdha
investigated objects are the products of a meteoritic impact.

Description of spherules

The studied objects were collected from borehole cores ibkghuta
area (Moragy Granite Complex), SW-Hungary [K6k97]. Moissanite,clsho
metamorphic quartz, large number of magnetic spherules, maifidate
spherules, magnetite platelets and ejected slag fragmemtban identified in
the detritus red clay overlaying the surface of the above omeati Lower
Carboniferous Moragy Complex [Bal83]. This paragenesis supposing
meteoritic impact event may not be identified either in the dyidgrgranite or
the overlying Quaternary loess and fossil soil. Only the magseherules of the
paragenesis is investigated here. The spherules indicated as bH-andlUh-ps
(corresponding to the surface, inner part and polished section sphezules
respectively) in Table 2.2.4 are characterized by uniform morplwlagd
structural features as well as very high iron content. €kiite of the samples
has been studied by a scanning electron microprobe (SEM) using an
AMRAY 18301 equipment. In Figures 2.2.7 and 2.2.8 peculiarities of a
meteoritic impact can be observed: cup-like shape of a spherudegkan

spherule and special texture in its outer crust.

Table 2.2.4
The properties of the compared magnetic spherules
. . . Size Investigated
Symbol Geological setting Locality (um) area
Uh-s Pleistocene detritus, Borehole Uveghuta-5, 100-200 surface
overlaying bed of Paleozoic depth: 54.6-54.8 m,
Méragy Granite SW-Hungary
Uh-i Pleistocene detritus, Borehole Uveghuta-5, 100-200 inner part
overlaying bed of Paleozoic depth: 54.6-54.8 m,
Méragy Granite SW-Hungary
Uh-ps Pleistocene detritus, Borehole Uveghuta-5, 100-200 inner part
overlaying bed of Paleozoic depth: 54.6-54.8 m,
Méragy Granite SW-Hungary
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Table 2.2.4 (Continued)

. . . Size Investigated
Symbol Geological setting Locality (um) area
R-1 Recent river bed Koros River, 200-600 surface
SE-Hungary
R-2 Holocene sand of alluvial flat Danube River, 100-400 surface
NW-Hungary
Hn Mesozoic Gemeric Granite Hnilec, Slovakia 90-12@urface
Bukk Paleozoic-Mesozoic bedded Gerennavaér, 3-20 surface
limestone Bikk Mts.,
NE-Hungary
Jap Paleozoic-Mesozoic beddedSW-Japan 5-20 surface
chert
DS Recent deep-sea sediment Hawaiian Islands 70-2iB0er part

Literature for the different samples: R-2[Raj96alin [Jak89]; Bikk [Det98];
Jap [Mio93]; DS [Yad96]

Figure 2.2.7 (A) SEM patterns for the magnetic spherules inebote Uveghuta-5
showing ball-like and cup-like forms with typicabaing structures, (B) Microtexture of
the polygonally and "astrakhan-coated” surfacedative of meteoritic impact
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Figure 2.2.8 (A) SEM pattern for a cracked up magnetic sphewita streaked smooth
surface in borehole Uveghuta-5, (B) Microtexturete fluidal, dendroidal hollow inside
indicative of rapid cooling from liquid state

For comparison, the data on the following groups of spherules @ tak
from the literature (summarized in Table 2.2.4):
(1) magnetic spherules showing similar morphological-structural and
compositional features to the above ones, which were collected from
alluvial Hungarian river beds (R-1 and R-2); according to exarli
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studies [Raj96a], these spherules were regarded as obaniag
from an impact event,

(2) magnetic spherules described by Detre et al. (Bikk) [Det98];
regarding the size, structure, composition and genesis of these
spherules, this group differ from that of the spherules mentioned
above; the authors state that these objects, which werectedll
from a formation of Permian-Triassic boundary, are
cosmic/interstellar spherules as "messengers of a neag®rnova
explosion”,

(3) objects found in Japan (Jap) [Mio93] which correspond to the above
(2) type spherules,

(4) magnetic spherules (Hn) [Jak89] identified in the Mesozoic Gemeri
Granite Complex [Kov66],

(5) objects with cosmic origin from recent deep sea sediments (DS).

Additionally, | refer to data on spherules with different Fesgsa

(magnetite, hematite, pure Fe)[Isa00] in order to compare tém the
Uveghuta objects. Polished sections of magnetic spherules fiioen
carbon-bearing Barringer crater, Arizona [Sut85, Sho87] were atalyzed
collating them to the Uveghuta spherules regarding their carbon contents.

Experimental

Several (19 sample) spherules showing the special textureomeuhti
earlier and presented in Figures 2.2.7 and 2.2.8 were selected riegntdé
analysis. The specimens were analyzed in original (Uh-s), midkei) and
polished section (Uh-ps) forms because it was found that magnetic sphemules ma
have a silicate-metallic rim around the metallic core. §Asexample Fe and Al
maps taken by micro-PIXE method on spherules from the Barringderc

(Arizona, USA) can be seen in Figure 2.2.9.)
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Figure 2.2.9 Fe and Al maps taken by micro-PIXE method on pelisthin sections of
Arizona spherules (scan size: 100 x 1000um, white color: low counts, blue: high
counts)

The elements above Na were detected by micro-PIXE technique
using 2 MeV proton beam focused tquh x 2um size with a beam current
of 50 pA. The integrated charge deposited on the samples was
typically 150-200 nC. The beam was scanned over the sample up to a maximu
area of 100um x 1000um. It is known that due to the spherical shape of the
spherules, the calculation of the concentration values withowtpgpkcation of
geometrical corrections may cause high systematic serlowever, as it was
discussed in a previous work [Uz098], this can be avoided byumegon the
center of the samples where the surface can be approximated with a plane.

The C and O contents of the spherules were determined by Dé@an
bombarding the samples by 1.8 MeV deuterons and using the Clover-Ge-BGO
detector system placed at°5&ith respect to the beam direction. The collected
charge on the target wag@, while the beam spot size, scanned area and beam
current were 10pm?, 1 mnf and 1 nA respectively. The concentration values
were deduced by means of some samples (H14 Hungarian steel, K&p&on)
used as standards with well-known carbon and oxygen contents.
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Results and discussion

From the evaluation of the measured PIXE spectra, the majstituent
of the spherules was iron. As minor elements, Al, Si, P (few w®0)K, Ca, Ti,
V, Cr, Mn and Ni were detected. The DIGE analysis revealedtlibasamples
have relatively high carbon contents and contain significarttuat of oxygen
(20-40 wt%) as well. The collected charges were adjustedhab the
determination of trace elemental concentrations was not podséldause the

minor metallic elements were enough to achieve our aims.

12

10 Gemeric Granite (Jakabska et Rozlonik, 1989)

Si (at%)
»

Regression
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Figure 2.2.10 Bivariate plot of Fe and Si of the magnetic sples(m Moéragy Granite,
© Gemeric Granite)

The studied spherules from the weathered surface of the MGnagyte
Complex are probably ferrosilicium material similar to thghesules in the
samples from the Gemeric Granite Complex [Jak89], howeveF#i®i ratio
shows a negative correlation scattered in a wider range €éFgarl0).
Ferrosilicium with formula F&i contains 79.91 % Fe and 20.09 % Si [ Jak89].
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The data show that our spherules contain 95-8F&bsfor the inner part
and 80-97 % Fe for the surface. This composition indicates a rapiagdelD.,

in water) of a melt at a temperature of >1200[Jak89] and suggests an impact
event.

Identification and distinction of terrestrial (volcanic, antrogog) and
extraterrestrial spherules can be made by using some elémeaida (Ti/Fe,
Cr/Fe, Mn/Fe, Col/Fe, Ni/Fe) [Yad96, Mio93].

By averaging the elemental concentrations of the samplbe idifferent
groups and comparing our results with data from the literatuabl€T2.2.5),

correlations of some elemental ratios have been made (Figure 2.2.11).

Table 2.2.5
Average ratios with standard deviations of someattietelements for the different
groups of samples (n. d = not determined, valuesradtiplied by 1000)

Sample Number of  Ti/Fe Cr/Fe Mn/Fe Ni/Fe
samples av. (st. d.) av. (st. d.) av. (st. d.) av. (st. d.)

Uh-s 16 0.55 (0.66) 1.17 (0.68) 6.56 (0.51) n. d.

Uh-i 3 n. d. 0.95 (0.86) 2.92 (0.95) 2.01 (0.60)

R-1 5 1.63 (0.20) 0.70 (0.56) 12.3 (0.58) 0.85%D.3

R-2 4 1.73 (0.08) 1.05 (0.58) 10.76 (0.46)  0.929D.

Hn? 6 n. d. 2.46 (0.73) 4.61 (0.89) n. d.

Bukk 3 0.62 (0.69) 1.68 (0.66) 3.53 (0.62) 21.99).

Jap” 5 1.63 (0.46) 2.24 (0.62) 5.56 (0.59) 16.9 (0.10)

DS°¢ 4 n. d. 0.51 (0.29) n. d. 35.5 (0.16)

#data taken from reference [Jak89]
®data taken from reference [Mio93]
data taken from reference [Yad96]

® The oxygen content of the spherules was not détedhby micro-PIXE, therefore the
composition without this element was rounded up@o %.
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Figure 2.2.11 Averages of (Mn/Fe), (Ni/Fe), (Ti/Fe) vs. (Cr/Hey different groups of
magnetic spherules (for legend see Table 2.2.4)
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On the basis of these diagrams, the following conclusions can be drawn.

 In general, Ti content of volcanogene and industrial magnetic
spherules is higher than that of the extraterrestrial
ones [Mio93, Puf80]. According to the Ti/Fe vs. Cr/Fe diagram
(Figure 2.2.11/A), all of the studied samples are of extrataalest
origin.

« It is widely accepted that Ni content of magnetic sphernidisates
extraterrestrial  origin, although opposite views are also
known [Puf80, Gor67]. The so-called fission crust, which can be
found on the surface of micrometeorites and impactite spherules,
does not commonly contain Ni. This fact is also confirmed by the
analytical data of the samples from Uveghuta area (Uh-s,.UDni)
the basis of the Ni/Fe vs. Cr/Fe diagram (Figure 2.2.11/B), the
impactite and cosmicspherules can be definitely separated from
each other.

e Position of the samples in the Mn/Fe vs. Cr/Fe diagram
(Figure 2.2.11/C) suggests that in the case of impactitenetiag
spherules, it is crucial which part of the samples wereyaedl
Outer surfaces of the samples from Uveghuta area (Uhes) ar
characterized by definitely higher Mn content than their inpaets
(Uh-i). Using this diagram, the two genetic groups can beratoh
from each other by the analysis of the outer crust. Posidfon
magnetic spherules of Gemeric Granite Complex (Hn) in the
Mn/Fe vs. Cr/Fe diagram is similar to that of the samples fthe
Bukk Mountain (Hungary) and Japan. At the same time, however, it
is questionable that the origin of the (Hn) spherules @mic, since
Ni has not been detected in them. Probably, only the surfaces of the

spherules were analyzed, and composition of their inner part can be

" Cosmic spherules are often called micrometeorites
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considerably different, as it is shown by the samples from the
Uveghuta area.
In Figures 2.2.12 and 2.2.13 Fe, Al, C and O (from DIGE measurements)
maps are presented for Arizona and Uveghuta samples, while Table 2.2.6
includes the average concentration values for different sampling points.

Figure 2.2.12 Fe, Al, C and O (from DIGE measurements) mapsrabe Arizona
metallic spherules (scan size: 1000 x 10ét)
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Al

Figure 2.2.13 Fe, Al (from PIXE measurements), C and O mapsrtaike Uveghuta
metallic spherules and platelets (scan size: 100000pum?)

Table 2.2.6
Average carbon and oxygen contents of the sphemgsthe meteorite fragment at
different sampling points

Sampling point C (no/9) O {19/9)
Arizona inner core (9 points) 1706140 87%70
Arizona outer rim (8 points) 1260@:1900 39800660000
Uveghuta inner core (10 points) 3540:210 31000852000

It is clearly seen that the Arizona objects have firs@rgd siliceous impactite
coating around their metallic cores, which fact is well-knownd8%, however
the Uveghuta samples do not clearly show this feature. Thelation between

the Fe and O contents of the samples (Figure 2.2.14) is alsedplotorder to
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determine the Fe-phases of spherules comparing them with addrdified
magnetite, hematite and pure Fe spherules [Isa00]. On the basis of this goaph, tw
of the Uveghuta spherules can be classified as magnetitexf ftlem can be
regarded as hematites, while the rest two samples are ox@lzed. The
Fe-Ni-metal, kamacite cores of the Arizona specimens loxygen contents
only at trace element level, while the outer rims contagnitant amount of
oxygen (30-60 wt%). This oxygen (and Fe) enrichment of impactitangoat
suggests the possibility that mineral phase could be goethite or

maghenite [Mea65].

60
° . M  Magnetite spherules
o° H Hematite spherules
50 Fe pure Fe spherules
e Uveghuta spherules
o o Arizona spherules
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Figure 2.2.14 Correlation between Fe and O content of the nietgfiherules (the data
on magnetite, hematite and pure Fe spherules leza feom [Isa00])

Carbon content of rim and plain specimens of the Canyon Diablo
meteorite was systematically measured earlier [Mo067]. Hexyexther impact
objects (spherules, blebs, slag) have not been studied in thixt.eEhe carbon

content of the Arizona objects may be connected to various acgcessor
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phases such as graphite, diamond, lonsdaleite [Fro67], carbide [Ax077],
cohenite [Hun94] and moissanite [Sco71, Yud70], however this study can not
answer this question. It was proven only that the carbon contetiits spherule
outer coating are much higher than that of the inner core, and dteonite
fragment has the highest concentrations. It is worth mentioninghéacarbon
content of the Uveghuta iron-oxide spherules is quite similar toofithe Fe-Ni

rich core of the metallic spherules from the Barringer Crad€zona. These
connections are discussed as it follows:

» Data support the argument [Kar96, Miu95] that the impact shock
heating and decarbonation of the target rocks caused partial oxidation
and chemical fractionation of meteorite projectile of theriBger
Crater, Arizona.

* It is an important result that the presence of carbon is also
characteristic for the Uveghuta spherules representing herhig
oxidized iron-oxide type. This fact prompts further studies on
samples from other boreholes (e.qg., [Isa00, Mar97]) to trace possible
carbon-bearing phases. These results, however, are not sufficient
decide whether the carbon content of the Uveghuta spherules
indicates the presence of ‘carbon-bearing’ or a ‘carbon-fregact
crater, i.e., the carbon may come from the target rodkoon the

projectile.
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In this work interdisciplinary studies on geology, archeology andiggys
based on ion beam techniques were shown. The thesis was stditexd slibrt
introduction to the concepts and principles of the applied methods and
instruments, which was continued by the description of methodalogic
developments. Then several applications of ion beam techniques fielthef
geology and archeology were detailed.

The relevant results | achieved during this interdisciplirsmgntific
research at the nuclear microprobe facility of ATOMKI can be sumnahiizthe

following items.

1. It is the first time that a Clover-Ge-BGO detector egstwas successfully
applied in ion beam analysis at the nuclear microprobe facilitg.problem,
how to produce elemental maps, was solved by using analogous summation,
while good energy resolution spectra could also be created.tdthke
photopeak efficiency of this type of detector systems wasuned for the
first time because it was crucial in cross section calims, and the
achieved minimum detection limits in PIGE measurements fot ofothe
detectable elements reached the best values found in recemns,pape
sometimes they are better than the published ones. Utilizingxtedlent
characteristics of the set-up, the detection of lithium (arrdstig tracer
element) in obsidian glasses by PIGE method was made possithlearbon
concentration could be measured in spherule samples with minimum
detection limit commensurable to that of charged particle detection.

2. By studying deuteron induced reactions on different light elemgmtisal
gamma-ray spectra were presented and tables summarizingpsheuitable

gamma-ray lines for elemental analysis of a given elemveng constructed.
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The thick-target yields for the most characteristic gannays of elements
with Z=3-20 (except Be, Ne, P and Ar) in the deuteron energy range
of 0.7-3.4 MeV were also completed with additional yield curves. It was
found that the measured yields could be generally fitted byharraimple
three-parameter function:

Y=Yo{Eq4Eq)®
whereY is the absolute gamma-ray vielg, is the deuteron energyp, Eq
anda are the fitting parameters. The thick target yield ingatibns were
contributed to differential cross-section measurements on carlgat ta
material and discussed from the point of view of elemental sisalin
conclusion, it can be advised that for thick targets 1.8 MeV deuteengye
should be used. On the other hand, for thin targets, the highestagieke
achieved at 1.792 MeV, therefore this should be the recommended energy.
The resonance at 1.45 MeV.(,=7 keV) can be easily used for carbon depth
profiling if a thin (10-150 nm) surface layer is to be analyzed dhick
substrate (1 keV energy step means approximately 4 nm). By nmgasur
geological and standard samples, the accuracy and the MDtlsefoarbon
and oxygen determination was tested. It was pointed out that the
concentration values can be calculated with an uncertainty of Wi, the
MDLs are 90 and 7Qg/g for C and O respectively iron matrix.
It was shown that the combined application of PIXE and PIGE meibods
capable of characterizing engraved gems and to provide usffthation
on the originality and production technique of the artifacts. THec@8tury
Wedgwood products could be easily separated from the other samiples, w
the composition of two of the nicolo imitations was found simiathiat of
the authentic Roman gem. It was also concluded that the remaanimgles
were made from sodium glass. Nevertheless, their glass-astetfferent
from that of the original Roman glass.
For the first time, the systematic elemental analysigadiolarites in large
numbers was carried out by ion beam analysis. It can be regasdad a
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pioneering work which provide primary knowledge on the distribution of
concentration values measured in samples with different geagmhph
locations. The samples which were not radiolarites coulddtimglilished by
means of their potassium, rubidium and iron contents. It was pointedadut th
from the huge concentration data set, only some trace ele(hen@u, Zn)
seem to characterize the provenance of the samples. Asteofdbel cluster
analysis, the samples from the Vienna-basin can be separatebiguans|y

into one cluster with a special type (namely Tata-typeYrainsdanubian
radiolarite. Specimens from the Bakony-region and the Mecsek athel
could be grouped together in another cluster. Gerecse-type Tranisaignub
Carpathian radiolarites and the Greek samples fell into tusiers mixed.

No correlation was found between the measured concentration dataeand t
color of the samples as well as the type numbers of thesplewsed on
macroscopical grouping.

The obsidian analysis revealed the fact that PIXE and Pl@&thauds are
capable to make distinctions among Carpathian sources. By ingate
composition of many samples with different localities (Mexitzeland,
Turkey, Armenia, Italy, Greece, Slovakia and Hungary), a prdptabase
was created in ATOMKI. In this way, the classification of dizsi samples
with unknown provenance became possible. The investigation on the
archeological site Bodrogkeresztur-Henye showed that the #oghed
specimens are local and mesolocal. In other words, the peofiies aite
exploited the sources of the area and did not use obsidianaisatertools

of distant provenances.

As a result of prehistoric pottery investigation, it was protiext potteries
may contain significant amount and various type of temper raktavhich,
however, do not unambiguously characterize the ages. Neverthitless,
pointed out that the specimens of Early Neolithic do not delCu-rich
places (originated from chalcopyrite), which is an indication ofotitgavior

that in the Early Neolithic Age chalcopyrite was not usetkager material.
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It was also shown that the firing process, usage and interactitire cfolil
with the material of the clays can alter the concentratioglevhents. To a
certain extent, a classification could be performed amongathelss where
clusterization reflects the raw material differenceleathan the production
technique of the specimens. The initial assumption, i. e., thenaterial of
the potteries would be all local, cannot be maintained, which rées
possibility of trade with other populations or the use of diffectay sources
nearby.

On the basis of the study on phenocrysts observed in obsidian glieses

following petrologic conclusions could be drawn:

e Hf contents of zircon crystals in obsidian samples from two close
localities of the Tokaj Mts. (Sima in Hungary and ¥kyi in Slovakia)
show definite differences, which reflects the distinction betwiae bulk
composition of their host glasses.

e The Ca-poor orthopyroxene crystal in the sample from Sima (Hungary
is in equilibrium, while Ca-rich pyroxene crystals of obsididirmn
Melos and Giali (Greece) may be in equilibrium with thedheal glass.
Therefore, it is possible that these crystals can not barded as
xenocrysts.

e« The Ca-rich plagioclase feldspars detected in samples fromgky
(Slovakia) and Melos (Greece), while quartz crystals in frecimen
from Giali (Greece) have probably been incorporated in the glass.

* Anhydrite-chalcopyrite and pyrrhotite-pyrite-chalcopyrite asseg#san
obsidians from Aragats Mountain (Armenia) and Vkyi (Slovakia)
were formed by hydrothermal activity. However, it is questibma
whether the solid obsidian rocks suffered the hydrothermalitgictv
these crystals were incorporated by the rhyolitic melts.

By measuring magnetic spherules from Mecsek Mts., itpeasted out that

their materials are similar to ferrosilicium. On the badisome elemental

ratios and the classification of Fe-phases, it can be staméethe objects are
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extraterrestrial and show the possibility of meteoritic arign this way, the
initial assumption of the geologists was confirmed, i.e., ithgefprint of a
possible meteoritic impact in the past could be revealed.
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A doktori dolgozatban ionnyaladb analitikai médszerekkel, a geglégia
régészet és a fizika hatartertiletén végzett kutatasokatéstrerr. A disszertaciot
a felhaszndlt eljardsok és berendezések alapjaindkedisek leirdsaval kezdtem,
amit az altalam végrehajtott metodikai fejlesztésekninatdsa kovetett. Ezutén
geoldgiai és régészeti alkalmazasokat targyaltam.

Az ATOMKI pasztadzd nuklearis mikroszondajanak segitségded! @
tudomanyos eredményeimet a kdvetkpantokban lehet 6sszefoglalni:

1. Elsdként alkalmaztam az Ugynevezett Clover-Ge-BGO detektozertds
ionnyaldb analitikai célokra nukleéris mikroszondandl. Azmedeképek
készitését analdg Osszegzéssel oldottam mégz®@l mértem meg ilyen
tipusl detektorrendszer teljes fotocslcs hatasfokat. AzZRHBE detektalasi
hatarok elérik a kordbban publikalt legjobbakat, néha azoknal jabbak
detektorrendszer alkalmazasaval, PIGE modszerrel istighetlt a litium
detektalasa obszidian mintakban, a szén detektalasi hat&rahataxban
pedig 6sszemérh@té sikerilt tenni azzal, amit toltott részecske detessala
lehet elérni.

2. A kllénboad konnyi elemeken tortéhdeuteronindukalt reakcidk vizsgalata
soran bemutattam a tipikus gamma-spektrumokat, az analitiédakra
leginkabb felhasznalhaté gamma-vonalakat pedig tablazatokbaam tett
kdzzé. A kordbban megjelent vastag céltargyakra vonatkozomobdzh
Ujabbakkal egészitettem ki. A hozamgorbéket pedig egy wkapegyszer
flggveény segitségével tudtam megilleszteni:

Y=Yo{Eq4Eq)
ahol Y az abszolit gamma-hozary a deuteron energiaYo, Eq €S a
illesztési paraméterek. A vastag céltargy hozamvizsgda vékony szén
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céltargyon végzett gerjesztési fliggvény mérésekkel dgtiemi ki. Ezen
mérések alapjan vastag céltargyak széntartalmanak
meghatarozaséara 1.8 MeV bombazdenergiat javasoltam, vékony yaittarg
pedig 1,792 MeV-t. Az 1,45MeV [I(,=7 keV) energianal talalhat6
rezonanciat szén mélységanalizis elvégzésére alkalmasaldktam,
amennyiben egy vékony (10-150 nm) fellleti réteget kell vimsgédstag
hordozén (1 keV energialépés 4 nm-t jelent). Geoldgiai és standatdk
mérésével a modszer pontossagat és az diénthetektalasi hatarokat
tanulmanyoztam  szénre és  oxigénre. Kimutattam, hogy a
koncentracioértékek 10 % pontossadggal meghatarozhatok, a detektalasi
hatarok pedig szénre és oxigénre rendre 90 ¢g)/f0

Megmutattam, hogy a PIXE és PIGE mddszerek egyittes alkabdneal
kielégiten jellemezhét metszett gfrikovek 0Osszetétele €s hasznos
informécét nyujtanak az eredetiket és elkészitési tedjukikt illetien.

A 18. szdzadi Wedgwood termékeket egyéeer el tudtam kiloniteni a
tobbitsl, két nicolo masolat Osszetételét pedig az eredeti rémai kor
mintdéhoz hasonlénak talaltam. Szintén kimutattam, hogy a tolfibikgy
natronlivegbl készilt, azonban alapanyaguk eltér az eredeti rémai koru
Uvegédl.

Elsdként mértem meg radiolaritok elemi 6sszetételét ionnyalab zatels
felhasznalasaval, amit Uttdrmunkanak lehet tekinteni a tertleten, hisz
el6szor szolgaltatott informaciét a kulonigokelshellyel rendelke& mintak
elemi koncentracidinak eloszldsa terén. A mas anyagbdl Ulkész
kéeszkozoket sikerllt elvalasztanom a radiolaritoktol a K, Rb és fadntak
alapjan. Kimutattam, hogy a meghatarozott elemek koéziul csak néhany
nyomelem (Ni, Cu, Zn) alkalmas a dekly jellemzésére. Klaszteranalizis
eredményeként a bécsi mintakat egyéntelmel tudtam valasztani a tolibit

a Tata-tipusu dunéntuli radioalarittal egyitt. A bakonyi ésseki mintédkat
egy csoportba soroltam. A Gerecse-tipusu dunantili, a k&pai gorog
radiolaritok vegyesen kerultek két csoportba. Sem a mintak,szem pedig
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a makroszkopos azonositasbol szarmazd csoportjai nem mutattak
Osszefliggést az elemi dsszetétellel.
Az obszididnokon végzett vizsgalataim kimutattak, hogy a PESEPIGE
maodszerekkel kilonbséget lehet tenni a karpéti forrdsok kozélto2étos
leldhelyi  (Mexikd, lzland, Torokorszag, Orményorszag, Olaszorszag,
Gorbgorszag, Szlovakia és Magyarorszag) obszidianok Ossze¢ételé
mérésével megfelél adatbazist hoztam létre az ATOMKI-ban, amelynek
segitségével leh&té valt az ismeretlen forrdssal rendetkemintak
besoroladsa. A Bodrogkeresztlr-Henye régészétddy kombinalt keszkoz
vizsgalata soran bebizonyitottam, hogy a régészeti mintédtidak illetve
mezolokalisak és nem utalnak tavolabbi terlletekkel vatéskedelemre.
Mas szavakkal, megésitettem azt a régészeti feltételezést, hogy addtt é
6skori emberek a kdrnyezetikben talalhaté forrdsokat aknaztak ki.
Oskori agyagedények vizsgalatanak eredményeként szamos gévanyi
anyagot mutattam ki a mintdkban, amelyek azonban nem jelldmazté
korukat egyértelinen. Azonban a korai neolitikumi edényekben kalkopiritet
nem taldltam sovanyitdé anyagként, mig az 6sszes tobbiben igeris Azt
sikertlt kimutatni, hogy az égetési eljaras, a hasznalat adglajba kertlés
utdn az azzal tortén kolcsbnhatas soran az elemek koncentracioja
megvaltozik. Bizonyos mértékig tudtam osztalyozni a mintdkdiahez a
csoportositas az alapanyag kilonbségeket jellemzi, nem pedigészitési
technikat. Ezaltal az eredeti régészeti, hogy éhedyen talalt edények
anyaga helybéli és azonos forrasbél szarmazik, megcéafolhatGelasti a
kereskedelmi kapcsolatok letiségét mas csoportokkal, vagy egy masik
nyersanyagforras létét.
Az obszididn mintdkban taldlhatdé mikrokristalyok tanulmanyozasansar
kovetked asvanytani kovetkeztetéseket lehetett tenni:

» A Tokaj-Eperjes hegység két forrasabdl (Sima ésll&@ke,

Szlovakia) szdrmazé obszidianban talalhatdé cirkon kristalybk H

103



OsSZEFOGLALAS(SUMMARY IN HUNGARIAN)

8.

104

tartalma eltér egymastol, ami visszatiikrozi az Gveg ajggaiknal
talalt kilonbséget.

* A simai mintdban talalt Ca-szegény ortopiroxén kristaly biztosan,
meloszi és giali obszidianokban &k pedig valdszitileg
egyensulyban vannak aiket tartalmazé Uveggel. Ezért ezeket a
kristdlyokat nem tekinthetjik xenokristalyoknak.

A Szll6skéll szarmazé és a meloszi mintdkban talalt Ca-gazdag
foldpatok, mig a giali mintaban |&v kvarc kristdlyok az
Uvegalapanyagbdl kristalyosodtak ki.

* Az Ormény és szlovakiai mintdkban talélt anhidrit-kalkopirst é
pirhotin-pirit-kalkopirit asvanytarsulasok valéstieg hidrotermalis
aktivitas soran jottek létre. Azonban nem dorithedt hogy maguk a
kristdlyok vagy azket tartalmazd obszidian Uvegek szenvedték-e el
ezt a hatast.

A Mecsek hegysédl szarmazé magneses szferulak mérésével kimutattam,
hogy azok anyaga hasonlit a ferrosziliciuméhoz. Néhany elem
koncentracidjanak aranya és az Fe-fazisok azonositasanaldjgi@nthed

volt, hogy a szferulak féldonkiviliek és meteoritikus eredetre utalnaitaEz
megebsitettem az eredeti geologiai feltételezést, azaz egyrégmultban
tortént - lehetséges meteoritbecsapddasra utalé nyomokat fedeztem fel.
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