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1. INTRODUCTION
X-ray fluorescence is a well-established analytical technique widely used in industrial and
research applications for materials characterisation. However, a relatively recent development
has been the availability of portable instrumentation, which can be used for both the direct in
situ non-destructive analysis of samples, and also is readily transportable to field sites for use
in a ‘mobile laboratory’ style of operation. In situ analyses using the XRF technique can make
an essential contribution to a wide range of projects, including:
•

Analysis of soils, particularly in the assessment of agricultural land and contaminated land

•

Sorting scrap metal alloys and plastics to increase the value of recyclable materials

•

Geochemical mapping and exploration to locate mineralisation deposits

•

Environmental monitoring related to air pollution studies and contamination of the work
place

•

The on-line control of industrial processes for the production of raw materials

•

Archaeological studies and the classification of artefacts, the restoration of sculptures,
paintings and other objects of cultural heritage.

•

In situ geochemical studies on Mars, including the 1997 NASA Pathfinder mission and
the forthcoming European Space Agency Mars Express mission, which includes the
Beagle 2 lander.

In these applications, the major advantages of field-portable X-ray fluorescence (FPXRF)
spectrometry include: on-site immediate availability of analytical results, non-destructive
analysis, a multielement capability, speed of operation and access to valuable/unique samples
that otherwise would be unavailable for chemical analysis.
The CRP on “In situ applications of XRF techniques” is one element of the project on Nuclear
Instruments for Specific Applications the major objective of which is to assist Member States
in the development of nuclear instruments and software for special applications, such as the
characterisation of materials. An overall objective of this CRP is to assist laboratories in
Member States in such areas as environmental pollution monitoring, mineral exploration, the
preservation of cultural heritage, the control of industrial processes and the optimisation of
analytical methodologies for these applications using FPXRF.
Although a significant amount of work has been undertaken in the development of
FPXRF techniques, there is little consensus on the best approach for any particular
application. The most important aspect before FPXRF techniques can be applied successfully
is, therefore, the development of clear FPXRF methodology. Because of the wide range of
problems to which FPXRF can be applied, these procedures must be comprehensive and
cover a wide range of applications involving the analysis of samples such as rocks, soils, air
particulates, liquid samples. The specific research objectives of the CRP include:
•

development and optimisation of sampling methodologies for in situ XRF measurements;

•

improvement in analytical performance of FPXRF based on the study of mineralogical
effects, surface irregularity effects, heterogeneity and the influence of moisture content;
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•

development and validation of quantitative and/or semi-quantitative procedures to be
applied for in situ XRF analysis;

•

development of complete operating procedures for selected in situ applications, including
relevant quality assurance.

For further details on the scope of the CRP, see Attachment 1.
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2. PURPOSE OF THE RESEARCH CO-ORDINATION MEETING
The purpose of the Research Co-ordination Meeting (RCM) was to
•

Review and assess the current progress of the research activities conducted under the
CRP,

•

Discuss and refine the programme for the development of analytical methodologies for in
situ XRF measurements for the forthcoming years,

•

Formulate recommendations for the project participants and the IAEA,

•

Exchange information on the research undertaken in participating laboratories of
relevance to achieving the objectives of the CRP.

During the meeting a visit to IAEA Seibersdorf Laboratories was organised to introduce
the participants to the research work conducted there and to view the training facilities
available to the IAEA Member States.
At the RCM, participants presented their individual progress reports submitted to the
IAEA according to the instructions in Attachment 2. A list of the participants and Agenda of
the RCM are in Attachments 3 and 4, respectively.
During the first session of the RCM, Dr. Potts (UK) was elected chairperson and Dr.
Wegrzynek, (Poland), was elected rapporteur.
3. COUNTRY PROGRESS REPORTS
At the beginning of the RCM (Session 2) the Chief Scientific Investigators presented
individual progress reports that covered:
•

A short summary of work related to methodology and applications of XRF performed at
their laboratories during the last 3-5 years, with a special emphasis on FPXRF,

•

Scientific scope of the project under the CRP,

•

Detailed work plan for the first year,

•

The results obtained up to the date of the RCM,

•

The future work plan.

Copies of the individual progress reports can be found in Attachment 5.

4. ASSESSMENT OF PRESENT STATUS OF THE CRP
A list of eight Research Contracts and three Research Agreements under the CRP is
presented in Attachment 6. Attachment details include the project scope and first year
programme derived from the relevant official project documents.
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4.1 OUTPUTS
The meeting reviewed the involvement of different participating laboratories in research
activities that will contribute to the expected specific outputs of the CRP (summary in Table
1).
Table 1. Expected outputs of countries.
Expected Output

Country

Optimised and standardised sampling
procedures

ALB, CPR, SLO, UK

Operating procedures for selected
applications

ALB, CPR, GHA, ITA, MON, PAK,
SLO, UK

Improved performance characteristics of
FPXRF instrumentation

BEL, CPR, HUN, ITA, MON, PAK, POL,
SLO, UK

Improved quantification procedures

BEL, CPR, HUN, ITA, PAK, POL, SLO,
UK

Improved methodology and extended
applicability of FPXRF, including the
analysis of “difficult” samples

all participants

Classification systems for metallurgical
and archaeological samples

GHA, ITA, MON, PAK, UK

Scientific papers, technical documents

all participants
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The current status in contributing to the outputs of the CRP is summarised in Table 2.
Table 2. Current status of the CRP outputs
Expected Output

Current Status

Optimised and standardised sampling
procedures

Draft procedure for sampling and analysis
of soils and rocks

Operating procedures for selected
applications

Operating manual for FPXRF
quantification software (to be included in
the future operating procedures)

Improved performance characteristics of
FPXRF instrumentation

Improved performance of a commercial
instrument to remove spectral artefacts
Evaluation of suitability of Peltier cooled
semiconductor detectors for FPXRF
applications
Identification of Si-PIN detector artefacts
and characterisation of detector efficiency
Evaluation of µ-FPXRF using capillary
optics

Improved quantification procedures

Operating manual for FPXRF
quantification software
Development and evaluation of Partial
Least Square and Monte Carlo software
for spectra fitting and quantification
Development of dedicated software for
analysis of metal artefacts.

Improved methodology and extended
applicability of FPXRF including the
analysis of “difficult” samples

µ-FPXRF analyser using capillary optics
Development of procedures for the
analysis of layered structures of particular
relevance to paintings and museum
artefacts.
Development of procedures for the
analysis of precious stones embedded in
alloys

Classification systems for metallurgical
and archaeological samples

The use of Fe/Mn intensity ratios for the
classification of scrap metal.
Extension of library of alloy types for
classification of metallurgical samples

Scientific papers, technical documents

Draft reports in preparation

4.2 ACTIVITIES
The present status of the CRP, as far as the activities are concerned, is given in Table 3.
Table 3. Present status of the activities.
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Expected Activities

Present Status

Establish a Network of Laboratories
involved in in situ XRF measurements
(selection of participants and award of
Research Contracts (RCs) and Research
Agreements (RAs)

Done (eight RCs and three RAs awarded)

Carry out research by the RC and RA
holders

In progress (current status evaluated, see
Table 2)

Organise 1st Research Co-ordination
Meeting

Done (12-16 March, 2001)

Organise an intercomparison exercise

Planned for 2002

Organise 2nd RCM to assess the
quantitative procedures and agree on
complete operating procedures for
selected in situ applications

Planned for 2003

6. Publish a TECDOC on the results of
CRP

Planned for 2004
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5. OVERALL ASSESSMENT OF PROGRESS TOWARDS ACHIEVING
OBJECTIVES
The meeting reviewed the assignment of the participating laboratories to the research
activities to meet the specific objectives of the CRP (see Table 4).
Table 4. Specific objectives of countries
Specific objective

Country

To develop and optimise sampling
methodology for in situ XRF
measurements

ALB, CPR, SLO, UK

To improve analytical performance of
FPXRF, including the study of
mineralogical effects, surface irregularity
effects and the influence of moisture

ALB, BEL, CPR, GHA, ITA, HUN,
MON, PAK, POL, SLO, UK

To develop quantitative and/or semiquantitative procedures for in situ XRF
analysis

BEL, CPR, GHA, HUN, ITA, PAK, POL,
SLO, UK

To develop complete operating
ALB, CPR, GHA, ITA, MON, PAK,
procedures for selected in situ applications SLO, UK
of XRF techniques

Based on the preliminary outputs obtained since the beginning of the CRP (see Table 2),
it was concluded that the CRP has made significant progress towards meeting the objectives.
The participants of the RCM reported on the instrumentation and facilities that are
either available or being developed or upgraded in their laboratories for in situ applications of
the XRF technique (Table 5).
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Table 5. Status of instrumentation.
Country

Instrumentation

ALB

In the process of acquiring instrumentation which is expected to be
available by the end of 2001

BEL

All available (mains powered)

CPR

All available

GHA

In the process of acquiring instrumentation by July 2001

HUN

Provisional instrumentation available, additional components to be
ordered and are expected to arrive in spring 2001

ITA

All available

MON

Equipment for commercial plant is all installed and operating,
FPXRF for gold/Buddha applications will be available in 2001

PAK

All available for the analysis of alloys,
(Certified Reference Materials required)

POL

All available (mains powered)

SLO

All available (mains powered)

UK

All available

6. ADJUSTMENT TO PROPOSED WORK PLAN UNTIL NEXT RCM (2003)
The participants reviewed the individual work plans under each RC/RA. No major
changes or refinements were made to the original versions. The details of the individual work
plans until the next RCM are included in the country reports (Attachment 5).

7. EXPENDITURE TO DATE
Contracts – 8 x 5000 USD

40,000 USD

Meetings – (first RCM)

19,800 USD

Total

59,800 USD

8. CONCLUSIONS AND RECOMMENDATIONS
It was concluded that the activities undertaken by the individual RC/RA holders are
consistent with the objectives of the CRP. The preliminary outputs obtained since the
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beginning of the CRP confirmed that the CRP has made a significant progress towards
meeting its objectives.
The following recommendations were formulated:
RECOMMENDATIONS TO PARTICIPANTS
1. To report operating procedures used in their laboratories with a justification for the choices
made, based on best analytical practice and other published methodologies.
2. To include sufficient details of operating procedures so that other laboratories could
replicate measurements, if necessary.
3. To take part in an existing proficiency test organised by an external institution or
conducted by IAEA laboratories.
4. To include the analysis of CRMs (where available) in their analytical work, to demonstrate
the traceability of results reported.
5. To utilise the IAEA mailing list for XRF laboratories for more efficient collaboration
between participating laboratories and to allow the results of the CRP to be shared more
widely.
6. To share the experience and interact with other participants throughout the duration of the
CRP.
7. To spread the information about activities of the CRP at a national level.
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RECOMMENDATIONS TO IAEA
1. The meeting participants considered that the present CRP is a very effective way of
advancing practical experimental methodologies and confirmed the advantage of applying
the methodologies in developing Member States within the framework of TC projects.
Therefore, the IAEA should consider extending this kind of collaboration programme.
2. To provide resources to permit participants in this CRP to take part in an appropriate
proficiency testing scheme.
3. To advertise the availability of IAEA’s mailing list for XRF laboratories and maintain its
function.
4. To publish the information about this CRP and its results in the IAEA X-Ray Fluorescence
Newsletter.
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Co-Ordinated Research Project
on

“In-situ applications of XRF techniques”
INFORMATION SHEET

I.

SCIENTIFIC AND TECHNICAL BACKGROUND

1.

Introduction

X-ray fluorescence spectrometry is perhaps the first spectroscopic technique which can
be successfully applied in the field and in industrial environments for the in situ analysis of
various materials. A modern, high resolution, portable XRF analyser brings to the field site
not only an excellent performance often matching that of the laboratory instrument, but also
unsurpassed savings in time and labour, contradicting the popular conviction of the inherent
inferiority of portable instrumentation. Field-portable X-ray fluorescence (FPXRF) is an
example of a well-balanced compromise between portability, ruggedness, reliability and
analytical performance. Simplicity, speed of operation and flexible requirements for sample
preparation are among the major features of FPXRF techniques. Major advantages of FPXRF
over conventional laboratory-based analysis include: (i) immediate analytical results, which is
important for interactive measurement programmes, e.g., assessing sites contaminated with
heavy metals, remediation studies (rapid, on-site analyses incorporated into a field study
programme provides the possibility of changing the density of sampling at any location,
depending on the results obtained), (ii) non-destructive analysis of objects that can neither be
sampled nor removed to the laboratory for analysis (e.g., museum samples, works of art,
archaeological samples).
2.

Applications of FPXRF

The following is a detailed list of the potential applications based on FPXRF that could
most benefit developing Member States.
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2.1
−

Industrial Applications
Mineral exploration: Ruggedized FPXRF instruments can contribute to faster and more
economical geochemical mapping of remote areas of land, especially those which are
very difficult to access, such as mountains or undeveloped territories.

−

Mining: FPXRF has been shown to be very effective in delineation ore bodies and
assessing its grade in directing underground mining operations.

−

Process Control and other industrial applications: There are many other industrial uses
of FPXRF, particularly in the raw materials industry and especially where more
specialised forms of instrumentation is not available. Examples are process control in
the mineral processing and cement industries.

−

Alloy Sorting: For scrap metal sorting and recovery.

−

Measurement of Coating Thickness: Particularly thickness measurement of protective
coatings of, for example, oil or zinc phosphate coating used in the steel making process
and paper in the paper-making industry.

−

Plastic Scrap Sorting: Common plastics contain flame retardant elements such as Zn,
Br and Sb. Such items need to be separated from other plastics before recycling. Plastic
containers made of PVC also have to be separated from the other material before
recycling or disposal due to their high chlorine content, which can be harmful to the
environment or industrial processes.

−

Monitoring Corrosion Processes: Metal piping in industrial installations is prone to
corrode. The rate and degree of corrosion can be easily monitored using FPXRF by
analysis of fluids carried by pipes. The presence of elements specific to the material of
piping in suspended solids or in the fluid itself is an indicator of corrosion. FPXRF can
also be used to identify corrosion products directly.

2.2 Environmental Applications
In general, these applications are targeting inorganic contaminants in the environment to
provide the data for further studies on their toxic influence on environment, tracking their
origin, and apportioning them to emission sources.
−
Soil Screening for Metals. The FPXRF is particularly useful tool for screening soil for
metallic contaminants. The objective of screening is to obtain in the shortest possible
time information about the distribution of contaminant(s) in soil, usually by undertaking
a large number of relatively short measurements performed in the field. The results are
usually relative rather than absolute; however, they still allow the delineation of socalled "hot spots" or plumes. Initial field reconnaissance with FPXRF has the benefit
of an order of magnitude reduction in time, labour, equipment requirements, and the
overall cost of investigations required prior to remediation activities at hazardous waste
sites.
−
Workplace Air Pollution Monitoring. During site remediation activities as well as paint
removal operations (especially from large structures such as bridges, ships, etc.)
workers are exposed to potentially dangerous concentrations of hazardous solid
particulates suspended in air. Concentrations of metallic elements in air can be
monitored by collecting breathing-zone air onto membrane filters for subsequent
Amarkowicz/kw-28237
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analysis using the FPXRF analyzer. The same analyzer can also be used for the soil
screening applications described above. A similar application is for the monitoring of
welding fumes during welding operations. These applications must be distinguished
from ambient air particulate monitoring, for which FPXRF method is not sensitive
enough, unless an excessively long sample collection time is used.
−
Water Monitoring. Effluent water streams and industrial discharges can be monitored
with FPXRF after simple sample preparation. The sample preparation may involve
filtering to trap suspended solids on a membrane filter, followed by passing the liquid
through an ion exchange membrane to capture dissolved salts. These simple
preconcentration steps easily extend the lower detection limits of FPXRF to the tens of
parts per billion range, which in many instances is sufficient for industrial effluent
monitoring.
−
Monitoring Drinking Water for Lead. The purpose of this application is to identify the
presence of lead pipes in drinking water systems. It is included in this list because of the
seriousness of the associated hazard on public health rather than our specific knowledge
of its existence in developing countries.
2.3 Archaeological Applications
These applications are extremely well suited for the FPXRF methods because the technique is
non-destructive in character, and determinations of artifacts that are valuable and unique in
origin can be undertaken on site without the need to transfer the item to the laboratory. These,
characteristics are crucial when dealing with priceless objects of art and cultural heritage.
Specific topics that can be distinguished are:
−
Analysis and Identification of Artifacts in museums and at archaeological sites for
authentication and provenancing. Such activities also foster general knowledge and
enhance appreciation of the cultural heritage. The FPXRF technique offers a unique
advantage of being capable of performing analysis on site, when the size or value of the
object or its condition would prevent its transportation to the laboratory.
−
Analysis of Artifacts for purposes of their preservation and restoration. This is
particularly valid issue for those countries where tourism is a significant industry.
II.

SCIENTIFIC SCOPE AND OBJECTIVES OF THE CRP

Overall objective:
The CRP is an element of the project on Nuclear Instruments for Specific Applications
which major objective is to assist Member States in the development of nuclear instruments
and software for special applications, such as materials characterization. An overall objective
of the CRP proposed is to assist the laboratories in Member States in the environmental
pollution monitoring, mineral exploration, control of industrial processes by using fieldportable X-ray fluorescence systems and the optimum (standardized) analytical
methodologies.
Specific Research Objective (Purpose):
Although a significant amount of work has been undertaken in the development of
FPXRF techniques, there is little consensus in the best approach for any particular
application. The most important aspect before FPXRF techniques can be applied successfully
is therefore the development of clear procedures for the entire FPXRF technique. Because of
the wide range of problems to which FPXRF can be applied, these procedures must be
comprehensive in relation to the applications, covering a wide range of sample types,
including rocks, soils, air particulates, liquid samples.
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Specific research objectives include:
− development and optimisation of sampling methodology for in-situ XRF
measurements;
− improvements in analytical performance of FPXRF including study of mineralogical
effects, surface irregularity effects and influence of moisture content;
− development of quantitative and/or semi-quantiative procedures to be applied for insitu XRF analysis;
− development of complete standard operating procedures for selected in-situ
applications of XRF techniques.
III.

EXPECTED RESEARCH OUTPUTS
It is anticipated that the following results will emerge from the CRP:

Research and Development
a) Sampling Methodologies

Expected outputs
Standardization, harmonization and optimization of
sampling procedures for a wide range of applications
b) QA/QC and Method Validation
Development of Standard Operating Procedures (SOPs)
for selected applications, improvement in quality of
analytical data obtained from the FPXRF measurements
c) Improvements in quantification and Availability of reliable quantification procedures.
correction procedures
Extending quantification capabilities to “difficult”
samples.
d) R&D in FPXRF
Scientific research papers, Technical Documents,
conference Proceedings. Better understanding of
physical processes involved.
Moreover, one can expect the following: (i) dissemination of good practices, (ii) promoting
correct use of FPXRF, and (iii) improvement of skills of those involved in technique.

Amarkowicz/kw-28237
D: Personal\data\word\Markowicz\CRP Info Sheet.doc

Rev. 2000-01-14

IV.

TENTATIVE ACTION PLAN

Co-ordinated Research Project on In-situ applications of XRF techniques
Activities
2000
2001
2002
1. Form a Network of Laboratories involved in in-situ x
XRF measurements
The CRP will involve five institutions/laboratories from
the developing Member States (Brazil, China, Cuba,
Ghana, Hungary, Kenya, Poland) and five institutions in
the developed countries (Australia, Belgium, Italy, UK,
USA). As usual, selection will be based on the
relevance of this problem to individual Member States,
on the qualifications of the counterparts, availability of
appropriate equipment and the quality of the proposals
obtained. Within the Activity 1 a number of Research
Contracts (RC) and Research Agreements (RA) will be
awarded.
2. Carry out research by the RC and RA holders x
x
x
according to the agreed programme
3. Organise 1st Research Co-ordination Meeting to
x
agree sampling methodology and discuss necessary
improvements in analytical performance of FPXRF
techniques
4. Organise an intercomparison exercise for the XRF
x
laboratories involved in the CRP
5. Organise 2nd Research Co-ordination Meeting to
assess the quantitative procedures for in-situ XRF
analysis and to agree complete standard operating
procedures for selected in-situ applications of XRF
techniques
6. Publish a TECDOC on the results of the CRP
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2003

2004

x

x

x

ATTACHMENT 2

WAGRAMER STRASSE 5, P.O. BOX 100, A-1400 VIENNA, AUSTRIA
TELEPHONE: (+43 1) 2600, FACSIMILE: (+43 1) 26007, TELEX: 112645 ATOM A, EMAIL: Official.Mail@iaea.org, INTERNET: http://www.iaea.org
IN REPLY PLEASE REFER TO: DIAL DIRECTLY TO EXTENSION:
PRIERE DE RAPPELER LA REFERENCE: COMPOSER DIRECTEMENT LE NUMERO
DE POSTE:
356-F1-RC-827 28236
2001-02-07
Subject: First Research Co-ordination Meeting under CRP on "In-situ applications of XRF
techniques", Vienna, 12-16 March 2001 (F1-RC-827)
Dear Colleague,
Further to the official invitation letter sent to you on 22 January 2001 we would like to
provide you with some details pertinent to the first RCM to be held in Vienna from 12-16
March 2001.
As already mentioned in the invitation letter a major purpose of the meeting is to review the
progress in current research activities related to the Co-ordinated Research Project (CRP) and
to discuss/prepare a consistent programme for the development of the analytical
methodologies for in-situ XRF measurements in the next two years. Therefore you are kindly
requested to prepare a written report (of 4-6 A4 pages) which should include the following
components (please use MS-Word format, font Times New Roman, 12pt, 1.5 line spacing for
text, margins 2.5 cm each side):
(i)

short summary of work related to methodology and applications of XRF performed at
your Institute during the last 3-5 years, with a special emphasis on field portable XRF
and in-situ XRF applications (this part is to introduce yourself and your XRF Group to
other participants of the CRP),

(ii)

scientific scope of your project under the CRP,

(iii) detailed work plan for the first year,
(iv) the results obtained till now under the CRP, and
(v)

work plan of your project for the coming years.

Meeting Participant
M-12 Dec 99

–2–
The written report, which will be attached to the meeting report, should also include the
following (in separate lines):
•
•
•
•

Project title (Times New Roman, 16 Bold, CAPITAL LETTERS)
Name of contact person (Times New Roman, 12 Bold)
Name(s) of other contributors (Times New Roman, 12 Bold)
Institution and address, fax, e-mail (Times New Roman, 12pt).

A copy of the full report should be sent to A. Markowicz preferably in electronic form as email attachment before 4 March 2001 (e-mail address: A.Markowicz@iaea.org).
Based on the points (i) - (iv) of the written report, each participant of the RCM will present
his/her individual progress report during Session 2 of the meeting (see attached Provisional
Agenda), with about 30 minutes foreseen for each speaker.
As already mentioned the meeting will discuss/refine a programme for the development of the
analytical methodologies for in-situ XRF measurements for the next two years, and will
formulate the relevant recommendations. In this context you will be requested to present a
detailed work plan for your individual project for the coming year during Session 4 of the
meeting (see Provisional Agenda attached), with 10-15 minutes for each speaker.
Other useful details related to the venue of the meeting are in a leaflet attached. In case you
need more information please kindly contact us immediately.
We are looking forward to meeting you in Vienna. Best regards.
Yours sincerely,
A. Markowicz
Head, Instrumentation Unit
Agency's Laboratories Seibersdorf
Enclosure
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REQUIREMENTS
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Information about EDXRF lab of INP, Tirana, Albania
The activities on Energy-Dispersive X-ray Fluorescence at the Institute of Nuclear Physics (INP)
in Tirana, Albania began about 25 years ago. Now a small group consisting of an experienced
physicist, a young physicist, who recently joined the group and a technician, are working in this
field. From 1993 at the head of the group is Dr. Nikolla Civici. He is graduated in Physics at the
University of Tirana and is working in this field from 1983. He has had a special training in
Analytical Chemistry at the University of Tirana and through the participation in training courses
and fellowships supported by IAEA he has also been trained in XRF and its application in
different fields.
At the beginning, the EDXRF activities started with simple systems consisting of single channel
analyzers, radioisotope sources and gas proportional or scintillation counters, using balanced
filters for the separation of analytical lines. These systems were successfully used for analyzing
single elements, mainly chromium and copper in their ores.
Later, through different TC projects with IAEA we passed to systems based on semiconductor
detectors and multichannel analyzers. Apart from the portable, single element system, three other
experimental systems are operative at our XRF laboratory.
The first is based on radioisotope excitation and consists of a 10mCi Am-241 disc source, a
HpGe detector (FWHM of about 195 eV for Mn Kα) and a Canberra Series 80 MCA on line with
an IBM compatible PC. The second system uses the secondary target excitation mode and
consists of a Philips PW 1729 high voltage generator equipped with a Mo anode X-ray tube, a
PGT Si(Li) detector (FWHM of about 160 eV for Mn Kα), a Canberra model 2024 spectroscopy
amplifier, a Canberra model 8706 ADC and a PC based Canberra S-100 MCA. Both systems use
compact home made 90° geometry. The third is a TXRF system. Apart from the total reflection
module (Atominstitute, Vienna), mounted on the same X ray tube, the system uses a Canberra
Si(Li) detector (FWHM of about 160 eV for Mn Kα ), a Canberra model 2024 spectroscopy
amplifier, a Canberra model 8713 ADC and a PC based Genie 2000 MCA.
Some basic sample preparation equipment like balance, mixer, mill, press, etc., are also installed
and used in the lab. Depending on the sample type and on the elements to be determined,

different sample preparation procedures are used. Thick or intermediate thick pellets are mostly
used for solid samples. Both EDXRF and TXRF spectra are processed by the program AXIL,
included in QXAS package and distributed by IAEA.
According to the analytical needs different quantitative approaches are used. Apart from the
quantitative analysis options included in QXAS, some more complex programs like Fundamental
Parameter method included in QXAS, two different programs based on Emission-Transmission
method and the program COREX are mainly used for multielemental determinations.
Based on the advantages of EDXRF and on the fact that our lab is the only one in the country
using this method, our group has been involved in several different applications. In the past, by
supporting different analytical needs, we established close cooperation with the institutions that
worked in the field of geology, mineral and petroleum exploration, and their industries. Among
the most important applications we can mention:
-

Determination of major and minor elements in silicate rocks, bauxides and other
mineral ores

-

Determination of sulfur and some trace elements in oil

-

Construction of two portable instruments for the determination of Cr and Cu in their
ores and in the products of ore processing industries

During the last years, although we are still cooperating with the geological institutions we have
extended the field of our work towards applications in environment monitoring, archaeology, etc.
Some of these applications include:
-

Determination of some trace metals in sea waters of the Albanian coast

-

Determination of elemental composition of the total aerosols in the city of Tirana

-

Determination of elemental composition of soil and sediment samples for
geochemical mapping in Albania

-

Application of EDXRF results for distinguishing ancient pottery samples

-

Application of TXRF for the analysis of the artists’ pigments used in old icons

During these years we have participated in some of the intercomparison runs organized by AQCS
of the IAEA. During these participations we have reported our results for the samples IAEA-373
(grass), IAEA-375, IAEA-326 and IAEA-327 (soils). Our lab has, also, taken part in the last
intercomparison of the XRF laboratories organized in 1997. In most of the cases our reported
results have been in good accordance with the respective accepted or recommended values.
Experience in portable XRF instruments and applications
As mentioned one important direction of the work in our lab has been related with the
construction and use of simple portable EDXRF systems. During that time we succeeded to
construct two systems of that kind. Both systems were based on single channel analyzers
equipped with scaler and timer, high voltage power supply for the detectors, Pu-238 radioactive
source and compact side geometry. A gas proportional counter equipped with a preamplifier and
a pair of Ti - V balanced filters were used in the system aiming the determination of Cr in its
ores. The system that was constructed for the determination of Cu in its ores used a scintillation
(NaI(Tl)) counter and a pair of Co - Ni balanced filters. The filters were prepared in the form of

thin plastic foils following a rather complicated procedure.
After a lot of experimental work carried out in our lab we succeeded to achieve good results in
the determination of both elements. In both cases the systems were calibrated with ore samples
that were repeatedly and carefully analyzed by standard chemical methods. For each of the
chromium and copper mines we prepared a small set of standards of this kind. In this way the
calibration curves resulted linear.
Generally we determined Cr in the range 1 – 55% Cr2O3 with a mean standard deviation of
0.35%. For chromium the detection limit was not a problem because its concentration in the ores
is high. On the contrary, in the case of copper the detection limit is important because its
concentration is low. In our system we obtained detection limits of about 0.15 % Cu and for the
calibration line with standards in the range 0.5 – 10 % Cu we had mean relative standard
deviation about 6%.
Although the results satisfied the accepted analytical requirements for the determination of these
elements it was needed a rather long period of time to demonstrate to the interested people the
results’ validity. The advantages of the method related with the speed and cost of the analysis
played an important role in this process. At the end we succeeded to convince them and after the
training of the personnel we installed the systems at an institute dealing with ore processing
technologies in Tirana. Time after time we assisted them in transporting the systems at different
ore processing plants.
Apart from these very important applications the systems were used for other applications as
well. An example is the analysis of tin in Sn - Pb alloys. In this case an Am-241 radioactive
source was used for excitation with no need of filters. For 100 s measuring time we obtained a
detection limit of about 0.02 % Sn and mean relative standard deviation of 1.6 % during the
determination of Sn in the range 0 - 100%.
During the work with these systems the only problems that we had were related with the gas
proportional detector. Sometimes its count rate was affected by temperature changes and with the
aging of the detector it showed stability problems. Anyway the main drawback of these systems
was their single element nature.
Information about the project under the CRP
Albania is rich in minerals and despite of the great geological work that has been done for
exploration the analytical infrastructure of the geological institutions is rather poor. Our lab has
had a very good cooperation with these institutions by supporting their analytical needs. A recent
example is the work done for geochemical mapping of Albania. For this purpose we have used
our EDXRF systems for the determination of 20-30 elements in about 1500 soil and sediment
samples collected over the country. The results satisfy the analytical requirements of geological
mapping and are checked by different comparisons with other laboratories.
Because of financial problems this study was suspended for the last year but it will begin again in
the next years. The main objective is to reach at least the necessary number of the analyzed
samples that will permit the drawing of maps in the scale 1 sample per 16 km2. The upgrading of
our old portable EDXRF instrument will help us to continue this work in a more effective way.
The objectives of our project include upgrading of our old portable XRF instrument and
development of a reliable analytical procedure for mineral exploration (geochemical mapping).

In particular the influence of sample preparation procedure as well as heterogeneity and moisture
effects will be studied.
The first year programme of work included:
• Upgrading and evaluation of performance of a field portable XRF spectrometer
• Preliminary study of influence of sample preparation procedure on the quality of the analytical
results
Based on the increasing requests of our geological counterpart for multielemental determinations
and on the new types of detectors commercially available we intended to build a new portable
EDXRF spectrometer. For this we ordered a Si PIN XR-100CR X-ray detector and PX2CR
power supply and amplifier from AMPTEC INC., USA. The detector was received in November
of the last year and has the following characteristics:
- Area
7 mm2
- Detector extension

- Thickness
1.5 inch

300 µm
- Be window 1 mil
- Amplifier shaping time
20 µs

The tests for the resolution show values of FWHM from 183 to 187 eV for Mn Kα, when the
peak count rate is in the range 200 – 3000 cps.
A 370 MBq Pu-238 radioactive disc sources emitting U L lines in the range 13–20 keV is used
for excitation of the elements. This was preferred to a 370 MBq Am-241 source, which beside
the Np L lines in the same energy range, emits a 59.6 keV gamma line and needs a rather thick
shielding of the detector.
Based on the dimensions of the detector and source we prepared the collimating 900 geometry,
presented in figure 1. Both the detector and the source use collimators. The source is placed
inside a collimator, which is made of two layers. The inner side is from lead and the outer is from
steel, while the collimating hole with a diameter of 5 mm is from aluminum. A 5 mm thick
aluminum disc with a hole of 3 mm diameter in the center is used as a collimator in front of the
detector. The source-sample distance is 2 cm, while the sample-detector distance is 1.5 cm.

Figure 1. Sketch of the source-sample-detector geometry

Figure 2. Spectrum of a thick soil sample (T=2000s)
The detector is connected to one of the existing spectrum acquisition systems. In figure 2 is
presented the spectrum of a soil sample acquired with this system.
Regarding the second point of the program related with the experimental work on soil samples,
we are working for the selection of the appropriate quantitative procedure and calibration of the
system. We will try to experiment most of the quantitative programs that we have and depending
on the results and possibilities of sample preparation we will decide for the best.
In our condition it seems that the best solution for quantitative analysis of the excited elements
will be the program COREX and for some microelements the use of the Compton scattered peak
as internal standard. The Fundamental Parameter program is difficult to use because it needs
information about the whole sample composition, while the programs based on EmissionTransmission will need a rather thin homogenous layer, because of the low energy of the primary
radiation.
The work plan for the coming years will include:
• Information about the sample collection and manipulation procedures that are used for mineral
exploration and geochemical mapping
• Establishment of some criteria for the evaluation of the results in accordance with the
analytical requirements of these activities (detection limits, precision and accuracy)
• Selection of the more appropriate XRF quantitative procedure for these kind of samples
• Experimental work for studying the influence of sample preparation procedure on FPXRF
results of different geochemical samples like soils, sediments and rocks. The influence of
different parameters like heterogeneity, moisture, etc. on the analytical results of different
elements will be studied, by comparing the results obtained with different sample preparation
steps. Based on the results we will select the minimum sample preparation steps that satisfy
the analytical requirements.
• The completion of our FPXRF system with an ADC, PC-based MCA and possibly a Cd-109
source

ATTACHMENT 5.2 - BEL-29273
NOVEL QUANTITATIVE PROCEDURES FOR IN-SITU
X-RAY FLUORESCENCE ANALYSIS
Jasna Injuk, Koen Janssens, Piet Van Espen, René Van Grieken
University of Antwerp, Department of Chemistry, Micro and Trace Analysis Center
B-2610 Antwerp, Belgium
Fax: +32-3-8202376
1. Methodology and applications of portable XRF and in-situ XRF applications at
MiTAC
The Micro and Trace Analyses Center (MiTAC) of the University of Antwerp disposes
of four different X-ray fluorescence equipments for micro and/or in-situ applications. The
general features of all XRF instruments available in MiTAC are displayed in Table 1. In
addition, X-ray emission systems are available in one electron microprobe (wavelength and
energy-dispersive systems) and in one scanning electron microscope. A grazing-emission
electron microprobe X-ray analysis has being built up as well.
Table 1. General features of X-ray fluorescence equipment available at MiTAC
•
•
•
•
•
•

-

Canberra portable XRF with Si(Li) or HPGe detector, Cd and Am radio-isotope sources
Inhouse built system with Si - PIN diode detector, 13 W Mo X-ray tube fitted with capillary
Inhouse built rotating anode (W, 10 kW) setup with capillary optics, spot size < 10 µm
MiniPal PW4025/00 ED-XRF, Si-PIN detector, 9W Rh tube, with He system
Tracor Spectrace 5000 Laboratory ED-XRF, Si(Li) detector, 40W Rh X-ray tube
Philips PW2400 wavelength dispersive XRF

As a part of the Micro and Trace Analysis Centre, there is a research laboratory (X-Ray Micro
Beam Analysis - XMBA) devoted to various forms of analytical chemistry, with special
emphasis on microscopic methods for nondestructive analysis of solid samples and materials
characterization. This form of analysis is partially practiced by means of laboratory equipment
like portable micro-XRF equipment for in-situ measurements and partially by synchrotron
induced X-ray analysis. Special attention is devoted to methodological research in the various
topics which are summarized in Table 2. An important part of the research is devoted to a
number of topics in materials science applications (Table 3). In another groups within MiTAC
Table 2: Methodological research topics in the MiTAC - XMBA group
•
•
•
•
•

µ-XRF spectrometer construction
Detailed Monte Carlo simulation of µ-XRF, µ-XANES and computed micro tomography
experiments
Interpretation and processing of µ-XRF image data
Micro-heterogeneity characterization of reference materials
Ray-tracing and characterization of mono- and polycapillary X-ray optics
1

. Table 3: An overview of major application areas at the MiTAC - XMBA research group
•
•
•
•
•
•
•

Provenance analysis of Roman and Post-Medieval (16-17th C.) glass
Analysis and modelling of glass corrosion
In-situ analysis of bronze statues and associated reference materials
Microscopic characterization of "hot" particles
Trace level microanalysis of fossilized materials
Characterization of fly-ash particles and of polluted sediment particles
Heavy metal distribution in and around regenerating human/animal bone

special attention is dedicated to computer applications and chemometrics: data processing,
multivariate methods and software development (Chemometrics Group). Another group
focuses on applications of bulk-XRF for environmental research (grazing-emission XRF and
routine analysis of aerosols and sediments), partially using a (semi-) portable commercial
XRF setup (Environmental Analysis Group).
2. Scientific scope of our project under CRP
A primary goal of our project is a reliable XRF quantitative analysis in field conditions.
3. Detailed work plan for the year 2000/2001
Our work plan can be summarized as follows:
a) optimisation of the (semi-) portable MiniPal ED-XRF system for various environmental
applications
b) development of a reliable method for XRF quantitative analysis in field conditions; this
method is based on multi-variate calibration by partial least squares (PLS) in combination
with Monte Carlo simulations
c) further development and application of microbeam XRF in both laboratory- and
synchrotron based systems
4. Obtained results until now under the CRP
a) Evaluation of MiniPal ED-XRF system for aerosol analysis
In the first running year of the project, the performances of the economic MiniPal EDXRF spectrometer (manufactured by Philips in the year 1999) were investigated for aerosol
analysis. A standard operating procedure for the XRF analysis of aerosols on filters has been
followed according to the guidelines of U.S. Environmental Protection Agency (US EPA).
The earliest results showed a very high blank value for all the filters, what was attributed to a
measurement platform of the commercial system, made out of steel. To overcome this
problem, the measurement platform was covered with a high purity silver paint (as in
scanning electron microscopy sample preparation). In such a way the blank values, introduced
by the system itself, were considerably reduced (Table 4). In the calibration procedure, a series
of thin film reference standards (Micromatter, Seattle, WA, USA) were used. The calibration
procedure was evaluated by analyzing aerosol samples measured previously with a
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Tracor ED-XRF unit. Based upon the analysis of these samples the accuracy is on average 17
%, depending on the element and concentration (Table 5). The precision of our analysis
(RSD) is better than 5 %. Detection limits for aerosol samples, measured by the inexpensive
MiniPal system, are in the range from 200 ng cm-2 (Al, Si) to 1 ng cm-2 (heavy metals), which
is slightly below those of the conventional ED-XRF units.
Table 4: Average blank filter values (counts ± st. dev.) before and after covering the MiniPal
measurement platform with Ag-paint (30 kV, 0.3 mA, Mo-filter, 1000s
Nuclepore

Mylar

Whatman

Element
original

Ag-

original

Ag-

original

Ag-

design

coverag

design

coverage

design

coverage

±

270 ± 15

88 ± 12

430 ± 30

260 ± 20

±

1080 ± 30

390 ± 20

1660± 60

630 ± 30

e
Cr

300 ± 30

Fe

1020 ± 40

120
20
350

Table 5. Evaluation of the MiniPal calibration procedure - elemental concentrations in aerosols
measured by two XRF spectrometers (ng cm-2)(Ref: L. Samek, UIA report, 2001)
Element
MiniPal
TRACOR
Difference (%)
S
- 35
740 ± 40
1000 ± 20
Cl
1
97 ± 31
96 ± 7
K
14
290 ± 20
250 ± 10
Ca
- 27
110 ± 6
140 ± 10
Mn
14
7±2
6±1
Fe
-7
140 ± 4
150 ± 5
Cu
22
84 ± 3
67 ± 2
Zn
17
23 ± 2
19 ± 1

b) The Monte Carlo based method simulations
A new approach for quantitative analysis in ED-XRF has been explored. The method
uses partial least squares regression (PLS) to relate the concentration of constituents in the
sample, directly to the observed X-ray spectra. The visibility of the partial least squares Monte Carlo (PLS-MC) has been demonstrated for a number of applications like: analyses of
soils (using a field portable XRF system with radio-isotope excitation and Si(Li) or HPGe
detector), analyses of liquids (i.e. determination of Cu, Zn, Pb and As in hydro-metallurgical
process streams), analyses of cement and artifacts from cultural heritage (with a portable XRF
system equipped with Si - PIN detector and miniature X-ray tube). In those cases the method
performed as good as the classical approaches (spectrum analysis, followed by some
quantitative analysis based on e.g. fundamental parameters) but with much less operator
interventions. To calibrate the PLS method, a large number of standards are required. In case
standards were not available, we developed an extension of the PLS method, where
calibration is done by using simulated spectra. This method gives excellent results provided
that the detector response function of the X-ray spectrometer is known very accurately. In
addition, knowledge of the energy relationship of the various parameters of the function
enables its use for the convolution of simulated XRF spectra. Figure 1 gives an example of
PLS method in combination with Monte Carlo simulations for the quantitative analysis of six
elements (Ti, Cr, Mn, Fe, Ni and Mo) in stainless steel sample measured by MiniPal Ed-XRF.
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Figure 1. Simulated and experimentally measured spectrum by MiniPal ED-XRF
spectrometer of reference material NBS 1185, a so-called “high temperature” steel.
Sumpeaks (between 12-14 keV) are not part of the simulation.

The PLS method is calibrated using simulated spectra of standards that are chosen in
correspondence with an adequate experimental design. The predictive performance of the PLS
method is tested using 46 reference materials. The agreement between simulated and
measured spectrum is quite acceptable. In both cases, the degree of overlap is good, which is
promising for the application of simulated spectra in PLS regression. However, small
deviations still exist.
The results of PLS are compared to those obtained via classical methods such as the
fundamental parameters method (FP) and the influence coefficients method of de Jongh
(Table 6). For each of the analyzed elements, the root mean squared errors of prediction
(RMSEP) were calculated for the fundamental parameters method, the method of de Jongh
and the PLS method. For two of the highly concentrated elements, Cr and Fe, the results of the
PLS model are comparable with those of the fundamental parameters method and appear to be
better than the method of the Jongh. The high RMSEP value for Fe, obtained with the de
Jongh method is due to the fact that Fe is used as the balance element. Some of the reference
materials contain high concentrations of Cu, an element not included in the model. Therefore,
the concentration is automatically added to that of Fe, explaining the overestimated Fe
concentration between 70 and 75 %. The PLS models predicting the Ni concentration suffer
from bias due to a non-optimal scaling factor. The results of PLS models for Ti and Mn are
similar to those obtained with the fundamental parameters method. The method of de Jongh
performs better. The PLS model of Mn suffered from bias related to a limited agreement
between simulated and experimental spectra as well as a non-optimal experimental design.
Based on our results so far, we can conclude that the PLS method does not outperform the
classical methods but provides a fast and easy alternative for the various new applications of
ED-XRF.
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Table 6: Elemental RMSEP values (%) attained via the fundamental parameters (FP), the method
of de Jongh and the PLS method (Ref: P. Lemberge, Ph. D. Thesis,UIA, 2001)

Method

Ti

Cr

Mn

Fe

Ni

Mo

FP

0.15

0.33

0.12

0.79

0.27

0.06

de Jongh

0.04

0.86

0.07

2.91

0.24

0.05

PLS

0.16

0.52

0.24

0.78

0.82

0.12

c) In addition to the MiniPal system, the ability of the Monte Carlo based method is illustrated
on a series of references glasses analysed by a combination of EPMA (major elements) and
SXRF (trace composition). Table 7 gives the results of quantitative analyses obtained by
means of the Monte Carlo based method simulations.
5. Work plan of the project for the coming year
a) In the coming year we plan to develop a method for a sediment analysis by MiniPal EDXRF.
b) The accuracy of the Monte Carlo simulation method will be further improved. Numerous
comparisons of simulation results with experimental ones will be performed for different
XRF analyses on the microscopic level.
c) Various applications of in-situ XRF in the fields given in Table 2, will be persued further.
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Table7: Analysis results of three geological glasses obtained by a combination of EPMA and
µ-SRXRF. The indicated 1s standard deviation refers to the variation in composition at
different locations on the homogeneous samples (Ref: K. P. Jochum et al., Geostandards
Newsletter, 24(1) (2000) 87-133)
Element

ATHO

KL2

ST HS6/80

Literature
(ppm)

Measured
(ppm)

Literature
(ppm)

Measured
(ppm)

Literature
(ppm)

Measured
(ppm)

K (%)

2.34

1.64 ± 0.17

0.37

0.53 ± 0.16

1.11

1.0 ± 0.1

Ca (%)

1.15

0.94 ± 0.09

7.8

7.1 ± 0.2

3.73

3.2 ± 0.1

Ti (%)

0.15

0.11 ± 0.02

1.6

1.4 ± 0.1

0.43

0.38 ± 0.05

Cr

180

177 ± 34

205

417 ± 148

89

59 ± 53

Mn (%)

0.08

0.10 ± 0.02

0.16

0.18 ± 0.03

740

720 ± 44

Fe (%)

2.76

reference

8.32

reference

3.4

reference

Ni

-

-

115

124 ± 25

-

-

Zn

169

153 ± 10

120

123 ± 14

59

60 ± 8

Ga

26

28 ± 4

20

23 ± 10

18

20 ± 9

Rb

60

65 ± 4

9

10 ± 4

30

31 ± 4

Sr

92

99 ± 5

363

391 ± 33

480

472 ± 17

Y

103

105 ± 4

24

22 ± 6

Zr

567

557 ± 15

163

177 ± 29

120

120 ± 6

Nb

65

52 ± 3

17

13 ± 5

-

4±2

Ba

557

592 ± 16

124

153 ± 43

300

297 ± 8

La

58

57 ± 3

14

12 ± 7

11

11 ± 3

Ce

126

125 ± 5

34

34 ± 13

23

23 ± 3

Pr

15

13 ± 2

5

5±4

-

-

Nd

59

72 ± 3

22

29 ± 11

14

14 ± 3

Sm

13

19 ± 3

8

13 ± 12

-

-

Eu

2.13

6±4

-

-

-

-

Gd

19

16 ± 4

-

-

-

-

Dy

15

13 ± 5

-

-

-

-

Er

9

14 ± 5

-

-

-

-
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ATTACHMENT 5.3 - CPR-29191
IN-SITU APPLICATIONS OF FPXRF TECHNIQUES
IN MINERAL EXPLORATION
Ge Liangquan Lai Wanchang Zhou Sichun and Lin Yanchang
Key Laboratory of Applied Nuclear Techniques in Geosciences,
Chengdu University of Technology,
1, Erxianqiao Dongsan Rd, Chengdu, Sichuan 610059, China
Fax: 86-28-4077099, E-mail: glq@cdit.edu.cn

1. Related work at the laboratory of ANTG
The laboratory of Applied Nuclear Techniques in Geosciences(ANTG) started the work of
researches and applications of FPXRF technique in 1972. In 1974, a research group of our
laboratory manufactured the first portable X-ray fluorescence analyzer in China, which was
incorporated NaI(Tl) scintillation counter with energy-balanced filters. The excitation sources
of the analyzer were 242Am and 238Pu. The first radioisotope X-ray fluorescence logging probe
with NaI(Tl) scintillation counter was also made by our laboratory in 1979. The logging probe
with proportional counter was made in 1994. The portable XRF spectrometry with 400
channels based on 6800 micro-processor was made available in 1985. Last year, a new
portable field XRF spectrometry with Si-pin diode detector was manufactured and has come
into use. At the same time, A new XRF probe with Si-pin diode detector was made, which can
be used to in-situ determine the concentration of multi-elements in seabed sediments
underwater.
Since the first FPXRF analyzer made, we have continuously used it in mineral prospecting
and exploration, mining, mineral processing, cement industry, metallurgical industry and
other areas. In recent years, Our group has successfully applied in-situ FPXRF techniuqe in
Au, Ag, Cu, Pb, Zn and Sn geological prospecting and exploring, especially, in Au
prospecting. Although gold abundance in rocks or soil (about 10-9) is far less the detection
limit of FPXRF, some elements that are closely related to gold mineralization based on
geochemistry, such as Cu, Zn, As and Pb, can be analyzed in the field by portable XRF
instruments. Since 1980, our group has successfully applied in-situ FPXRF technique in
mining to determine ore grade of Sn, Sb, Pb, Zn, Cu, Fe, Ni, Ba, Sr and Mo on tunnel wall,
mining face or primary block ores. We also successfully used it to on-line determine the
concentration of concentrated ore in Pangang Group, Wugang Group and Baogang Group,
and in-situ determine the concentration of Fe and Si in particle materials with 0-10mm
diameter in Wugang Group. Other applications of FPXRF techniques we have done include
determining the concentration of Ca, Fe, Si and Al to monitoring composition of cement,
quickly determining the concentration of MnO, ZnO and Fe2O3 in oxidized iron material
before furnace, determining alloy composition (sorting) and determining the thickness of
paper and magnetic tape and screening the composition of gold ornament.
In order to improve the performance of FPXRF analysis and meet the needs of geological
survey and industrial processing analysis, we have taken an effort to investigate the influences
of matrix effect, surface unevenness effect and heterogeneous mineralization effect on in-situ
FPXRF analysis and how to evaluate the results of in-situ FPXRF analysis.

2 Scientific Scope of the project
According to the IAEA Research Contract (No. 11305/Regular Budget Fund), the programme
of the research work includes three activities.
1) the development of an optimised sampling methodology for in-situ XRF analysis of rock
and soil
2) improvements in analytical performance of FPXRF method
3) development of quality control protocol for in-situ measurements
We are planning to practice it in three years. Detailed research plans are presented as follows:
2.1 First year plan of work:
Research objective of the first year is the development of an optimum sampling methodology
for in-situ XRF analysis of rock and soil. Detailed research activities include:
1) Determination of an optimum depth of sampling in soil and an optimum sampling
protocols of rock.
2) Considerations of the possible influent factors for in-situ FPXRF analysis on rock or soil
and the effective methods to overcome them, such as debris, moisture, density of soil and
covered materials.
3) Determination of an optimum measurement conditions on rock or soil for sampled
samples of rock and soil.
4) Determination of the effective measurement protocols.
5) Field measurements with FPXRF analyzer
2.2 The second year plan of work
The research objective is improvements in analytical performance of FPXRF method.
Detailed research activities are:
1) Practicing and completing the sampling methodologies of in-situ FPXRF technique
proposed in the first year.
We are planning to apply in-situ FPXRF technique to evaluate geochemical anomalies in
Yunnan province. The area of working region is about 100 km2 and the geochemical
anomalies result from the steam-sediment geochemical survey in the scale of 1/200,000.
This task is financiered by China Geological Survey.
2) Investigating the influences of mineralogical effect, surface irregularity effect and matrix
effect on in-situ FPXRF analysis so as to improve analytical performance.
2.3 The third year plan of work
The research objective is development of quality control protocol for in-situ measurements.
Detailed research activities are:
1) Establishing a site-specific calibration method for in-situ FPXRF analysis.
2) Proposing a quality control procedure for in-situ FPXRF analysis
3) Proposing a quality evaluation method for in-situ FPXRF analysis.

3. The obtained results
There are four results of in-situ FPXRF analysis obtained till now.
3.1 Penetration depth of characteristic X-ray from aimed elements
Based on the physical principle of the interaction of Gamma or X-rays with matter, the
penetration depth of characteristic X-ray from wanted element in a sample can be described
as follows:
6.9
H=
… … … … … … … … … … … (1)
ρ ( µ mo + µ mx )

Where:
H is the penetration depth of characteristic X-ray, which is defined as the thickness of the
sample at which the intensity of characteristic is equal to the maximum intensity of
characteristic times 0.999.
ρ is the density of soil and rock.
mo,
mx are the mass attenuation coefficients of the sample to primary X-ray/Gamma ray
and characteristic X-ray, respectively.
According to above equation, the penetration depth of characteristic X-ray with energy of less
than 10keV in the metallic minerals is about 0.1-1mm. The penetration depth of
SnK(25.2keV) is about 1mm in metallic minerals and about 17mm in quartz.
Obviously, if the dust or other covers cover the rock or soil surface, the characteristic from
the rock or soil will be attenuated, even totally sheltered. So, we should keep the
measurement surface being “fresh” so as to obtain a good analytical performance.
3.2 The influence of water content in samples
Water that exists in natural rock, soil and sediment can be classified as two types: One is
named as crystal water that exists in crystals of minerals, another as filled-water that exists in
fracture, porous of primary rock, soil and sediment. Usually, the content of crystal water in
natural samples can be considered to be constant, so that we can ignore its influence on
FPXRF analysis. What we focus on is filled-water of natural sample whose content varies
with the porous, construction, density and component of rock or soil, as well as the humidity
of workplace. The content of filled-water is also called as the moisture of sample. The space
of porous and fracture where water does not filled can be considered as that filled with air.
An effective mathematical model for correcting the influence of water content (for filled
water) of samples has been proposed that:

I 0 = I x e − µω (a + bI s )

(2)

where:
I0 is the intensity of characteristic X-ray of the aimed element when the filled-water content of
sample is zero. Ix: the intensity of characteristic X-ray from the aimed element in the filledwater samples. Is is the intensity of coherent and incoherent scattered radiation produced by
primary X-ray/Gamma ray from the source on the sample, w can be considered as an
effective attenuation coefficient of the characteristic X-ray owing to the absorption of filledwater of sample. The positive number of w stands for the absorption of characteristic X-ray

by filled-water of sample. The minus number of w stands for the enhancement of
characteristic X-ray by scattered radiation.
The experiments show that the differences between the mean of corrected characteristic peak
areas from filled-water samples and from dried samples are mostly less than 5 percent, which
are within one deviation, except of As. The experiments also show that the higher
concentration of element in samples (e.g. Fe and Cu), the less deviation of characteristic peak
areas of filled-water samples and the less differences between the mean of corrected
characteristic peak areas from filled-water samples and from dried samples. For some
elements, such as K and Ti, the deviation and the difference are significant owing to lower
energy of characteristic X-rays. That is to say, the performance of FPXRF analysis of filledwater samples for lower atomic number elements becomes significantly poor.
3.3 The investigation of sampling methodology
According to the distribution features of mineralized elements and their relevant elements in
rock or soils and the requirements of geological and geochemical prospecting, the sampling
methodology of in-situ FPXRF analysis should include four aspects, they are:
5.3.1
the in-situ measurement procedures for natural soil
5.3.2
The in-situ measurement procedures of natural rock
5.3.3
Soil sample measurement (roughly prepared)
5.3.4
Powder rock sample measurement.
3.4 The example of application
The in-situ FPXRF technique was used to evaluate a gold-silver mineral spot in July. 2000,
situated in Bairu county, about 800 kilometers apart from Chengdu, Sichuan province, where
the elevation is about 4000 kilometers. 403 Geological Exploration Team of Sichuan Geology
and Mineral Resource Bureau found the mineral occurrence in 1997. After two years
inspecting, they trapped a silver-gold mineralized block about 20 meters wide in the middle of
0 exploring line, but they were not sure where the mineralized belt goes because of the cover
of slide and residual materials about 2-10 meters thick. As a requires of 403rd geological team,
we applied the portable XRF analyzer with NaI(Tl) scintillation counter to measurement the
intensities of ZnK+AsK+PbL characteristic X-rays in the filed in June of 1999. The
measurement area of in-situ XRF analysis is about 2 km2, which covers the region of
mineralized occurrence. The results show that a strong anomaly of ZnK+AsK+PbL was found
in north of known gold-silver mineral block, from 12-24 exploring lines. And then, we
enlarged the measurement area up to 4km2 from 24-56 exploring lines and enclosed the
anomaly. Geological engineers arranged some trenches at the concentrated area to reveal the
anomaly of ZnK+AsK+PbL characteristic from soil. The results show that they situate at the
contact zone between limestone and rhyolite and found some lead and zinc mineral
occurrence. Obviously, the anomaly is resulted from the contact metasomatism.
In order to find out where the known ore block goes, we applied the new portable XRF
analyzer with Si-pin diode detector to determine the concentration of mineralized elements in
the same area in July 2000. The elements analyzed are Zn, Cu, As and Pb. The measurement
samples were sampled in the soil of B layer, removing surface soil with a screw auger from a
depth of 10 to 40 cm and sieving with 60mush mush after grinding. The same results have
obtained, but the details of multi-elements anomalies can be described since the sensitivity of
the new FPXRF analyzer with Si-pin diode detector is higher than that with NaI(Tl)
scintillation counter. Although the known gold-silver ore block situates the middle of the Zn
and Pb combined anomaly, it is about 50m apart from the concentration center of the
anomaly. Several shallow bored well about 5m deep were arranged at the concentration center
of XRF anomaly. The main silver ore bodies were revealed. Further geological works show

that the mineralized spot can be divided two geochemical background regions. The higher
intensities of ZnK+AsK+PbL characteristic X-rays in the north result from the contact
metasomatism of limestone and rhyolite and the lower intensities of AsK+PbL characteristic
X-rays in the south situate at a low-temperature alteration zone where low-temperature
thermal fluid makes gold and silver concentrating. At last, the reservation of the bodies was
evaluated more than 200 tons of metal silver and gold, identifying as a middle scale goldsilver deposit.
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SUMMARY OF PAST WORK
The Nuclear Analytical group of the National Nuclear Research Institute comprises of the
XRF and NAA group. The group has been involved in the following broad areas of research:
a) Environmental Pollution Studies and Monitoring
Air quality studies have been carried out for some Industrial concerns as part of EIA
requirement. Some of the industrial concerns are Ghana National Petroleum Company
(GNPC), Tema Oil Refinery (TOR), Accra Metropolitan Assembly (AMA), etc.
Soil, water and vegetation analysis have been carried out on some mines and their environs in
the country to assist in the mitigation of environmental effects of their activities.
b) Mineral Exploration and Exploitation
Geological samples have been analysed for some mining companies and some prospectors.
c) EDXRF Instrumentation
Over the years we have attempted to look at the performance of some components of our
spectrometry systems (different types of detector, MCA cards, etc) with the view to finding
those that best suit our laboratory conditions.
Some detector characteristics have also been investigated (e.g. Be window thickness, Au
layer, Si dead layer and Si Detector Sensitive volume) in order to appreciate how critical they
are to using the QXAS software package of the IAEA.
d) Identification of problems in Metal Industries
The laboratory has also used EDXRF to assist some aluminium-roofing sheet manufacturing
companies to identify some production problems.
TC and IAEA CRPs
The laboratory is currently undertaking the following projects with the agency:
TC project RAF 2/006 “Bi-national Environmental and Quality Control” in the Tano Basin.
CRP 9934/RO “Bio-monitoring of Air pollution through Trace Element Analysis

Field Portable and in-situ XRF application
There has not been any work in this area since we do not have a portable XRF system.
Scientific Scope of Current CRP Project
The construction industry in Ghana has become the largest employer beside the central
government. To sustain this industry there is the need to develop a vibrant and cost effective
steel industry. There are three main steel producing companies who are all located at the Tema
industrial area. These industries purchase and process over 100, 000 tonnes of metal scrap
every day. Scrap dealers assess quality by visual inspection, and the steel based industries by
magnetism. This process is inefficient and leads to increase processing cost because of the
inability to sort out ferrous-based metals with some preferred limits of trace element level.
The non-destructive, multi-elemental, and fast qualitative and quantitative analysis
capabilities of portable XRF spectrometric facility appears to be the required tool needed to
address this problem.
The overall objective of the project is to develop XRF-based techniques that will facilitate
rapid quality control of metal scraps, their processing, and ensuing finished products.
The specific objectives are:
1. To identify the appropriate elemental signatures to be used in sorting metal scraps
2. To develop semi-quantitative (using x-ray intensity ratios) and quantitative methods
for the use of portable XRF system for quality assessment of metal scrap.
3. To provide in-situ analysis of elemental levels in processed molten slag, to control the
amount of alloy additives to be added.
4. To promote the adoption and utilization of portable XRF system for the steel industry
Detailed Work Plan for First Year
1. Identification of end-users
• Identification and documentation of scrap dealers and scrap companies
• Identification of steel companies the scrap dealers trade with
• Selection of appropriate products to be analysed
2. Analytical Quality Control
• Optimisation of portable XRF system for analysis of steel and scrap samples
• Qualitative and Quantitative calibration of portable x-ray system
• Validation of portable x-ray system
• Study of the influence of metal surface curvature on accuracy
3. Sampling and Analysis
• Sampling and analysis of finish product of steel manufacturing companies to
determine signatures to be used in sorting metal scrap
• Sampling and analysis of metal scrap from different origin to determine those with
similar elemental signatures as finished products
• Sampling and analysis of molten slag of processed scrap.
4. Laboratory Analysis
• Laboratory analysis of the above samples using EDXRF and NAA
• Comparison of Laboratory and In-situ results

•

Determination of intensity ratio of the various elemental signature in the steel
samples

Results Obtained Under CRP
Results Obtained under CRP
Identification of end-users
Scrap Processing Industries
There are three main scrap processing industries in Ghana namely; Tema Steel Limited,
WAHOME limited and ALUWORKS Limited. They purchase their scraps from scrap dealers
and anybody who brings to their door steps.
Scrap Dealers
The identification of scrap dealers is proving difficult since our Institute is a governmental
agency and the dealers think we want to identify them for tax purposes.
Sampling and Laboratory Analysis
Various categories of scrap and finish products were collected from the Tema Steel Company
and analyzed in the laboratory. The scraps are graded by the processing industries as follows:
Grade A scrap - High ferromagnetic metal scrap which are less than 1.5 m in length.
Grade B scrap - The same as grade A scrap but greater than 1.5 in length since it has to be cut
to fit the smelting pot.
Grade C - Light metal scrap (such as vehicle bodies) and cast-iron.
Partial determination of intensity ratios of various elements in the different grades of scrap
was determined. The following intensity ratios such as Sn/Ag, Cr/Mn, Fe/Pb, Fe/Cu, Fe/Cr
and Fe/Mn were investigated as possible means for sorting the scraps..
From the results so far (see attached tables) obtained the most likely ratio to be used is Fe/Mn
intensity ratio. This is low for the mild steel (finish product) and the grade A scrap with both
Cu and Mo secondary excitation giving approximately the same results.
Work Plan for the coming years
1.

Identification of end-users
Identification and documentation of scrap dealers
Selection of more appropriate products to be analysed
Analysis of selected products
2.
Analytical Quality Control
• Optimisation of portable XRF system for analysis
• Qualitative and Quantitative calibration of portable x-ray system
• Validation of portable x-ray system
• Study of the influence of metal surface curvature on accuracy
3. Sampling and Analysis
•
•
•

•

Sampling and analysis of finish product of steel manufacturing
companies to determine signatures to be used in sorting metal scrap
• Sampling and analysis of metal scrap from different origin to
determine those with similar elemental signatures as finished
products
• Sampling and analysis of molten slag of processed scrap
4. Laboratory Analysis
• Laboratory analysis of the above samples using EDXRF and NAA
• Comparison of Laboratory and In-situ results
• Determination of intensity ratio of the various elemental
signature in the steel samples
5. Developing of model to be used for analysis of scrap and
steel sample
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Introduction
Particle induced X-ray emission spectroscopy (PIXE) using the home made 5MV singleended Van de Graaff accelerator is the main experimental technique of the group devoted to
elemental analysis by nuclear techniques within the Department of Biophysics of KFKI
Research Institute for Particle and Nuclear Physics of the Hungarian Academy of Sciences.
During the last two decades several dedicated methods have been developed to detect, locate
and quantify essential or toxic macro- and micro-constituents of biological and biomedical
samples. The successive use of PIXE and (d,p) reactions, has allowed elemental analysis of
samples of biological origin relative to their protein content (PIXE-RP method) [1]. Using this
approach the molecular weight of a particular SOD enzyme was successfully estimated. The
unique combination of polyacrylamide gel electrophoresis and PIXE analysis (PIXE-PAGE
technique) has considerably widened the information could be obtained from electrophoresis.
By help of PIXE-PAGE important results were obtained even from the structure of metal
containing bacterial hydrogenases [2].
From the beginning the X-ray spectrometer was also equipped with a New England Nuclear
(USA) ring source holding radioisotope excitation head for XRF analyses in its “acceleratorfree time”. In addition to routine everyday fingerprint analyses of a wide variety of samples,
the application for analysis of artefacts was also started. The first result in this field has give
rise to great response, at once. Detection of the unanbiguous presence of Ti in selected white
spots on two disputed paintings of a 19th century Hungarian painter has provided scientific
support to decide that the paintings were forgeries. Later a series of XRF measurements were
carried out on selected points of the painted wooden sculpture called “Madonna of Dozmat”
using 131I and 241Am sources for excitation. The results were used by the restorer to identify
regions painted certainly at a later date, and therefore had to be removed during restoration.
Recognising the analytical potential of the few MeV external proton beams in non-destructive
analysis of art and archaeological objects, a versatile external beam PIXE measuring set-up
has been also developed. In the recent version an easily replaceable Kapton exit window of
7.5 µm thickness is used, and an external proton “milli-beam” of 0.5 mm diameter can be
produced. The sample holder allows the fine positioning of even heavy, extended samples
with 0.1 mm steps in three perpendicular directions. As part of their diploma work, graduate
students of the Department of Restoration of The Hungarian Academy of Fine Arts have
regularly analysed their own samples by external-beam PIXE. Among others paint traces on a
wooden relief of St.Jerome made by an unknown master at about 1600 were analysed. The

presence of Ti has suggested that certain parts of the relief were repainted less then 100 years
ago. Measurements were also taken on certain points of a small metal sculpture of a Buddhist
Goddess. It was assumed that the sculpture has East-Asian origin and it was made in the 11th
century. Detailed study of a damaged region has revealed that under the bronze surface layer
covered by patina an internal iron core was located. Importance to this result could be given
by the fact that no sculptures made by this technology in the Far East have been known, yet.
Metal sculptures of similar structure were only found in Egypt, so far.
Scientific scope of the project
As an important additional result of the relevant activity summarized in the Introduction, the
otherwise rather unknown ion beam analytical techniques were popularised and advertised
among the potential users (museum curators, archivists, and restorers). The psychological
barrier to break through, however, is still rather high. Mainly due to the lack of information
and direct experience, colleagues from museums are either distrustful, or have exaggerated
expectations in connection with an unfamiliar technique utilising particle accelerator and
nuclear electronics. In addition, moving valuable art objects from their place even if it would
carry out in practice frequently meets with inextricable difficulties. Then, and in cases when
transportation of the artefacts or finds are impossible, in situ non-destructive analysis is
needed. A small, easy to operate portable XRF spectrometer could be a proper choice. In spite
of the growing number of dedicated museum laboratories throughout the world and the
continuous spread of sophisticated analytical techniques, no in situ XRF spectrometry for
artefacts has been applied in Hungary, yet. The development of a portable XRF system with
reliable evaluation method and its introduction into the field of in situ analysis of art and
archaeological objects will certainly be an important help in preservation of cultural heritage.
In addition to the particular analytical results obtained, the success of the project could
certainly promote the use of modern physical techniques, and initiate to get and operate even
more powerful equipment.
Detailed work plan for the first year
In the Research Contract Proposal the following “to do list” was proposed.
− Construction of the proper excitation head for XRF and development of proper support of
the system with reliable “aiming” tool
− Measurement and comparison of the spectra of the traditional Si(Li) detector to those of
obtained by the Peltier-cooled Si-PIN one.
− Determination and comparison of the efficiencies
− Test measurements on selected painted stones and paintings
Results obtained till now
According to the detailed work plan for the first year, two XRF spectrometers, using the same
109
Cd and 241Am New England Nuclear ring sources for characteristic X-ray production, were
assembled.
− The first so-called reference system consists of the DSG Si(Li) detector regularly used in
the external PIXE experiments. This horizontal geometry detector has the energy
resolution of 143 eV for the 5.9 keV Mn Kα line. A Canberra 2025 spectroscopy amplifier
processes the signals of the detector. The ring sources were attached to the detector in the
factory made NEN XRF head in direct excitation mode. In the exploratory test
measurements an easy to connect Plexiglas support hold the excitation head in the same
relative position to the detector cryostat as in the case when it was simply put on the top of
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a vertical detector. An aluminium support for fixing the head to the Dewar container of the
detector was also made.
− The second so-called portable spectrometer is based on a borrowed AMPTEK XR100T
detector connected to its own power supply/amplifier unit. This old detector was rather
noisy having an energy resolution of about 360 eV for the Mn Kα line. The geometry of
the detector did not allow using the above-mentioned bulky NEN source holder. In order
to keep the same source-sample-detector window geometry proper aluminium housing of
much smaller outer dimensions was mounted to the metal box of the AMPTEK detector.
The ring sources together with the original W alloy shielding with Al lining was put in this
housing. The source-detector unit was fixed to a micromanipulator stand allowing fine
movements in all directions.
Spectra from both detectors were collected by a standalone Canberra 35+ multichannel
analyser and transferred for storage and evaluation to a PC. Spectrum evaluations were
performed with the well-known AXIL program package.
In order to gain overall impression of the provisionary portable system composed from
available components, a set of measurements were performed on two well characterised test
paint layers combining pigments typically applied in the Middle Ages as well as presently [4].
Special thank is given to Dr. Neelmeijer who kindly placed them at our disposal. Test layer 1
(Probetafel 1) contains verdigris Cu(CH3COO)2.H2O and white lead 2PbCO3.Pb(OH)2
combinations on chalk ground CaCO3, while Probetafel 2 has chromium oxide Cr2O3 and zinc
white ZnO ones. The thickness of the paint layers varies from 8 µm to 165 µm. All layers
were measured with both detectors using both modes of excitation. The effective activities of
the sources 109Cd and 241Am were 30 µC and 100 mC, respectively. The sample source
distance was about 5 mm. The analysed area was reduced to about 32 mm2 inserting a 15 mm
long cylindrical Al collimator of 5 mm diameter into the centre of the ring sources. Sensitivity
curves was also determined using calibrated MicroMatter foils and a set of thick pure metal
sheets and pellets. Based on the results obtained the following conclusions can be drawn.
− The concept of using a small Peltier-cooled Si detector in conjunction with radioisotope
excitation for a portable XRF unit is practicable.
− The poor energy resolution of the AMPTEK detector alone did not hindered in getting
consistent X-ray intensity ratios from the layered paint structures. The erratic behaviour of
the RTD (rise time discrimination) mode of the amplifier, on the other hand, has caused
serious difficulties. Appearance and disappearance of spurious peaks and abnormal
variations in the background were especially disturbing when the more intense Americium
source emitting larger energy radiation was used.
− The use of ring sources in tight geometry leads to increased inelastic scattering of the
exciting radiation, and consequently to increased background in the higher energy region.
− Purchase of a good, state-of-the-art AMPTEK detector is essential.
− Comparisons of spectra prefer resolution versus effective detector area in the choice of
detector. To increase the sensitivity at lower energies, 0.5 mil Be window is advisable.
− The recently standard longer extension of the AMPTEK detectors allows the design of an
excitation system using point like 241Am source with thin Be covering.
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Work plan for the coming years
− On the basis of the experiences of the first year the permanent prototype of a small,
portable XRF spectrometer will be designed and assembled. The spectrometer will contain
a new low-cost thermoelectrically cooled detector with 180-190 eV energy resolution.
According to the CRP an AMPTEK XR100CR model will be chosen and purchased
before completing the first year. In order to achieve the best performance the AMPTEK
power supply/amplifier unit with the optional 20 µs shaping time will also buy.
− Instead of the clumsy and inconvenient annular geometry an excitation head housing
point-like radioactive sources will be constructed. The excitation head will also be
applicable to the high resolution DSG Si(Li) detector. The optimal shielding and
collimation for Am-241 and Fe-55 sources will be found. Dosimetric tests of the
instrument in working conditions using properly arranged TLD pellets has to be done.
− Efficiency and absolute calibration curves will be obtained using suitable standards. “In
situ” testing of both systems out of the laboratory will be done.
− Exploratory measurements of painted medieval stone sculptures in Pιcs, Hungary, is
planned. Results obtained will be compared to those of obtained formerly by invasive
approach.
− In situ fingerprint analyses of paintings will be done in co-operation with the Hungarian
National Gallery and the Museum of Fine Art.
− Demonstrations and short courses are planned for students of the Department of
Restoration of the Hungarian Academy of Fine Arts.
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1. SUMMARY
Energy Dispersive X-ray Fluorescence (EDXRF) analysis is a non destructive,
multielemental and simple technique, which is based on the irradiation of a sample by a low
intensity X-ray beam, and by the detection of secondary X-rays emitted by the sample. The
energy of these secondary X-rays is characteristic of the elements present in the sample and
the intensity is proportional to their concentration. The thickness of the sample involved in the
analysis depends on the element, on the matrix and on the energy of the secondary radiation. It
is useful to define the “mean free path”, which corresponds to the layer producing about 63%
of the total fluorescent radiation at the detector. In figure 1, the MFP’s for the Kα lines of the
most common elements in some typical matrices are shown. For heavy elements the Lα-lines
MFP’s are shown.
A typical portable equipment for EDXRF-analysis is composed basically by an x-ray
tube, an x-ray detector with related electronics and a multichannel analyser. EDXRF systems
are very useful for analysis of works of art, because the analysis is non destructive,
multielemental, simple and relatively inexpensive. Portability of the systems is almost
mandatory. In fact, in very few cases it is possible to study a work of art outside its normal
location (museum, church, excavation and, etc.) and when this is possible the bureaucratic
problems and the costs can be comprehensive.
There are many materials as well as a variety of problems in archaeometry that can be
studied and avoided by using a EDXRF apparatus. There are instances in which a qualitative
analysis is sufficient (for example the individuation of a pigment or of a surface treatment) but
this will present problems because the most used approach is semiquantitative. For example,
in the study of a painting it is important to know the relative amount of a element in different
points of the surface, but is not important to know the real concentration of the element. Only
in a few cases a quantitative approach is required, for example, analysis of metal artefacts it is
important either the relative composition in different points of the surface or either the
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Figure 1- Mean free path for elements from Na and Sb (Kα) and from Pt to Pb (Lα)
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absolute values that can give an indication on the melting technique and on the raw materials
employed.
In this case, the quantitative results are obtained using the method of fundamental
parameters in which only a few standards are required.
Recently developed thermoelectrically cooled semiconductor detectors, such as SiPIN, Si-drift Cd1-xZnxTe and HgI2, coupled to miniaturized low-power, dedicated X-ray tubes,
are well suited for assembling portable systems for EDXRF analysis of archaeological
samples.
More specifically, the following typical applications were carried out in the last years:
1.bronzes: a. of the prehistoric period from the museums of Bologna and Bolsena [1]; b.
Etruscan, from the Museum of Bologna [2] ; c. of the nuragic period (Sardinia, I millennium
B.C.) from the Museum Sanna in Sassari [3]; d. the statue of Perseo by Benvenuto Cellini in
Florence [4] ; e. the greek statue “il satiro” recently discovered under the see off Marsala [5];
f. Eneolithic bronzes from Paestum [6].
2. gold objects: a. pre-micenean golds from the Benaki Museum in Athens [3]; b.etruscan
gold objects from the VII Century B.C. from the Museum of Villa Giulia in Rome) [7]; c.the
golden altar of the basilica of S. Ambrogio, Milan, about 850 A.C.[8].
3. silver objects : ancient roman silver vessels from the Capitol Museum, Rome and the
Archaeological Museum, Naples) [9].
4. frescoes : sulfur and chlorine in the frescoes of the churches of S. Stefano and S. Clemente
(Rome), S. Francesco (Arezzo) and basilica of Fano [10, 11]; study of the fresco of Benozzo
Gozzoli in the church of S. Francesco in Monteluco [12].
2

Problems to be solved are generally the following:
−
−
−
−

characterization and grouping of the samples
identification of fakes or of restored areas
homogeneity of the samples
effects of pollution

2.INSTRUMENTATION
A typical EDXRF-system is mainly composed of:
•
•
•

an X-ray tube
an X-ray detector with electronics
a multi channel analyser.

2.1 X-ray tubes
A great variety of x-ray tubes of various types (maximum voltage, current, anode),
sizes and cost are currently available for EDXRF-analysis, depending on the problem, and
more specifically on the element or elements to be analysed. Leaving out analysis of trace,
which requires high-current tubes with proper secondary targets, low-power X-ray tubes (with
selected anodes) are generally adequate. They may be chosen primarily as a function of the
atomic number of the elements to be analysed. Table 1 gives a survey of useful EDXRF-tubes
[13-14].
A low size, low power W-anode X-ray tube working up to 40 kV, 0.1-0.3 mA is
adequate for analysis of all elements of archaeometric interest. Working at low voltages (1520 kV) and at high voltages (35-40 kV) respectively, this tube is able to excite low atomic
number elements such as S and Cl, or elements from Ca to Pb .
The advantage in using an X ray tube is in the possibility to collimate the beam in a
small area. A capillary collimator can be also employed in conjunction with the X- ray tube, to
collimate the beam into sub mm2 areas.
2.2 X-ray detectors [15]
The typical, high-resolution X-ray detector was traditionally the nitrogen cooled Si or
Ge detector, with an energy resolution of about 150-200 eV at 5.9 keV.
In the last few years, small size thermoelectrically cooled semiconductor detectors
have become available, such as HgI2 [16], Si-PIN [17], SSD [18] and CZT [17] .
These detectors are cooled to about –30°C by means of a Peltier circuit, and are
contained in small size boxes also including a high quality preamplifier and the Peltier circuit.
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Table 1 – Characteristics of small-size, portable X-ray tubes according to the element or elements
to be analysed
Element or groups of element Anode material
Anode
Current (*) X-ray spectrum and
to be analysed
voltage (KV)
(mA)
peak/ BS ratio
Phosphorus, sulphur, chlorine
Calcium
8-10
0.1-1
3.7 keV peak+ BS
(K-lines)
(≈1/1)
Phosphorus, sulphur, chlorine tungsten (L-lines)
13-15
8.4, 9.7 and 11.3
keV peaks
from potassium to yttrium (Kmolybdenum
30
0.1-1
17.5 keV peak+BS
lines) and from cadmium to
(K-lines)
(≈0.2/1)
uranium (L-lines)
from potassium to barium (KTungsten
40
0.1-1
≈ only BS
lines) and for heavy elements
(L-lines)
HgI2 detectors were the first to be constructed, and have currently an energy resolution
of about 180-200 eV at 5.9 keV, and an efficiency of about 100% in the whole range of Xrays.
Si-PIN detectors, with a Si thickness of 300 µm, exhibit an energy resolution of 160200 eV, and are useful up to about 30 keV, because the efficiency is decreasing at energy
larger than 15 keV, due to the limited thickness.
SDD detectors have a Si thickness of 300 µm, and an energy resolution of about 150 eV
at 5.9 keV. They are able to work also at high counting rates.
CZT detectors have a thickness of 2 mm, and an efficiency of about 100% in the whole
X-ray range. The energy resolution is about 300 and 700 eV at 5.9 and 59.6 keV ,
respectively.
In figure 2, the efficiency of a Si(Li) detector is compared with that of two
thermoelectrically cooled detectors: a) a 300 µm thick Si detector (SSD or Si-PIN), b) a 3 mm
thick CdZnTe detector.
A summary of the useful Peltier-cooled detectors is given in Table 2.
Table 2 – Comparison between the performance of various X-ray detectors: Si(Li) , HPGe, , SiPIN, HgI2, and SSD having an area of 10, 30, 7, 5 and 3.5 mm2.respectively
Si(Li)
HPGe
Si-PIN
HgI 2
Si-drift
Energy resolution (FWHM 140
150
170
200
155
at 5.9 keV)
Useful energy range (keV) 1-50
1-120
2-25
2-120
2-25
Efficiency *
0.008
0.025
0.0055
0.004
0.003
6-12
6
12
12
2
Shaping time (µs)
Cooling system
liquid
liquid
Peltier
Peltier
Peltier
nitrogen
nitrogen
* at 1 cm from a point source
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Figure 2 - Efficiency of Si(Li), Si-PIN and CZT detectors.
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3. WORK PLAN FOR THE FIRST YEAR “Construction of portable XRF equipment for
archaeological applications and for soil analysis”
3.1 archaeological applications:
a. identification of elements to be analyzed (from S to Sb and from Pt to Pb)
b. identification of a small size, low power portable X-ray tube for all applications
c. identification of the “best” thermoelectrically cooled detector
d. dedicated softwares for quantitative analysis of alloys
3.2 soil analysis:
a. identification of elements to be analyzed
b. identification of a small size, low power, portable X-ray tube for in situ analysis of soil
c. identification of the “best” thermoelectrically cooled detector
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4.WORK PLAN FOR THE COMING YEARS:
Optimization of field portable XRF instruments for archaeological applications and for soil
analysis
4.1 archaeological applications
a. construction of a battery powered portable dedicated X-ray tube
b. assembling of a battery powered portable X-ray detector
c. dedicated softwares for quantitative analysis of works of art; preparation of standard
samples (bronzes, brasses, gold and silver samples, ceramics and etc.)
4.2 soil samples
a. construction of a battery powered portable and dedicated X-ray tube
b. assembling of a battery powered portable X-ray detector
c. preparation of soil standard samples and of softwares for quantitative analysis.
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Energy dispersive X-ray fluorescence (ED-XRF) technique has been used
for the multi-elemental analysis of geological samples over 25 years in
Mongolia. A Radioisotope X-ray Spectrometer (ORTEC) received under
Agency’s TC project on 1976 and used for the development of geological
sample’s analytical methods. The X-ray Spectrometer has employed
successfully for different mineral’s analysis of Mongolian polymetallic ores [12]. Today the ED-XRF technique has employed in various (geological,
biological and environmental samples analysis) applications in Mongolia and
extended using the computer techniques and X-ray tube exciting systems.
Over the last 30 years in the world considerable progress has been
made in the development of on-line elemental slurry analyzers. During the last
few years there have been several significant new developments in the
instrumentation used for on-line analysis of mineral slurries.
Amdel in Australia manufactured a completely different concept
consisting of probes which immerse directly into the full flow of the slurry
stream-Single Elemental Probe (SEP). The sources of X-rays were low-intensity
radio-isotopes and the detector were energy dispersive scintillation detectors
with X-ray filters used to reject unwanted X-rays.
In 1992 Amdel introduced the Multi-Stream Analyzer (MSA) capable of
multi-elemental analysis of 12 or more process streams using the one analyzer.
The actual analysis methods employed in both the Amdel dedicated MultiElement Probes (MEP) and Multi-Stream Analyzers (MSA) are identical in that
radio-isotopes are used to excite the slurry and Si(Li) X-ray detectors are used
for analysis the fluorescent X-rays from the slurry. As far as on-line X-ray
fluorescence analysis is concerned, the multi-element probe technology is
superior in performance to other methods in terms of stability, low maintenance
and detection limits and high accuracy.
Wave length dispersive X-ray fluorescence (WD-XRF) techniques were
used elemental analysis of mineral slurries and the express laboratory of Erdenet
Mining Corporation since 1978 [3].

Now Cu-Mo processing plant Erdenet has been choose the on-line
elemental slurry In- Stream Analyzers (ISA) (SEP and MEP) of Amdel
(Australia) for the technological renovation. Today Erdenet Mining Corporation
has processing 24.5 Mtn Cu-Mo ore and produced 480 ths tn. Cu and 264 ths tn.
Mo-concentrates per year. The typical analysis results of Ore feed, Tail, Copper
and Molibdenum concentrates of the Erdenet plant is given in Table 1.
The Amdel on-line ISA system in the Erdenet plant’s flotation circuit is
given in Figure 1. The continuous slurry analysis system has consists of 3 SEPs
and 6 MEPs. This analysis system has installed and calibrated in February 2001
and now used technological on-line continuous stream analysis. Also has
planned to extend this system by 5 SEP analyzers. A typical X-ray spectrum of
the bulk copper concentrate from MEP is shown in Figure 2.
Recent advances in process the in-situ or on-line XRF control have been
responsible for significant increases in concentrator productivity and on-line
elemental analyzer systems are one of most important tools to have influenced
their economics. The analyzers allow the operators to “see” exactly what is
happening in the process at all times and to make timely corrective adjustments
to continuously optimize the separation process.
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Scientific Scope of the CRC Project
According to the IAEA Research Contract, the programme of the research
work includes the activities:
The development the applications In-Situ ED-XRF techniques in Mongolia.
•

Application In-Situ ED-XRF techniques for on-line slurry analysis in Ore
Processing Mining Industries.

•

Application FPXRF technique for certification of old Gods of Buddha Church,
works of art and Archaeological objects.

First year plan of work
Research objective of the 1st year is the development of applications In-Situ
ED-XRF to improve technological processing Cu-Mo ores of Erdenet Mining
Corporation and study the possibility use a FPXRF to analysis of Gods, Arts and
Archaeological objects.
1. Installation and Calibration In-stream Analysers (ISA), Amdel, Australia, in
Erdenet Mining Corporation
1st quarter 2001,
2. Construction a field portable XRF tool.

2nd quarter 2001,

3. Practicing and optimising the analytical possibility of the FPXRF technique for
analysis
2nd part 2001.

Work plan for the Coming year
Research objective of the coming year is the development of applications InSitu ED XRF to improve technological Ore processing of Mining and study the
possibility use in other Mining Industries.
1. Improve the analytical results of ISA in Erdenet,
2. Comparison of Laboratory and In-Situ results. Application QA/QC in ISA
analysis.
3. Application the constructed a FPXRF tool for the certification to analysis of
old Gods of Buddha Church, works of Art and Archaeological objects.
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5. Short Summary of Work related to In-situ XRF performed at Institute during the
last 5 years:
i) Jobs Performed
The pressurized components in the national industry are in service since early sixties
and require the application of real-time non-destructive analysis for characterization
of defects as well as for assessment of their safe operation life in presence of defects.
XRF analyzer X-MET 880 is being used for in-situ non-destructive in-service
inspection of plants such as fertilizers, petro-chemicals, thermal power stations, oil &
gas fields, and nuclear power plants etc. Sorting, identification and analysis of
different alloy materials in many forms has been carried out at this Institute. The
experimental work related to non-destructive XRF technique for the identification and
analysis of different alloys or components for some imported selected industries is
summarized in Table 1. Up-gradation of the existing library of the X-MET analyzer
has also been carried out by adding the new standard alloy samples. In addition
comparison of the certified results of standard reference material (SRM) is made with
the results obtained by X-MET.
ii) Methodology of In-situ XRF Analyzer
In-situ X-ray fluorescence spectroscopy is an analytical technique which allows for
both qualitative and quantitative analysis of sample’s elemental composition. The insitu X-MET 800 analyzer available at our Institute uses radio-isotopes Fe-55, Cd-109,
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Table 1: Identification and Analysis Of Some Important Different Alloys by Nondestructive In-situ XRF Techniques
MAIN
MATERIAL
INDUSTRIES
Pakistan Refinery ASTM-A-387
Ltd., Karachi

DETECTED BY
EQUIPMENT (%)
Fe= 98
Cr= 0.95
Ni= 0.05
Mo= 0.5

Attock
Refinery
Ltd., Rawalpindi
Pak Arab Fertilizer
Plant, Multan

Mo=0.00,
Cr=0.00
Fe= 98.36
Mo= 0.00

Fe=97.95
Ni =0.00
Cr= 0.05
Ni= 0.00

Fe= 98
Cr =0.04

Mo= 0.52
Ni= 0.02

Ni=0.62
Cr= 0.00

Mo=0.52
Fe= 96.85

Oil
and
Complex

Gas

Pak
American
Fertilizer
Ltd.,
PAFL
CHASNUPP,
PAEC
Bobi Oil Field,
BIAFO, Industries
DESCON ENGG.
Ltd., Lahore

STANDARD
(%)
C= 0.17
Cr= 0.8 -1.1
Mo=0.4-0.6 S= 0.004
P= 0.035
ASTM-A-106, C= 0.30 Mn= 0.3 -1.06
Gr-B
P= 0.04 S= 0.05
API-5L Gr. B C= 0.27
Si= 0.342
(X-42)
Mn= 1.15
P= 0.04
S= 0.05
ASTM A-335 C= 0.20
Si= 0.5
Mn= 0.80
P= 0.045
Mo= 0.45 - 0.65
ASTM 533-H C= 0.25
Si= 1.00
Mn= 1.62
P= 0.035
S= 0.04
Ni= 0.4-0.7
Mo= 0.4-0.6
ASTMA-508 C= 0.27
Si= 0.40
Mn= 1.0
P= 0.025
S= 0.025
Ni= 0.4-1.0
Cr= 0.25 Mo= 0.45-0.60
ASTM A-572 C= 0.23
Si= 0.40
Mn= 1.35 P= 0.04
S= 0.05
ASTM B-209, Al= 99
Si+Fe = 0.95
1100
Cu= .05-0.2 Mn= 0.05
Zn= 0.10
SS-321
Cr= 18
Ni= 10
Mn= 2.00 max. Ti= 0.40

Fauji
Cereals, SS-316
Rawalpindi

Mn=2.0max.
Ni=12

Ashraf Sugar Mills SS-304

Mn= 0.66
Ni= 10

Cr= 17
Mo= 2-3
Mo= 0.2
Cr = 19

Ni= 0.72
Mo= 0.51

Cr= 0.20
Fe= 96.65

Fe= 98.75
Ni=0.00

Cr=0.00
Mo=0.02

Mn= 0.05
Zn= 0.04
Cu= 0.09
Mn= 1.2
Ni= 10.50
Ti= 0.38
Mn= 1.1
Ni= 12.50
Mo= 2.45
Mn= 0.64
Ni= 10.40
Cr = 18.50

Fe= 0.05
Ti= 0.00
Ni= 0.02
Cr= 18.04
Cu= 0.00
Mo= 0.02
Cu= 0.02
Cr= 17.25
Nb= 0.08
Nb= 0.04
Cu= 0.00
Mo= 0.00
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Cm-244 and Am-241 Each source emits unique primary X-rays (or Gamma rays)
which cause a range of elements to produce fluorescence X-rays.
In the available in-situ XRF analyzer, up to 400 alloys can be analysed and their
results stored in X-MET memory.When measuring an unknown alloy, the X-MET
analyzer compares its spectrum with those stored in its memory and determines
which one gives the best correspondence. If the correspondence is adequate the XMET will display the name of the appropriate alloy. When the correspondence is
only approximate, the name of one or two possible matches will be shown. The XMET also tell us if the unknown alloy corresponds to none of the stored ones.
To scan the whole element range four different isotope sources with different
activities are being used. The basic rule for selecting the source with the help of the
Table-2 is that the K-line is to be preferred.
Table-2
Isotope

Fe-55

Source Specification
Half-life

2.7 years

(1480 MBq)
Cm-244

17.8 years

(1110 MBq)

Detector

K-line

L-lines

Si-V

Nb-Ce

Ne (Light elements)

Ti-Se

La-Pb

Ar (medium elements)

Cr-Mo

Tb-U

Ar (medium elements)

Zn-Nd

Hf-U

Ar

Mn K X-rays
Pu L X-rays
14-21 keV

1.3 years

(185 MBq)
Am-241

Preferred
Element Ranges

5.9 keV

(1110 MBq)
Cd-109

Emission

Ag K X-rays
22 keV

433 years

Gamma rays
at 59.6 keV

(Heavy
elements)

iii) Main Features of the Equipment
• Matched sources and detectors for optimum analysis of elements from Aluminum to
Uranium.
• Simultaneous analysis of up to 6 elements in each programme.
• User selectable measurement time from 1 to 36000 second.
• 256 multi-channel analyzer.
• Calibration models freely selectable for anslysis or identification.
• Identification based on a user determinable reference library of up to 400 standards.
• Standard RS-232C serial communication interface.
iv) Typical

Applications of In-Situ XRF Analyzer

In-situ XRF analyzer is mainly applicable for sorting, identification and analysis of
metals. Multi-element analysis of ferrous and non-ferrous metals, iron and low/high
alloy steels; cobalt, nickel & titanium based alloys; aluminum alloys and copper alloys
in the form of plates, welds, pipes, wires, powders, sledges, etc. can be performed.
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For sorting and identification of metallic & non-metallic minerals in ores, clays, and
slags.
For sorting of inorganic filters in paper, silicone coating on paper for pulp and paper
industries.
For sorting and identification of sulpher in oil, lead in gasoline, lubrication oil
additives and wear metals in lubrication oils for petroleum industries.
In addition to above, in-situ application of XRF analyzer covers the identification of
films, and coatings of different materials on electrodes, photographic film, steel, etc.
Environment hazardous materials identification in waste sludge, on site analysis of
contaminated soils and ground water.
6. Scientific Scope Of Work
Energy dispersive XRF (EDXRF) is suitable for the analysis of wide variety of
different samples of different matrix compositions with limited number of standards.
Inter-element effects are the main source of error in in-situ energy dispersive XRF
techniques. There are many applications in which simple method of correction has
been used. Correction factor is particularly effective when near monochromatic X-rays
with an energy just above the absorption edge of wanted element is produced.
Based on the analytical standardized comparison of specimen data, XRF analyzer will
be used to develop, standardize and validate complete analytical procedure for in-situ
applications of XRF techniques. With this procedure a method will be developed to
handle any sample with reasonable results using limited number of standards.
The scope for further development, for widening the areas of application and for
improving the range and accuracies of the in-situ XRF technique appears to be
considerable.
7.

Work Plan For This Year
•

Repair/maintenance and calibration of XRF analyzer.
Portable analyzer X-MET 880 available in this institute has shown some mismatch
indication and has been malfunctioning during the analysis of multi-elements of
different alloy components. This alloy analyzer was purchased from M/s
Outokumpu, Finland. Now XRF have been despatched to the manufacture for its
repair/maintenance and calibration. For this purpose 6 - 7 weeks are required.

•

Collection of available data from the library of the institute and from other
scientific organizations is being carried out for review. Assistance is also being
received from the internet.
After the receipt of the analyzer from the manufacturer, the calibration of the
equipment will be re-checked by using SRM followed by the enlisting of
additional known/unknown samples in the library/ memory of the instrument.

•
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8.

Results Obtained Under CRP
•

9.

Compared the SRM data with the results obtained by X-MET analyzer.

•

Up-gradation of the existing library of the X-MET analyzer by adding the new
standard alloy samples.

•

The results of this CRP have demonstrated the urgent requirement of calibration
of equipment from the manufacturer.

Work Plan For Next Year
For the standardization of in-situ XRF analyzer, comparison will be made for XRF
alloy analysis results from IAEA standard specimens for destructive XRF analysis of
various alloys and application to nuclear power plants, fertilizers, petro chemical
plants and oil & gas fields. The aim of this procedure is to standardize the in-situ
analyzer being used extensively for in-situ XRF analysis & its validity for various
materials used in local national industries. Results obtained will be compared with
available published data for XRF techniques.
The proposed research project to be completed in four phases during the next year.
Detail of work plan is given below:
i)
ii)

iii)

iv)

Review of experimental and published data on XRF techniques for
laboratory testing/in-situ testing. Time span for this phase is expected to be
three months.
Experimental work and simulation studies at Material Testing
Laboratories of the National Centre for NDT are planned by using standard
specimens of IAEA for various alloys. The period for this phase is to be
minimum 06 months.
The review data in (i) and experimental data in (ii) shall be utilized in
next three months to develop a simple procedure for the standardization of
XRF alloy analyzer for in-service inspection of various alloys/components
from different industries.
The results obtained from (iii) shall be compared with the published
data of XRF destructive techniques.

Efforts will be made to demonstrate application of real-time analysis of ores, clays,
pulp and paper, oil, paint and contaminated soils & water. Efforts are also to be made
to demonstrate the applicability of such a simple in expensive procedure for
determination of analytical problems of parent metal, weld metal and HAZ, metal of
pressure vessels, piping and chemical reactors.
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AND SEMI-QUANTITATIVE PROCEDURES OF ELEMENT
DETERMINATION FOR IN-SITU X-RAY FLUORESCENCE
ANALYSIS AND SCREENING
Contact Person:
Dariusz Węgrzynek
Phone: (+48-12) 6172956
E-mail: wegrzynek@novell.ftj.agh.edu.pl
Other Contributors:
1. Beata Ostachowicz
2. Jerzy Ostachowicz
3. Barbara Hołyńska
Contracting Institute:
Department of Radiometric Analysis
Faculty of Physics and Nuclear Techniques
University of Mining and Metallurgy
Al. Mickiewicza 30, 30-059 Kraków, Poland
Fax: (+48-12) 6340010, (+48-12) 6341247
Phone: (+48-12) 6172956
1. Short Summary of the Work Related to Methodology and Applications of XRF Performed
at the Institute During the Last 3-5 Years
The Department of Radiometric Analysis has a long experience in both applications and
development of EDXRF methods. The work on application of the XRF methods for in-situ
element determination has been started in 70’s and was continued in 80’s. The methods for
on-line determination of calcium and iron in cement production and a complete system for onstream analysis and particle-size control of ore slurry have been developed. In the beginning
of 90’s the Department was equipped with high power diffraction X-ray tube system.
Employing the high power diffraction tube a multifunctional EDXRF spectrometer has been
constructed. This spectrometer consists of three beam lines utilizing different methods of
excitation of XRF radiation, namely: total reflection X-ray fluorescence (TXRF), micro-beam
X-ray fluorescence with glass capillary (micro-XRF), and a broad beam excitation in threeaxial geometry using secondary targets. The spectrometer has been equipped with three Si(Li)
detectors. The beam lines can be operated simultaneously. The XRF laboratory is also
equipped with radioisotope based EDXRF spectrometer with 241Am and 238Pu sources. In the
last year a Peltier cooled Si-PIN portable detector system with associated electronics was
acquired. The Department comprises also well equipped chemical laboratory for sample

preparation. In recent years several research activities have been conducted at the Department.
These include applications of XRF methods for element determination in peat, soil, food,
drinking and mineral water samples, time dependent characterization of air pollution,
determination of element concentrations and distribution in gradient refractive index glass
rods, testing of homogeneity of element distribution in polymer samples. Also, the methods of
quantitative analysis have been developed and optimized, especially the methods utilizing socalled “fundamental parameter” approach.
2. Scientific Scope of the Project
The aim of the project is to develop and evaluate algorithms of quantitative determination
of elements and semi-quantitative element screening for in-situ applications. Optimum
calibration procedures will be established and the applicability range of the methods will be
evaluated. So far, most of the existing procedures of quantitative XRF analysis have been
developed for element determination in homogeneous samples and well-defined measuring
geometry. The samples have to be prepared prior the measurements in a time-consuming
process. For in-situ XRF measurements the procedures of quantitative element determination
must be adapted or new procedures should be developed allowing the analyses to be
performed on raw materials or samples with very little sample preparation.
3. Detailed Work Plan for the First Year
-

establishing the basic parameters of the portable XRF spectrometer to be used for in-situ
measurements:
a) conducting a comparison of the detection efficiency of Si-PIN and Si(Li) detectors
b) estimating the detection limits of elements
c) testing the stability of the spectrometer over extended period of time
- optimization of spectrum evaluation procedure for selected in-situ measurements:
a) evaluation of a cumulative spectrum approach for determination of elements in
heterogeneous samples
b) optimization of spectra evaluation in the case of strongly overlapped peaks using QXAS
software package
-

performing a comparison of fundamental parameter algorithms vs. empirical procedures
for real samples and routine measuring conditions:

4. The Results Obtained Till Now
The project has been started on December 15, 2000. The work has been started evaluating
the relative detection efficiency of a 300µm thick Si-PIN photodiode X-ray detector. The
results are shown in Fig. 1. Currently the measurements of standard reference materials are
carried out to estimate the detection limits of elements for different types of sample matrices

Fig. 1. Detector efficiency, including absorption in 2cm of air path, for Si(Li) and Si-PIN
photodiode detectors of different thicknesses.
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5. Work Plan for the Coming Years
- Second Project Year:
a) selection and optimization of algorithms for quantitative and semi-quantitative element
determination,
b) establishing optimum calibration procedures for the selected methods
c) examining the methods in an intercomparison exercise
- Third Project Year:
d) performing in-situ analyses,
e) evaluating the applicability range of the proposed methods

ATTACHMENT 5.10 - SLO-29042
Development of the quantification procedures for in-situ XRF analysis
Peter Kump
Marijan Necemer, Zdravko Rupnik
J. Stefan Institute, Jamova 39, !000 Ljubljana, Slovenia; Fax: +386 1 25319285,
E-mail: peter.kump@ijs.si
1. XRF activities in the laboratory
The laboratory started with these activities around ten years ago by introducing the
radioisotope excited XRF analysis. Later a tube excitation in a secondary target and total
reflection modes were introduced .
The main activity of the laboratory is development of quantification software for the
standard XRF and TXRF analysis. A software package under the name Quantitative
Analysis of Environmental Samples (QAES) was developed and applied for quantitative
and semi quantitative analysis of thick, intermediate and thin samples of organic and
inorganic origin. The programme utilises the spectrum analysis file from AXIL (*.ASR)
and in a quantitative analysis model utilises the absorption measurement on the sample
(emission-transmission method), evaluating from this measurement the energy
independent absorption parameter for the total sample. The analysis in this mode does not
utilise the complete tables of absorption coefficient but only absolute absorption jumps at
K and L absorption edges of elements. In an iterative way the concentrations of measured
elements are evaluated and also the absorption parameter of the residual matrix which
contains elements which do not respond in X-ray spectrum is obtained. In principle the
absorption curve of the particular sample is evaluated. The program can obviously be
utilised also for quantification of in situ XRF measurements.
In the last three years the activity of the laboratory was oriented also into the
development of a simple and multipurpose XRF system, equipped with an efficient,
simple and fast spectrum acquisition, analysis, and quantification software in LABVIEW
environment. The system applied radioisotope or tube excitation, and X-ray spectrometer
was based on the Si PIN detector with resolution of around 200 eV at 5.9 keV. The
prototype of this instrument equipped only with the Am-241 excitation source is now in
use at the National Museum in Ljubljana for quantitative, semi quantitative and qualitative
analysis of different artefacts . The system is portable but it utilises the AC 220 V power,
which can be provided if necessary also by a small generator (HONDA, 600 W). From
some previous experience in the field work it has been established that the use of a small
AC generator is much more reliable and cheaper than different kinds of rechargeable (also
car) batteries.
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2. Scientific scope of the project
Though a significant amount of work has been undertaken in the development of FPXRF
(Field-Portable X-Ray Fluorescence) techniques, there is little consensus in the best
approach for any particular application. The most important aspect before FPXRF
techniques which can be applied successfully is therefore the development of clear
procedures for the entire FPXRF technique. Because of the wide range of problems to
which FPXRF can be applied, these procedures must be comprehensive in relation to the
applications, covering a wide range of sample types, including rocks, soils, air
particulates, liquid samples, etc. Specific research objectives include:
− Development and optimisation of sampling methodology for in-situ XRF
measurements;
− improvements in analytical performance of
FPXRF including study of
mineralogical effects, surface irregularity effects and influence of moisture content;
− development of quantitative and/or semi-quantitative procedures to be applied for
in-situ XRF analysis;
− development of complete standard operating procedures for selected in-situ
applications of XRF techniques;
− evaluation of the performance of available portable XRF systems from different
manufacturers in respect of simplicity of operation, adequacy of attached software
for quantitative and semi–quantitative analysis and reliability of systems in field
conditions.
3. Detailed work plan for the first year
The work plan for the first year was devoted to the XRF analysis utilising the radioisotope
source excitation which seems to be the most appropriate for the field-portable systems. A
possible excitation by low power x-ray tubes will also be considered and tested in a later
phase of the project. The work included:
- assessment of the available quantification software, necessary improvements of
the quantification and correction procedures and development of quantification
programs for special cases or samples (thin layer deposits, water sample precipitates,
mineral and geological samples,...)
- assessment of the capabilities of the portable system having electrically cooled
Si PIN diode detectors with somewhat worse efficiency and resolution then the
semiconductor Si(Li) LN cooled detectors.

4. Accomplished work on the CRP
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In situ measurements require a portable XRF system based on an electrically cooled
detector. Such detectors are readily available and there are also many manufacturers who
designed the analysis systems on such detectors. We have therefore decided to study the
capabilities of such an XRFA system which utilises a radioisotope excitation and Si PIN
detector. Its capabilities were assessed by a comparison of respective analysis results and
those obtained by the system with the LN cooled Si (Li) detector.
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Figure 1
The spectra of the SRM 2710 (Montana soil) were measured by both systems with Cd109 and Fe-55 excitation and are shown on Fig. 1 and 2 respectively. The resolution of the
Si PIN detector was around 195 eV as compared to 170 eV for Si(Li) detector.
Si PIN detector from AMPTEK (XR-100 CR) has a Be window fixed to the housing
of Ni with a special paste containing silver ( Ag) and therefore the respective peaks appear
in the spectrum and contribute to some complications in quantitative and also in
qualitative analysis. On special request the manufacturers can utilise paste without silver
but Ni housing can not be replaced because the bond between Ni and Be is quite suitable
because of its stability.
The intensities of measured fluorescent lines by Si Pin detector evidently decrease
with increasing energy because of the thin sensitive volume compared to a Si (Li)
detector. The relative efficiencies calculated for the 0.2 mm and 3 mm thick sensitive
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volume are 0.632 and 0.600 at 3.7 keV (Ca) but are very different at 15.7 keV (Zr),
namely 0.307 and 0.857 respectively.
It is also possible to see that the spectral lines measured by the Si PIN detector have a
pronounced low energy tail due to worse charge collection in a small sensitive volume.
The intensities of the background determined from the measurements of the same soil
sample are presented in Table 1. It is interesting that the measured intensities are lower in
Si PIN spectra measured by Cd source (factor 2 to 3) which is mainly due to smaller
efficiency. The measurements with Fe-55 source namely show smaller background in
spectra obtained by Si(Li) detector since in this case the efficiencies of both detectors are
comparable.

100000
SRM 2710 - Montana soil
Fe - 55 annular source
Si PIN detector

Ar + Ag

Scattered

10000

Ca

K

Ti

Counts / channel

Si

1000

V
S

Al

SRM 2710 - Montana soil
Fe - 55 annular source
Si(Li) detector
Si

1000

K

Ca

Scattered
Ti

Ar

S

Al
100

1

2

V

Cl

3

4

5

6

7

Energy [keV]

Figure 2
The sensitivity calibration for both systems has been performed utilising the QAES
software and measurements on thick samples of pure elements and/or stable compounds.
The average geometry constants of 1408 c/s and 3717 c/s were determined for Si PIN and
Si(Li) detectors respectively. The ratio of the constants was somewhat larger than ratios of
respective sensitive areas of the detectors because the Si PIN detector was few mm closer
to the sample. The sensitivities of both systems are presented on Fig.3. At X-ray energies
above 8 keV the efficiency of the Si PIN detector becomes a predominant factor which
lowers the efficiency of this detector relative to Si(Li) one.
Analytical results as obtained by the QAES program with a model which is based on
the measurement of the absorption in the sample at Mo K X-rays are shown in Table 2 and
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Table 3, respectively. The energy independent absorption parameter A0 is experimentally
determined in both systems and is indicated at the top of the table. Two separate
determinations are slightly different but the uncertainty of absorption measurement is in
most cases less than 5%. Since the absorption measurement with Fe-55 is not possible the
program evaluates the absorption parameter to be used in this analysis by reproducing the
absorption curve down to the Mn absorption edge. The analysis of spectra measured by the
Fe-55 source was then performed using the above parameter. In both cases (Cd-109 and
Fe-55) the so called residual matrix represented by the energy independent absorption
parameter ARES is determined. It defines the absorption in that

Sensitivity [c/s/g/cm 2]

40000

Si (Li) detector
Si PIN detector

30000

20000

10000

0
15

20

25

30

35

40

80 84 88 92

Atomic number
Figure 3
part of the sample matrix (usually low-Z matrix) which does not respond in the fluorescent
spectrum but affects the measured intensities by absorption. Comparison of the analytical
results obtained by both systems are presented in table 4. The uncertainty of results
obtained by QAES was assessed by considering the uncertainty of measurement and
analysis of spectra, uncertainty in sensitivity calibration as well as the uncertainty of
absorption measurements on the sample. It can be concluded that the assessed accuracies
of analytical results for both systems were comparable.
The LODs obtained by both systems were evaluated from the measured spectra. As
already seen from Table 1 the acquisition of spectra by Si PIN detector were almost ten
times longer than the measurements by the Si(Li) detector. This has influenced the
calculation of LODs and favoured those obtained by the Si PIN detector . The LODs
obtained are compared on Fig.4. In case that the acquisition times for both spectra were
comparable the LODs obtained by Si(Li) detector would be closer to the respective
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values obtained by the Si PIN detector. Obviously the lower background in spectra by Si
PIN detector contributes to more favourable LODs as compared to the Si(Li) detector. It is
necessary to mention that such behaviour of LODs is also due to rather comparable
resolution of used detectors. The analytical results and the evaluation of LODs are
presented also in Table 4 and Table 5.
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Figure 4
The performed assessment of the capabilities of the Si PIN detector for quantitative
analysis utilising the excitation with radioisotope sources seems very promising and more
or less comparable to the respective capabilities of the Si(Li) detectors. It can be
concluded that not only in portable but also in laboratory systems such detectors will in
time replace those with larger Si crystals.
5. Future work plan
In future the emphasis will be devoted to further development of a small, portable and
cheaper XRF analyser equipped with a well understood, practical and fast quantification
software based on the concept used in the QAES package but including also some other
models in addition to already existing ones.
The analysis of powdered samples will be studied in order to assess the uncertainty of
elemental determinations as compared to the analysis of pressed pellets of well
homogenised sample material. In situ analysis of solid materials would obviously be done
on more or less well powdered samples with enhanced mineralogical and particle size
effects influencing the analytical results.

6

Sample preparation for in situ analysis would also require some simple sample
preparation kit which in field conditions will enable efficient preparation of samples (soil,
water, aerosols, etc) for at least semi quantitative analysis. It would be necessary to test
and select the most efficient tools and gradually complete the basic sample preparation kit.
Table 1
Intensity and relative standard deviation of background
measured by two different detectors
on sample SRM 2710 - Montana soil

Si(Li) detector
Z

IB [c/s]

Si PIN detector

SQR(B)/B

IB [c/s]

SQR(B)/B

Fe - 55
13
14
16
18
19
20
22
23

t = 7000 sec
9.07E-02
9.69E-02
1.15E-01
1.04E-01
1.00E-01
1.03E-01
1.18E-01
1.21E-01

18
19
20
22

t = 9831 sec
3.02E-01
2.94E-01
3.39E-01
3.04E-01

1.84E-02
1.86E-02
1.73E-02
1.83E-02

25
26
28
29
30
33
35
37
38
39
40
41
82
90
92

2.76E-01
2.73E-01
2.75E-01
2.88E-01
3.14E-01
2.63E-01
3.29E-01
3.23E-01
3.01E-01
3.12E-01
2.99E-01
2.83E-01
2.63E-01
3.51E-01
3.04E-01

1.92E-02
1.93E-02
1.92E-02
1.88E-02
1.80E-02
1.97E-02
1.76E-02
1.77E-02
1.84E-02
1.80E-02
1.84E-02
1.90E-02
1.97E-02
1.70E-02
1.83E-02

3.97E-02
3.84E-02
3.52E-02
3.71E-02
3.77E-02
3.72E-02
3.48E-02
3.44E-02

t = 50000 sec
1.65E-01
1.10E-02
1.65E-01
1.10E-02
1.73E-01
1.07E-02
1.85E-01
1.04E-02
1.90E-01
1.03E-02
1.93E-01
1.02E-02
1.95E-01
1.01E-02
1.90E-01
1.02E-02

Cd - 109
t = 60000 sec
1.16E-01
1.18E-01
1.15E-01
1.05E-01
1.07E-01
1.40E-01
1.48E-01
1.35E-01
1.58E-01
1.85E-01
1.42E-01
1.73E-01
1.51E-01
1.50E-01
1.51E-01
1.25E-01
1.04E-01
1.42E-01
1.78E-01
1.34E-01

1.20E-02
1.19E-02
1.20E-02
1.26E-02
1.25E-02
1.09E-02
1.06E-02
1.11E-02
1.03E-02
9.48E-03
1.08E-02
9.82E-03
1.05E-02
1.06E-02
1.05E-02
1.16E-02
1.27E-02
1.08E-02
9.69E-03
1.11E-02
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Table 2
ANALYSIS RESULTS
SAMPLE: MONCWE~1
El
K
CA
TI
CR
MN
FE
CU
ZN
AS
PB
BR
RB
SR
TH
Y
U
ZR
NB

E [keV]
3.312
3.690
4.508
5.411
5.895
6.400
8.041
8.631
10.532
10.540
11.907
13.375
14.142
12.960
14.933
13.600
15.746
16.584

MATRIX:[A0=

18689.53]

Int [c/s]
0.042
0.068
0.037
0.012
0.621
3.185
0.691
2.175
0.618
1.751
0.014
0.191
0.622
0.053
0.092
0.015
0.332
0.024

S
7.14E+02
1.15E+03
2.21E+03
3.81E+03
4.85E+03
6.05E+03
1.09E+04
1.25E+04
1.88E+04
1.07E+04
2.35E+04
2.86E+04
3.11E+04
1.65E+04
3.38E+04
1.89E+04
3.43E+04
3.94E+04

WEIGHT [g/cm^2]:

T [g/cm^2]
0.0028
0.0035
0.0057
0.0092
0.0116
0.0136
0.0199
0.0234
0.0365
0.0366
0.0460
0.0590
0.0658
0.0553
0.0725
0.0610
0.0792
0.0857

0.242

Conc [g/g]

Uncert.[g/g]

1.87E-02
1.51E-02
2.62E-03
2.93E-04
1.05E-02
3.71E-02
3.12E-03
7.34E-03
9.29E-04
4.49E-03
1.28E-05
1.14E-04
3.04E-04
5.82E-05
3.74E-05
1.33E-05
1.22E-04
7.25E-06

2.78E-03
1.58E-03
4.10E-04
-LOD6.26E-04
2.17E-03
1.90E-04
4.31E-04
1.37E-04
3.38E-04
-LOD7.88E-06
1.82E-05
8.91E-06
3.99E-06
-LOD7.99E-06
-LOD-

When analyzing the same sample with Fe-55 source please consider:
Absorption intercept: A0= 11858 [Reduce ARES=
790 at C= 6.44 %]
Absorption slope: A1= -2.820
RESIDUAL MATRIX characterised by:
Absorption intercept: A0= 9969
Absorption slope: A1= -2.820
Residual matrix most probably of: INORGANIC ORIGIN
composed of MIXTURE of ALUMOSILICATES and OXIDES
of NOT MEASURED LIGHT ELEMENTS!
SAMPLE: MOFEEGG
El
AL
SI
P
S
CL
K
CA
TI
V

MATRIX:[A0=

E [keV]

Int [c/s]

1.487
1.739
2.014
2.307
2.622
3.312
3.690
4.508
4.949

0.071
0.874
0.028
0.070
0.020
3.158
3.162
1.768
0.112

11860]
S

6.68E+02
3.30E+03
7.85E+03
1.59E+04
2.71E+04
7.57E+04
1.13E+05
2.21E+05
2.79E+05

and

WEIGHT [g/cm^2]:
T [g/cm^2]
0.0008
0.0008
0.0006
0.0009
0.0012
0.0020
0.0024
0.0034
0.0040

0.242

Conc [g/g]

Uncert.[g/g]

1.21E-01
3.09E-01
5.62E-03
4.92E-03
5.99E-04
2.02E-02
1.15E-02
2.33E-03
1.01E-04

1.30E-02
1.76E-02
-LOD5.62E-04
-LOD1.12E-03
6.35E-04
1.29E-04
1.05E-05

RESIDUAL MATRIX characterised by:
Absorption intercept: A0= 4447
Absorption slope: A1= -2.820
Residual matrix most probably of: INORGANIC ORIGIN
composed of PURE OXIDES of measured elements!

and
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Table 3
ANALYSIS RESULTS
SAMPLE: MONCWP~1
El
K
CA
TI
CR
MN
FE
NI
CU
ZN
GA
AS
PB
BR
RB
SR
Y
ZR

E [keV]
3.312
3.690
4.508
5.411
5.895
6.400
7.472
8.041
8.631
9.243
10.532
10.540
11.907
13.375
14.142
14.933
15.746

MATRIX:[A0=

18196.29]

Int [c/s]
0.048
0.066
0.035
0.005
0.567
2.799
0.042
0.646
1.678
0.019
0.447
1.485
0.028
0.063
0.236
0.016
0.089

S
7.38E+02
1.04E+03
2.20E+03
3.65E+03
4.60E+03
5.68E+03
8.78E+03
9.92E+03
1.06E+04
1.17E+04
1.32E+04
7.53E+03
1.39E+04
1.39E+04
1.36E+04
1.33E+04
1.25E+04

WEIGHT [g/cm^2]:

T [g/cm^2]
0.0028
0.0035
0.0057
0.0093
0.0117
0.0136
0.0166
0.0201
0.0237
0.0268
0.0370
0.0371
0.0461
0.0591
0.0659
0.0727
0.0795

0.242

Conc [g/g]

Uncert.[g/g]

2.04E-02
1.61E-02
2.48E-03
1.28E-04
1.00E-02
3.45E-02
2.79E-04
3.17E-03
6.56E-03
5.89E-05
9.48E-04
5.32E-03
4.38E-05
7.66E-05
2.64E-04
1.67E-05
8.98E-05

1.24E-03
8.47E-04
1.53E-04
3.40E-05
4.68E-04
1.60E-03
1.68E-05
1.48E-04
3.05E-04
-LOD-LOD2.77E-04
3.53E-06
4.22E-06
1.25E-05
-LOD4.64E-06

When analysing the same sample with Fe-55 source please consider:
Absorption intercept: A0= 11507 [Reduce ARES=
751 at C= 6.14 %]
Absorption slope: A1= -2.820
RESIDUAL MATRIX characterised by:
Absorption intercept: A0= 9472
Absorption slope: A1= -2.820
Residual matrix most probably of: INORGANIC ORIGIN
composed of MIXTURE of ALUMOSILICATES and OXIDES
of NOT MEASURED LIGHT ELEMENTS!

SAMPLE: MOFEPIN1
El
AL
SI
S
AG
K
CA
TI
V

MATRIX:[A0=

E [keV]

Int [c/s]

1.487
1.739
2.307
2.980
3.312
3.690
4.508
4.949

0.026
0.485
0.049
0.115
3.183
2.986
1.569
0.069

11510]
S

3.08E+02
1.72E+03
1.53E+04
2.10E+04
6.48E+04
1.01E+05
1.96E+05
2.17E+05

and

WEIGHT [g/cm^2]:
T [g/cm^2]
0.0008
0.0009
0.0009
0.0016
0.0021
0.0025
0.0035
0.0040

0.242

Conc [g/g]

Uncert.[g/g]

9.52E-02
3.08E-01
3.55E-03
3.29E-03
2.33E-02
1.21E-02
2.31E-03
7.93E-05

1.34E-02
3.66E-02
4.43E-04
-LOD2.77E-03
1.43E-03
2.74E-04
1.01E-05

RESIDUAL MATRIX characterised by:
Absorption intercept: A0= 4100
Absorption slope: A1= -2.820
Residual matrix most probably of: INORGANIC ORIGIN and
composed of HYDRATES, CARBONATES OR NITRATES of measured elements!
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Table 4

Analysis results and reference data for SRM 2710 Montana soil

Measured by Si PIN

El
*

Al
Si*
S*
Cl*
K*
K
Ca*
Ca
Ti*
Ti
V*
Cr
Mn
Fe
Ni
Cu
Zn
Ga
As
Pb
Br
Rb
Sr
Th
Y
U
Zr
Nb

Measured by Si(Li)

Conc [g/g]

Uncert.[g/g]

Conc [g/g]

Uncert.[g/g]

9.52E-02
3.08E-01
3.55E-03

1.34E-02
3.66E-02
4.43E-04

2.33E-02
2.04E-02
1.21E-02
1.61E-02
2.31E-03
2.48E-03
7.93E-05
1.28E-04
1.00E-02
3.45E-02
2.79E-04
3.17E-03
6.56E-03
5.89E-05
9.48E-04
5.32E-03
4.38E-05
7.66E-05
2.64E-04

2.77E-03
1.24E-03
1.43E-03
8.47E-04
2.74E-04
1.53E-04
1.01E-05
3.40E-05
4.68E-04
1.60E-03
1.68E-05
1.48E-04
3.05E-04
-LOD-LOD2.77E-04
3.53E-06
4.22E-06
1.25E-05

1.21E-01
3.09E-01
4.92E-03
5.99E-04
2.02E-02
1.87E-02
1.15E-02
1.51E-02
2.33E-03
2.62E-03
1.01E-04
2.93E-04
1.05E-02
3.71E-02

1.30E-02
1.76E-02
5.62E-04
-LOD1.12E-03
2.78E-03
6.35E-04
1.58E-03
1.29E-04
4.10E-04
1.05E-05
-LOD6.26E-04
2.17E-03

3.12E-03
7.34E-03

1.90E-04
4.31E-04

1.67E-05

-LOD-

8.98E-05

4.64E-06

9.29E-04
4.49E-03
1.28E-05
1.14E-04
3.04E-04
5.82E-05
3.74E-05
1.33E-05
1.22E-04
7.25E-06

1.37E-04
3.38E-04
-LOD7.88E-06
1.82E-05
8.91E-06
3.99E-06
-LOD7.99E-06
-LOD-

Reference data

Conc [g/g] Uncert.[g/g]

6.440E-02
2.897E-01
2.400E-03
2.110E-02
2.110E-02
1.250E-02
1.250E-02
2.830E-03
2.830E-03
6.660E-05
3.900E-05
1.010E-02
3.380E-02
1.430E-05
2.950E-03
6.952E-03
3.400E-05
6.260E-04
5.532E-03
6.000E-06
1.200E-04
3.300E-04
1.300E-05
2.300E-05
2.500E-05
-

8.000E-04
1.800E-03
6.000E-05
1.100E-03
1.100E-03
3.000E-04
3.000E-04
1.000E-04
1.000E-04
2.300E-06
4.000E-04
1.000E-03
1.000E-06
1.300E-04
9.100E-05
3.800E-05
8.000E-05

* Results obtained by Fe - 55 excitation source; other results by Cd - 109
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Table 5

Analysis results for SRM 2710 obtained by Si(Li) detector

El
AL
SI
P
S
CL
K
K
CA
CA
TI
TI
V
CR
MN
FE
CU
ZN
AS
PB
BR
RB
SR
TH
Y
U
ZR
NB

Int [c/s]
0.071
0.874
0.028
0.07
0.02
3.158
0.042
3.162
0.068
1.768
0.037
0.112
0.012
0.621
3.185
0.691
2.175
0.618
1.751
0.014
0.191
0.622
0.053
0.092
0.015
0.332
0.024

2

-2

S [c/s/g/cm ] T [g.cm ]
6.68E+02
3.30E+03
7.85E+03
1.59E+04
2.71E+04
7.57E+04
7.14E+02
1.13E+05
1.15E+03
2.21E+05
2.21E+03
2.79E+05
3.81E+03
4.85E+03
6.05E+03
1.09E+04
1.25E+04
1.88E+04
1.07E+04
2.35E+04
2.86E+04
3.11E+04
1.65E+04
3.38E+04
1.89E+04
3.43E+04
3.94E+04

0.0008
0.0008
0.0006
0.0009
0.0012
0.002
0.0028
0.0024
0.0035
0.0034
0.0057
0.004
0.0092
0.0116
0.0136
0.0199
0.0234
0.0365
0.0366
0.046
0.059
0.0658
0.0553
0.0725
0.061
0.0792
0.0857

2

Conc [g/g] 3.IB.SQR(B)/B [c/s] Cal.Sl.[c/s/g/cm ]
1.21E-01
3.09E-01
5.62E-03
4.92E-03
5.99E-04
2.02E-02
1.87E-02
1.15E-02
1.51E-02
2.33E-03
2.62E-03
1.01E-04
2.93E-04
1.05E-02
3.71E-02
3.12E-03
7.34E-03
9.29E-04
4.49E-03
1.28E-05
1.14E-04
3.04E-04
5.82E-05
3.74E-05
1.33E-05
1.22E-04
7.25E-06

1.08E-02
1.12E-02
1.22E-02
1.14E-02
1.64E-02
1.15E-02
1.76E-02
1.23E-02
1.67E-02
1.25E-02
1.59E-02
1.58E-02
1.62E-02
1.70E-02
1.55E-02
1.55E-02
1.74E-02
1.72E-02
1.66E-02
1.79E-02
1.67E-02
1.61E-02
1.69E-02
1.66E-02

5.86E+00
3.23E+00
4.71E+00
1.42E+01
3.25E+01
2.77E+02
2.25E+00
2.75E+02
4.50E+00
7.59E+02
1.41E+01
1.11E+03
4.10E+01
5.63E+01
2.02E+02
2.21E+02
2.96E+02
6.65E+02
3.90E+02
1.09E+03
1.68E+03
2.05E+03
9.06E+02
2.46E+03
1.13E+03
2.72E+03
3.33E+03

LOD [g/g]
1.84E-03
3.47E-03
2.22E-03
8.58E-04
3.41E-04
7.29E-05
7.30E-03
4.18E-05
3.91E-03
1.62E-05
1.18E-03
1.13E-05
3.88E-04
2.71E-04
1.84E-04
7.30E-05
5.70E-05
2.30E-05
4.00E-05
1.60E-05
1.00E-05
8.00E-06
2.00E-05
7.00E-06
1.40E-05
6.00E-06
5.00E-06
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Table 6
Analysis results for SRM 2710 obtained by Si PIN detector

El

AL
SI
S
K
K
CA
CA
TI
TI
V
CR
MN
FE
NI
CU
ZN
GA
AS
PB
BR
RB
SR
Y
ZR

2

Int [c/s]

S [c/s/g/cm ]

0.026
0.485
0.049
3.183
0.048
2.986
0.066
1.569
0.035
0.069
0.005
0.567
2.799
0.042
0.646
1.678
0.019
0.447
1.485
0.028
0.063
0.236
0.016
0.089

3.08E+02
1.72E+03
1.53E+04
6.48E+04
7.38E+02
1.01E+05
1.04E+03
1.96E+05
2.20E+03
2.17E+05
3.65E+03
4.60E+03
5.68E+03
8.78E+03
9.92E+03
1.06E+04
1.17E+04
1.32E+04
7.53E+03
1.39E+04
1.39E+04
1.36E+04
1.33E+04
1.25E+04

-2

2

T [g.cm ] Conc [g/g] 3.IB.SQR(B)/B [c/s] Cal.Sl.[c/s/g/cm ]

0.0008
0.0009
0.0009
0.0021
0.0028
0.0025
0.0035
0.0035
0.0057
0.004
0.0093
0.0117
0.0136
0.0166
0.0201
0.0237
0.0268
0.037
0.0371
0.0461
0.0591
0.0659
0.0727
0.0795

9.52E-02
3.08E-01
3.55E-03
2.33E-02
2.04E-02
1.21E-02
1.61E-02
2.31E-03
2.48E-03
7.93E-05
1.28E-04
1.00E-02
3.45E-02
2.79E-04
3.17E-03
6.56E-03
5.89E-05
9.48E-04
5.32E-03
4.38E-05
7.66E-05
2.64E-04
1.67E-05
8.98E-05

5.44E-03
5.45E-03
5.58E-03
5.85E-03
4.20E-03
5.90E-03
4.16E-03
5.92E-03
3.97E-03
5.86E-03
4.00E-03
4.58E-03
4.72E-03
4.50E-03
4.88E-03
5.27E-03
4.61E-03
4.61E-03
5.09E-03
4.75E-03
4.74E-03
4.76E-03
4.33E-03

2.73E-01
1.57E+01
1.38E+01
1.37E+02
2.35E+00
1.85E+02
4.10E+00
6.79E+02
1.41E+01
8.70E+02
3.90E+01
5.67E+01
8.11E+01
1.51E+02
2.04E+02
2.56E+02
3.23E+02
4.72E+02
2.79E+02
6.39E+02
8.22E+02
8.94E+02
9.58E+02
9.91E+02

LOD [g/g]

1.99E-02
3.46E-03
4.04E-04
4.28E-05
1.79E-03
2.40E-05
1.02E-03
9.00E-06
2.81E-04
7.00E-06
1.02E-04
8.10E-05
5.80E-05
3.00E-05
2.40E-05
2.10E-05
1.00E-05
1.60E-05
8.00E-06
6.00E-06
5.00E-06
4.00E-06
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years
Introduction
The investigations summarised in this report were undertaken on a commercially available
instrument, a Spectrace Tracor Northern 9000 portable XRF analyser. This instrument
incorporates three radioactive sources, which can be used in turn to excite a sample to
determine all the elements between about K and U in the periodic table (subject to detection
limit performance). The sources are Fe-55, Cd-109 and Am-241. The investigations described
in this review include an evaluation of the capabilities and limitations of PXRF, particularly
where an analysis of essentially the surface of the sample is used to estimate the bulk
composition of the material. Furthermore, a number of applications are described where the
PXRF technique is used to analyse environmental and archaeological samples. In the former
case (environmental samples), particular interest was in the integration of PXRF analysis with
the design of the sampling programme. In the case of archaeological materials, the role of
PXRF in provenancing was demonstrated.
(1) Characterising the analytical capabilities of PXRF.
With Peter Webb and Olwen Williams-Thorpe (The Open University) and Richard Kilworth
(Thermo Unicam).
An initial evaluation was undertaken to characterise the capabilities of the TN9000 instrument
in the routine analysis of silicate rocks and soils. A wide range of reference materials was
analysed as compressed powder pellets and results were evaluated to demonstrate the precision,
accuracy and detection limit capability of the technique. In terms of precision, it was found that
the major elements could be determined to typically 0.45 to 2% relative standard deviation (200
s count time). Accuracy was demonstrated by plotting the PXRF analysed value against the
recommended reference material value, a high degree of correlation being observed in these
data. Detection limits (200 s count time per source) showed that routine determinations could
be made of the elements K, Ca, Ti, Mn, Fe, Rb, Sr, Zr, Nb, Pb and Ba; with V, Cr,Cu, Ni, Zn,
Y, Ce, La, U and Th being determinable at higher levels in many samples. Indeed, detection
limits of 6 to 14 mg kg-1 for the Rb to Nb group of elements compared favourable to the
performance of conventional tube excited XRF, and the 21 mg kg-1 performance for Ba (200 s
count time) is equivalent to the performance normally expected of a WD-XRF instrument.
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Reference
P.J. Potts, P.C. Webb, O. Williams-Thorpe and R. Kilworth (1995).
Analysis of silicate rocks using field-portable X-ray fluorescence instrumentation incorporating a
mercury (II) iodide detector: a preliminary assessment of analytical performance. Analyst, 120,
1273-1278.
(2) Development of a correction procedure for surface irregularity effects.
With Peter Webb, Olwen Williams-Thorpe (The Open University).
Very few samples on which in situ measurements are made are perfectly flat. It is then not
possible to place the PXRF analyser exactly in contact with the sample surface. Discrepancies
in measurements will then occur as most instruments are calibrated for samples whose surface
lies exactly in the analytical plane of the instrument. For real samples, the most common
scenario is that there is an additional air gap between the sample surface and the PXRF
analyser head. To overcome this problem, we have investigated a simple mathematical
correction procedure, based on the intensity of the scatter peaks observed when the sample is
excited with radioisotope sources. The principle of this procedure is that if the intensity of this
scatter peak is affected by surface irregularity effects to the same extent as fluorescence
intensity, and if the scatter peak intensity from a perfectly flat surface is known, then by simple
ratioing, it is possible to calculate a corrected fluorescence intensity representative of that
which would be observed for a flat surface in contact with the PXRF analyser.
An investigation was first undertaken using silicate rock reference materials prepared as
powder pellets to measure the variation in scatter peak intensities from Fe-55, Cd-109 and Am241 source.
The Am-241 results were inconclusive as the powder pellets were not infinitely thick with
respect to the 59.9 keV gamma emission.
In comparing scatter intensities from the other two sources, the Fe-55 scatter peak intensity was
much less sensitive to sample composition than that from Cd-109, and is, therefore, favoured
for undertaking the correction.
A series of measurements was then undertaken in which the effectiveness of this correction
procedure was tested on a slab of rock in which the PXRF-to-sample surface distance could be
carefully controlled and measured. These results showed this correction was effective for air
gaps of up to 3 to 4 mm, but that for larger air gaps, the assumption that scatter peak intensities
varied in proportion to fluorescence intensities started to break down. It was deduced that the
reason for this was that (i) for larger air gaps, air attenuation of the Fe-55 Mn K line emission
started to become significant. (ii) For Fe-55 in particular (and for Cd-109 to a much lesser
extent), there was a significant contribution to the measured intensity from scatter from air that
affected the Mn K line scatter peak intensity. (iii) For the Compton scatter component of the
Cd-109 (Ag K-line) scatter peak, a significant variation in scatter peak intensity occurred
because of change in the scatter angle which occurred as the air gap was increased. In practical
application, for many samples the air gap is unlikely to exceed 2 to 3 mm, so advantage can be
taken of this correction procedure.
Reference
P.J. Potts, P.C. Webb and O.Williams-Thorpe (1997).
Investigation of a correction procedure for surface irregularity effects based on scatter peak
intensities in the field analysis of geological and archaeological rock samples by portable Xray fluorescence spectrometry. Journal of Analytical Atomic Spectrometry, 12, 769-776
(3) Limitations owing to sample mineralogy in the analysis of rocks.
With Peter Web and Olwen Williams-Thorpe (The Open University).
When analysing a sample using conventional laboratory techniques, a finite amount of sample
material is normally crushed and homogenised, before a test portion is taken for analysis. It is,
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therefore, reasonable to expect that the composition of the test portion is fully representative of
the larger sample taken for analysis. For in situ determinations by PXRF, no homogenisation is
possible. The only option available to the analyst is to check that the surface selected for
analysis appears to be representative of the bulk sample. However, the mass of sample from
which the analytical signal originates, is constrained not only by the diameter of the analyser
window, but also by the critical penetration depth of the fluorescence X-ray line of interest,
which for a silicate rock varies from 35 µm for Ca, 160 µm for Fe and 1200µm for Zr.
Accepting that almost all silicate rock samples are crystalline in nature, it is clear that for
medium and coarse grained rocks, the volume of sample from which the X-ray fluorescence
signal originates may not have a mineral assemblage that fully represent the average
composition of the sample. Provided minerals within the sample are randomly distributed
within the sample, this effect will cause additional uncertainty in the measurement due to the
finite number of minerals of each type within the excited volume. One way of compensating
for this effect is to average a number of individual measurements, since the standard deviation
of the mean for n measurements varies in accordance to 1/squareroot(n). The question then is
how effective is this approach in reducing sampling uncertainty to an acceptable level. A series
of PXRF measurements was made, therefore, on a range of flat polished blocks of rock, having
grain sizes that varied from fine to medium to coarse. Results indicated that a 10% sampling
precision can generally be achieved for a single determination on fine to medium grained rocks.
Between 2 and 4 determinations needed to be averaged to achieve a 5 % sampling precision
and between 8 and 23 for a 2% sampling precision on the samples investigated. When a coarse
grained Shap granite was investigated, the corresponding figures for the number of separate
determinations that must be averaged to achieve 10, 5 and 2% sampling precision were 21, 82
and 512. These data show that in the PXRF analysis of rock samples, grain size may have a
considerable effect on the precision of analytical results.
Reference:
P.J. Potts, O. Williams-Thorpe and P.C. Webb (1997).
The bulk analysis of silicate rocks by portable X-ray fluorescence: The effects of sample
mineralogy in relation to the size of the excited volume. Geostandards Newsletter: The Journal
of Geostandards and Geoanalysis, 21, 29-41.
(4) Application of the technique to the determination of lead in contaminated soil.
With Michael H. Ramsey and Ariadni Argyraki (Imperial College, Universiity of London).
When reviewing the capabilities of PXRF for the analysis of heavy metals in contaminated soil,
one of the most popular applications is the determination of lead. The reason for this is that the
PXRF detection limits (typically about 50 mg kg-1) are a factor of ten times lower than the
trigger level for this element (500 mg kg-1 for domestic parks and allotments) so that sensitive
measurements can be made down to concentrations at which a risk assessment would be
necessary to assess the impact of the lead contamination. The conventional method of
analysing contaminated soil is to remove a sample with an auger representing the 0 to 100 mm
fraction and analysing it in a laboratory using a technique such as ICP-AES. However, before
taking advantage of PXRF for the in situ analysis of soil at a contaminated site, it is important
to evaluate the reliability of the PXRF technique in comparison with conventional sampling
and analysis methods. An opportunity to undertake such a study arose in the investigation of
the lead contamination at a medieval lead smelter site at Bowle Hill, Wirksworth, Derbyshire.
The site is currently a grass field covering the upper part and top of a scarp slope, which
overlooks a valley. There is now no evidence of medieval industrial activity which originated
over 500 years ago, when lead ore, limestone and charcoal were all roasted in the open to
release a ‘puddle’ of molten lead. An indication of high levels of lead contamination at this site
was first apparent because of the detrimental effects of lead on the health of sheep, which were
grazed on the grass. A detailed investigation by Imperial College using auger sampling and
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laboratory ICP-AES demonstrated the distribution of, and high levels of lead contamination. In
view of these earlier studies, this represented an ideal site at which to assess the comparative
performance of in situ determinations by PXRF. A sampling grid was reanalysed by both
PXRF, by placing the analyser on the top soil after removal of the turf and by removing a
sample of soil by auger for subsequent ICP-AES analysis in the laboratory. Duplicate sample
determinations were made at each grid location in the field. An assessment of the performance
of PXRF was undertaken by comparing in situ PXRF measurements by that technique with Pb
determinations made in the laboratory, resulting in the following observations:
(i)
As measured, in situ PXRF data gave systematically low results because of the
presence of moisture in the samples measured in situ in the field. Laboratory
measurements are conventionally representative of samples that have first been
dried.
(ii)
Further discrepancies will arise in the PXRF results due to the fact that the analysed
sample surface is not flat. This effect can be minimised by careful sample
preparation at the site and by applying a mathematical correction for surface
irregularity effects.
(iii) Care is required in comparing laboratory measurements on samples removed by an
auger with in situ measurements because of differences in the nature of the samples,
even if determinations are made at the same location. In particular, it is
conventional to sieve soil samples in the laboratory to remove the >2 mm fraction,
whereas the PXRF measurement may include stony and other coarse-grained
material. Furthermore, a laboratory analysis on a sample removed by auger will
essentially represent the average Pb composition of the top 100 mm of soil at the
location, whereas the PXRF results represent the composition of the top 1 mm of
the soil, corresponding to the critical penetration depth of Pb L-line X-rays.
(iv)
In any programme designed to measure variations in concentration of Pb across a
site, it is essential to collect a certain proportion of samples in duplicate. Results on
duplicate samples can be statistically analysed by ANOVA (analysis of variance) to
estimate the sampling variance. Without this parameter, it is not possible to have
confidence that there are real variations in concentration across the site.
(v)
Provided in situ results are corrected for moisture content and for surface
irregularity effects, our study showed that there was no significant bias between in
situ PXRF and laboratory measurements for lead at this site. However, greater
variation was observed in the PXRF results, because of the much smaller mass of
soil from which the analytical signal was derived.
Reference
A. Argyraki, M.H. Ramsey and P.J. Potts (1997).
Evaluation of Portable XRF analysis for the in-situ determination of lead in contaminated
land. The Analyst, 122, 743-749.
(5) Archaelogical provenancing.
With Olwen Williams-Thorpe, Chris Jones and Peter Webb (The Open University).
PXRF has an important role to play in the chemical characterisation of archaeological samples
for two principal reasons:
(a) Determinations can be made non-destructively, so rare or valuable artefacts do not need to
have samples removed for conventional laboratory analysis.
(b) Measurements can be made with the sample in situ, with the advantage that large
architectural stone artifacts that could not in any case be moved to the laboratory can be
analysed. Furthermore, museum curators are much more likely to permit access to rare or
valuable artefacts, if measurements can be made at the museum site. A number of
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investigations have been made on lithic archaeological artefacts with the general aim of
providing information that will permit the source of the rock from which the article was
fabricated to be provenanced to its geological source. From an archaeological point of view, the
most important outcome is the possibility of providing information about prehistoric trade
routes of the basis that an artefact found in one location can be shown to have originated from a
geological outcrop / quarry elsewhere. PXRF is a powerful technique in providing
provenancing data on the basis that non-destructive, in situ determinations can be made of a
range of elements, including K, Ca, Ti, Mn, Fe, Zn, Rb, Sr, Y, Zr, Nb, Ba, Pb. In addition to
geochemical data, magnetic susceptibility also provides valuable provenancing data, and the
principal investigation of this project (OWT) has also used gamma spectrometry for the nondestructive determination of U, Th and K.
Provenancing studies have been undertaken in support of a number of projects, including the
following:
[i] Roman granite columns. An initial study was undertaken at Virginia Water, West London at
a reconstructed monument that incorporates Roman granite columns from Mons Claudianus, an
abandoned Roman city in Morocco. The columns were donated to the Prince Regent at the
beginning of the nineteenth century and eventually erected as a 'romantic folly' in Windsor
Great Park. The aim of the PXRF measurements was to provide data that would allow the
columns to be provenanced to known Roman quarries in the Mediterranean region. The
chemical composition of these quarries was known from other studies, and indeed, the columns
themselves had already been identified from independent examination of the appearance and
mineralogy. It was found that PXRF data could be used (often in conjunction with magnetic
susceptibility measurements) on a scatter diagram on which PXRF data obtained by in situ
measurements on the columns could be compared with fields defined by independent studies
on source rocks. In this way, the origin of the column could be identified with a degree of
confidence indicated by how well the column data clustered in the pre-defined field. Of
particular concern was analytical discrepancies caused by weathering effects on the surface of
columns, with elements such as Ti and Zr being apparently very vulnerable to alteration effects.
[ii] British Stone axes. Neolithic stone axes found in Britain are classified into a number of
categories by the Implement Petrology Committee, mainly on the basis of petrology and an
examination of the mineralogy of thin sections prepared from material removed from the
sample. PXRF has the potential to provide diagnostic information to confirm the categorisation
of such implements in an entirely non-destructive manner. An initial study was undertaken to
evaluate the effectiveness of PXRF in determining the above elements, including some
comparative measurements by laboratory WD-XRF. It was found that results by PXRF showed
good agreement with data by WDXRF in the analysis of fresh sawn surfaces of dolerite,
rhyolite, and a microdiorite. However, much more care is required in the interpretation of
results from unprepared samples as results are likely to be affected by rock type and weathering
history. In particular, K, Ca, Fe and Ti appeared to be affected by weathering effects and Sr, Zr
and Ba least.
Reference
O. Williams-Thorpe, P.J. Potts and P.C. Webb (1999)
Field-portable non-destructive analysis of lithic archaeological samples by X-ray fluorescence
instrumentation using a mercury iodide detector: Comparison with wavelength-dispersive XRF
and a case study in British stone axe provenancing. Journal of Archaeological Science, 26,
215-237.
(6) Judgemental sampling – evaluating sources of arsenic contamination at a heritage
industrial site.
With Michael Ramsey and James Carlisle (Imperial College, University of London).
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In many environmental investigations, it is possible to plan a sampling programme before
visiting a site, or at least after a brief preliminary site investigation. However, one of the
important advantages of PXRF is the possibility of designing a sampling and analysis
programme interactively. That is, decisions on what to analyse next, can be made as a result of
the measurements just undertaken. The investigation of an industrial heritage site near Redruth,
Cornwall (SW England) is a prime example of the power of PXRF to allow hypotheses on the
sources and extent of contamination to be formulated and tested during a single site visit.
The site in question is a derelict arsenic works, which is being preserved as part of the
industrial heritage of SW England by a group of local residents. The works was used to recover
arsenic from tin/copper ore. The ore was roasted in a calciner to release arsenic as volatile
arsenic trioxide, which was passed down a flue to a condenser (the 'lambreth') were the arsenic
trioxide condensed on the walls. Residual flue gases then pass along a further flue to a stack
about 100 m away. The site was abandoned, probably over 50 years ago and the industrial
buildings have been partially dismantled, probably to recover building material. Because of the
fact that this site is open to public access, the project involved investigating the presence of
arsenic contamination, to provide information that would contribute to a risk assessment
related to public exposure.
Initially, it was considered that the major hazard would be associated with primary deposits of
arsenic remaining on the walls of the arsenic condenser (lambreth). However, although almost
all the buildings on the site were affected by arsenic contamination, that on the lambreth did
not appear to be exceptionally high. A detailed survey of the buildings at the site showed that
relatively high concentrations of arsenic could be found under arches that were protected from
the rain, and in particular on arches supporting both the calciner roasting bed and the primary
calciner flue. Following a detailed investigation of building material, it was unexpectedly found
that bricks had a particularly high level of surface contamination. Subsequently, a laboratory
investigation was undertaken of a brick removed from the lambreth condenser. Measurements
of the variation of arsenic concentration with depth below the surface of the brick showed that
substantial concentrations of arsenic were found inside the brick with an indication that this
element had been progressively washed out of the brick over an extended period of time as a
result of the action of weathering.
Based on all these observations, it was concluded that during operation of the arsenic works, all
building materials in contact with arsenic fumes became heavily contaminated with that
element. Furthermore, any porous building material, especially bricks, absorbed arsenic into its
porous matrix. Since closure, this arsenic has been slowly leached out by the action of rain
water. In exposed surfaces, the leached material is no doubt washed into the soil. Where
sheltered under arches, the arsenic contamination can recrystallise, probably in association with
gypsum, to form white crystalline deposits that could pose a hazard to the public.
The evaluation of this site was only possible because analytical results were available by in situ PXRF
analysis, giving an immediate assessment of the distribution of arsenic contamination. With the benefit of
these data, it was possible to develop and test the hypothesis for arsenic contamination during the site visit
and to select a brick for the subsequent laboratory investigation.
Reference:
Philip J. Potts, Michael H. Ramsey and James Carlisle (in preparation).
Use of Portable X-ray fluorescence in the characterisation of arsenic contamination associated with
industrial buildings at a heritage arsenic works site near Redruth, Cornwall.
(7) Development of a PXRF instrument for the Beagle 2 Mars lander.
Project lead by George Fraser (University of Leicester Space Research Centre).
This project is being undertaken under the direction of Prof George Fraser at the University of
Leicester with the aim of designing and characterising the analytical performance of a new
portable XRF instrument to fly to Mars on the Mars Express mission. This mission is schedule
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to arrive at Mars in December 2003 with the Beagle 2 module making a soft landing on the
surface. A range of instrumentation will be deployed, including a PXRF, the design
specifications for which are very exacting. One of the experiments is designed to undertake
potassium-argon age determinations of Martian rock and soil, for which the PXRF is being
designed to determine potassium down to the 0.2% m/m level to a precision of 5% relative, or
better. In addition, the PXRF is being designed to measure geochemically important trace
elements, including Rb, Sr, Y, Zr, Nb that may provide further information on the geochemical
origin of Martian rocks. The instrument itself employs simultaneous excitation using Fe-55 and
Cd-109 radioisotope sources, coupled to an Amptek Si PIN diode and must comply with a
mass budget of less than 500 g. Currently the performance of the prototype instrument is being
evaluated.
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Detailed workplan for the first year
Disclaimer
Note that research at the Open University is not funded under the |IAEA CRP.
Successful completion of research other the next 12 months depends, therefore on the
availability of alternative sources of funding.
(1) Development of a PXRF instrument for the Beagle 2 Mars lander.
•

This project is being undertaken under the direction of Prof George Fraser at the University
of Leicester with the aim of designing and characterising the performance of a new portable
XRF instrument to fly to Mars on the Mars Express mission.

•

This mission is schedule to arrive at Mars in December 2003 with the Beagle 2 module
making a soft landing on the surface.

•

A range of instrumentation will be deployed, including a PXRF, the design specifications
for which are very exacting.

•

One of the experiments will undertake potassium-argon age determinations of Martian rock
and soil, for which the PXRF is being designed to determine potassium down to the 0.2%
m/m level to a precision of 5% relative, or better.

•

In addition, the PXRF is being designed to measure geochemically important trace
elements, including Rb, Sr, Y, Zr, Nb that may provide further information on the
geochemical origin of Martian rocks.

•

The instrument itself employs a unique configuration involving simultaneous excitation
using Fe-55 and Cd-109 radioisotope sources, coupled to an Amptek Si PIN diode.

•

Currently the performance of the prototype instrument is being evaluated.

Development issues for the coming 12 months include:
•

Effective calibration strategies.

•

Adaptation of a surface irregularity correction

•

Evaluation of analytical performance
(accuracy, precision, detection limits, meeting analytical objectives)

•

Exploitation of additional information available in the four different backscatter peaks?

Investigating the possibility of development a terrestrial version for environmental analysis
(2) Provenancing of Neolithic bluestone axes and implications for Stonehenge
P.J.Potts, O. Williams-Thorpe and M.C. Jones (The Open University)
A bid to the Leverhulme Foundation.
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•

Prehistoric bluestone axes offer key insights into the transport of the bluestone monoliths to
Stonehenge, and into Neolithic trade in stone artefacts.

•

Bluestone axes, called ‘Group XIII’ axes were manufactured from spotted dolerite rock
found only in Preseli, south Wales.

•

This is the same rock as some of the Stonehenge bluestone monoliths, whose transport to
Salisbury Plain, whether by people or by glacial ice, remains one of the most controversial
questions in British archaeology.

•

Bluestone axes have been reported at about thirty locations in Britain, and the idea that
these axes were traded by people from Preseli in prehistoric times has long been used as
supporting evidence for the hypothesis of human transport of the Stonehenge bluestones
from Preseli to Salisbury Plain.

•

Yet this key argument in the Stonehenge controversy has never been examined or tested.

•

The thirty Group XIII axes reported in the literature were identified as spotted dolerites as
part of a program of stone axe provenancing which was initiated by a group of museums in
the 1940’s, and which has been continued more recently by the British Implement Petrology
Committee.

•

The distribution of axes from Preseli has generally been assumed to be due to human trade,
and the possible role of glaciation in disseminating spotted dolerite axe raw material has not
been examined.

•

During a project funded by the Open University (OU) from 1995-7 which was designed to
provenance a range of stone artefacts using geochemistry, we analysed six Group XIII axes.
Four out of these six proved not to be spotted dolerite, but to have originated at other rock
outcrops. This unexpected result calls into question the idea that these bluestone axes were
traded as extensively as has been thought. We therefore made a preliminary (non-analytical)
examination of a further half dozen Group XIII axes, with the conclusion that half of these
also appear to differ from spotted dolerite. It now seems inescapable that there has been some
mis-assignment of axes to this source.

•

If there was in fact very little, or perhaps no, ‘trade’ in bluestone axes, the idea that the
Stonehenge bluestones were selected in Preseli because of its importance as an axe source,
and transported by people in analogy to the axes, loses much of its credibility.
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•

We now propose to carry out a thorough analytical provenancing study of all the Group XIII
axes which have been reported, and to consider the possible mechanisms of distribution for
these, in terms of either human transport or natural processes such as glaciation.

•

Provenancing will be done using two entirely non-destructive methods of analysis which we
have developed at the OU for stone artefacts over the last five years: chemical analysis by
portable X-ray fluorescence (PXRF), and magnetic susceptibility measurement.

•

In conclusion, the project will provide the first new scientific evidence on the Stonehenge
bluestone controversy in over a decade, and will establish the extent of human trade in Group
XIII bluestone axes.

(3) Monograph commissioned by the Royal Society of Chemistry (Cambridge)
'Portable X-ray Fluorescence: capabilities for in situ analysis'
Editors:
Philip J Potts (Dept Earth Sciences, The Open University, Milton Keynes)
Margaret West (Materials Research Institute, Sheffield Hallam University)
(a) Abstract
Portable XRF instrumentation has some unique analytical capabilities for the in situ analysis of samples in
the field. These capabilities have been extended in recent years by the development of solid state detectors
that do not require liquid nitrogen cooling and further miniaturisation of instrumentation. As well as opening
up new applications, in situ measurements by PXRF (in which instrumentation is placed in direct contact
with the object to be analysed), involve the complete integration of sampling and analysis. Careful
interpretation of results is, therefore, required, particularly when the analysis is used to estimate the bulk
composition of a sample. In this monograph, an overview is given of instrumentation, analytical capabilities,
limitations in the interpretation of results, sampling considerations and applications where PXRF offers
substantial advantages over conventional analytical techniques. The aim is to give the reader an insight into
the capabilities of the technique and to demonstrate the contribution it can made to a range of areas of
contemporary scientific interest.
(b) Draft contents
1 Introduction, analytical capabilities and historic overview
Phil Potts (The Open University, Milton Keynes)
2 Instrumentation and developments in detector technology
Roberto Cesareo (University of Sassari, Italy)
3 Quantification and correction procedures
Andrzej Markowicz (IAEA, Vienna)
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4 Contaminated land - sampling considerations
Mike Ramsey (University of Sussex)
5 Surfaces, coatings and paint
Stan Piorek (Niton Corporation, Belle Mead, NJ)
6 Work place monitoring
Margaret West (Sheffield Hallam University)
7 Metal and alloy sorting
Stan Piorek (Niton Corporation, Belle Mead, NJ)
8 Geochemical prospecting
Ge Liangquan (Chengdu University of Technology, PR China)
9 Archaeological applications
Olwen Williams-Thorpe (The Open University)
10 Museum samples and works of art.
Roberto Cesareo (University of Sassari, Italy)
11 Extraterrestrial analysis
George Fraser (University of Leicester)
12 Future developments
Andy Ellis (Oxford Instruments) (To be confirmed)
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ATTACHMENT 6

CRP
“In-situ APPLICATIONS OF XRF TECHNIQUES”
(F1.10.09)
RC/
RA

PROJECT
TITLE

PROJECT SCOPE

FIRST YEAR
PROGRAMME

ALB29164

Influence of
sample
preparation on the
analytical
performance of
FPXRF in
connection with
geochemical
mapping
requirements
Novel
quantitative
procedures for insitu X-ray
fluorescence
analysis

Upgrading an XRF instrument
and development of a reliable
analytical procedure for mineral
exploration (geochemical
mapping).
Study of influence of sample
preparation procedure,
heterogeneity and moisture
effects

Upgrading and evaluation of
performance of a field
portable XRF spectrometer.
Preliminary study of
influence of sample
preparation procedure on
quality of the analytical
results

Development of quantitative
method based on partial least
squares (PLS) calibration and
Monte Carlo simulations to be
applied for in-field
measurements (soils and
artefacts)
Development of optimised
sampling methodology for insitu XRF analysis of rock and
soil. Improvements in anal.
perform. of FPXRF method.
Development of Quality
Control protocol for in-situ
measurements

Development and
preliminary test of a
quantitative procedure based
on PLS calibration combined
with MC simulation for in
situ XRF analysis

Development of XRF-based
techniques for rapid quality
control of metal scraps
including (i) identification of
element. signatures, (ii) semiquant. and quant. methods for
classification , (iii) industrial
test
Optimisation of XRF

Identification of elemental
signatures by using
laboratory EDXRF and
NAA.
Development of preliminary
classifications procedures for
selected metal scraps

BEL29273

CPR29191

In-situ
applications of
FPXRF
techniques in
mineral
exploration

GHA29236

Quality Control in
metal scrap
sorting and finish
product analysis

HUN-

In-situ

Development of sampling
methodology for in-situ XRF
measurements of rock
outcrop and soil in mineral
exploration

Optimisation of XRF

11307

ITA29034

MON29162

PAK29141

POL29752

SLO29042

UK29179

characterisation
of paint layers of
large art and
archaeological
objects
Construction of
FPXRF
equipment for
archaeological
applications and
for soil analysis
In-situ
applications of
XRF techniques

instruments for in-situ
measurements. QC for in-situ
measurements.
Development of quantification
and interpretation procedures
Optimisation of instruments
and measurements.
Development of quantitative
procedures and QC protocols
for in-situ applications of XRF

Development and optimisation
of a field portable XRF system.
Applications to study art and
archaeological objects; in
stream analysis
Standardisation of Development and validation of
non-destructive
a simple, inexpensive and
XRF alloy
standardised procedure for nonanalyser for in
destructive XRF analysis of
service inspection alloys for in-service inspection
in industry

instrument for in-situ
measurements and
preliminary applications to
study selected art objects
Optimisation of fieldportable XRF instruments for
specific in-situ applications

Development, optimisation
and preliminary applications
of a FPXRF spectrometer

Review of XRF techniques
for industrial testing (mostly
alloys).
Conceptual studies related
to development of nondestructive XRF technique
for in-service inspection of
alloys, inc.
preliminary experiments and
simulation exercises

Development and
validation of
quantitative and
semi-quantitative
procedures for insitu XRF analysis
and screening
Development of
quantification
procedures for insitu XRF analysis

Development of a quantitative
procedure for elemental
determination with minimum
sample preparation

Evaluation of the
parameters for in-situ XRF
measurements.
Optimisation of spectrum
evaluation procedure for
selected in-situ applications

Development of quantitative (or
semi-quantitative) routine for
in-situ XRF measurements

Development of
techniques for
field analysis of
rocks and soils by
using FPXRF

Assessing a site contaminated
from arsenic at an abandoned
arsenic works in UK

Assessment of quantification
software available for the
laboratory XRF and its
modification for in-situ XRF
applications
Study of contamination from
arsenic at an abandoned
arsenic works (industrial
heritage site) in UK

