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FOREWORD

Radionuclides of natural origin are ubiquitous in both working and public
environments, although their activity concentrations vary considerably. Exposures to natural
sources are in most cases not a matter for regulatory concern. However, there are situations
where exposures to natural sources may warrant consideration as to whether controls should
be applied. One such situation is where the conditions are conducive to the buildup of
elevated concentrations of radon in air. Another situation is the mining and/or processing of
material where the activity concentrations of radionuclides of natural origin in the material
itself, or in any material arising from the process, are significantly elevated — such material
has come to be referred to as Naturally Occurring Radioactive Material (NORM).

In the past, regulatory attention has been focused mostly on exposures arising from the
mining and processing of uranium ores because such activities are part of the nuclear fuel
cycle. More recently, attention has been broadened to include exposures from other industrial
activities involving NORM, in recognition of the potential for such activities to also give rise
to significant exposures of workers and members of the public if not adequately controlled.
More and more countries are now including provisions in their national legislation and
regulations for the control of exposures to natural sources, and the body of radiological data
on such exposures is growing rapidly.

This international conference, NORM IV, follows three previous conferences dealing
with radon and NORM. The first was held in Amsterdam in 1997, the second in Krefeld,
Germany in 1998 (NORM II), and the third in Brussels in 2001 (NORM III). In addition, an
International Symposium on Technologically Enhanced Natural Radiation was held in Rio de
Janeiro in 1999 — the IAEA was involved in the organization of that symposium, and
published the proceedings as IAEA-TECDOC-1271.

The main topic addressed at NORM IV was exposure to radionuclides of natural origin
in mining and other industrial operations involving NORM, including impacts associated with
NORM residues and discharges. Other important topics addressed included legal aspects
(standards and regulation) and measurement techniques, including measurement of radon.

NORM IV was organized by the Central Mining Institute, Poland with the assistance of
an international scientific committee. The IAEA served on this committee and played an
active role in the technical aspects of the organization and running of the conference. In line
with the IAEA’s safety-related programme objective to foster information exchange, it is
intended that, through the publication of these proceedings, valuable new information on
exposure to natural sources presented at this conference will be disseminated to a wide
spectrum of technical and regulatory personnel working in this area.

This publication was compiled with the assistance of S. Chatupnik, Central Mining
Institute, Poland. The IAEA officer responsible for this publication was D.G. Wymer of the
Division of Radiation, Transport and Waste Safety.
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SUMMARY
INTRODUCTION

The aim of the NORM IV Conference was to bring together technical experts and
scientists working in all areas related to Naturally Occurring Radioactive Material (NORM).
This is a multidisciplinary subject, related to nuclear physics, environmental studies,
chemistry, hydrogeology and health physics. The main objective of the Conference was to
enable and promote the exchange of information among scientists and develop future
directions in this field. The environmental impacts of mining received considerable emphasis.
An additional goal was to consolidate and strengthen knowledge and competence in radiation
protection, which was seen as being very important in the evaluation and management of
enhanced exposures to radiation from natural sources.

The conference attracted 74 participants from 25 countries. There were some 60
technical contributions in all. Most of the papers were presented orally under the following
session topics: NORM in mining, environmental pollution, NORM in industry, water
contamination, measurement techniques, NORM legal aspects, and radon and air pollution. In
addition, there were a small number of poster presentations. The conference concluded with a
round table discussion.

INDUSTRIAL PROCESSES INVOLVING NORM

Several technical contributions to the conference presented important new radiological
data for activities associated with the mining and processing of raw materials for which there
was a potential for exposures of regulatory significance. The presence of NORM with
elevated radionuclide concentrations could be an issue at any stage of an operation, i.e. ores,
mineral feedstocks, intermediate products, final products and/or wastes. A wide range of
industrial activities was reported on, including oil and gas extraction, coal and peat fired
power generation, the phosphate industry, the zircon/zirconia industry, the production of
titanium dioxide pigments, the mining and production of metals (e.g. copper, lead/zinc,
aluminium, ferro-niobium, and iron and steel), industrial uses of thorium, water treatment,
and the incorporation of NORM into building materials.

The information presented included data on activity concentrations in various process
materials and assessments of doses received by workers and members of the public. In the
past, much of the information on doses received by workers had been derived from
assessments based on modelling of exposures using standardized exposure scenarios and
parameters based heavily on generalized assumptions. The information presented at this
conference demonstrated that substantial progress had been made towards the more reliable
assessment of worker doses by making greater use of on-site measurements and facility-
specific exposure scenarios, particularly among Member States of the European Union (EU)
as part of moves to comply with the Council Directive 96/29/Euratom of 13 May 1996.

Much of this new information had been gathered as part of the EU ‘TENORMHARM’
project. A comparison of the TENORMHARM results with those from a previous study based
on generalized assumptions showed that the effective doses reported in the previous study
were in some cases overestimated by as much as one or two orders of magnitude. While there
were also some instances where the doses had been underestimated previously, these were
generally below levels of regulatory significance. It was concluded that in most of the
investigated cases occupational exposure could not be reliably assessed by automatically
applying standardized factors, and that assessments should rather be based on the direct
measurement of facility-specific risk factors so that the important influencing features



(particular work conditions, geometry, attenuation, respiratory protection, etc.) could be
properly taken into account.

Activity concentrations of radionuclides of natural origin

Newly reported data on activity concentrations, as well as data reported from the
literature, continued to demonstrate that most of the process materials encountered in current
operations exhibited radionuclide concentrations below 1 Bqg/g (i.e. within the normal range
of concentrations in soil), which in terms of international standards' implied that there would
usually be no need to regulate such materials.

Where this level was exceeded, it was generally exceeded by only a moderate amount
(up to a few times) — materials falling into this category included certain feedstocks (zircon
sand and phosphate rock), water treatment sludges, ‘red mud’ from bauxite processing, solids
in sludge from titanium dioxide pigment production, slag from thermal phosphorus
production and from past tin smelting operations, and certain end-products (phosphate
fertilizer, zircon refractories, and bricks made from NORM residues). In terms of international
standards, such materials would need to be considered for regulation but, depending on
exposure conditions, the optimum regulatory option might be not to apply regulatory
requirements.

Only a few materials were reported as having highly elevated radionuclide activity
concentrations, and thus the potential for significant individual doses:

»  Feedstocks: One feedstock material was reported in this category — the mineral
pyrochlore (for ferro-niobium production), with a **Th activity concentration of 7-80
Bqg/g.

*  Wastes: The highest activity concentrations were found in wastes, especially in scales
from wet chemical processes and in precipitator dust from high temperature processes.
The ***Ra concentration in scales from the processing of phosphate rock, although often
of the order of 10 Bg/g, could be as high as 1500 Bq/g, while in pipe scales in the oil and
gas industry it could range from very low to as high as 15 000 Bg/g. In the coal mining
industry, where radionuclide concentrations were usually below levels of concern, it was
reported that the *°Ra concentration in scales and pond sediments in Polish coal mines
could reach about 200 Bg/g as a result of the inflow of radium-rich water into the mine.
The concentration of 2'°Pb in precipitator dust from thermal phosphorus production could
reach 1000 Bg/g, while in dust from other high temperature processes (iron smelting and

zircon refractories production) the concentration of *'°Pb and/or *'’Po was much lower
(50 Bg/g or less).

*  Products: Products in the form of tungsten filaments and welding rods were reported as
having a high ***Th content. A report from Germany described the recycling of these
products by melting. The 2**Th content in the scrap fed to the furnace was up to 65 Bg/g,
while the high value alloy product of the melting operation was essentially free of
radioactivity.

! Standards of safety for the protection of health and minimization of danger to life established by the IAEA, as
specifically authorized under the terms of its Statute, in consultation with the United Nations and the specialized
agencies concerned.



Effective doses

As mentioned above, new information on activity concentrations in materials in mining
and minerals processing reported at this conference provided further evidence of elevated
radionuclide concentrations, occasionally exceeding the maximum levels in soil by as much
as one or two orders of magnitude. Despite this, there was very little evidence of the industrial
processes involved giving rise to effective doses of significant regulatory concern.

New results from the assessment, by modelling, of effective doses received by members
of the public were presented for the phosphate and zircon industries, for peat-fired and coal-
fired power generation, for oil and gas production and for iron smelting. These results showed
no evidence of members of the public receiving doses of regulatory concern, even where
conservative assumptions had been made.

In the case of doses received by workers, assessments covering an even wider range of
industrial process showed only isolated instances of effective doses exceeding 1-2 mSv/a. As
has been reported previously in the literature, Polish underground coal mines with large
inflows of radium-rich water, leading to the generation of high activity radium scales and
sediments, can give rise to worker doses reaching a significant fraction of the dose limit, with
the main contributions coming from radon and dust inhalation. Significant doses arising from
radon inhalation were also reported for Polish underground metal mines, with maximum
values again reaching a sizeable fraction of the dose limit. Apart from these cases from
Poland, only one other instance of significant worker exposure emerged from the technical
presentations — in a titanium dioxide plant using the sulphuric acid digestion process. The
accumulation of **°Ra in the cloth filters used in the first stage of the vacuum filtration
process (a phenomenon reported already in the literature) was found to give rise to significant
gamma dose rates close to the equipment. Although an individual working at this location
could potentially receive a dose of up to 14 mSv/a, it was reported that this could be avoided
by low cost measures in the form of modified working procedures.

NORM discharges

Within the EU, the identification of industrial processes giving rise to potentially
significant NORM discharges has begun and some preliminary, indicative, data were reported
for the amounts of activity discharged from coal-fired power stations and from facilities for
the production of oil and gas, titanium dioxide pigment, bricks and roofing tiles, and cement.
A proposed screening methodology was presented that could serve to identify discharges
giving rise to public exposure of potential regulatory concern. Screening levels for gaseous
discharges from stacks and liquid discharges into rivers and marine environments were
derived by modelling the relationship between the annual activity discharged and the effective
dose received by an individual for various stack heights and sizes of river. A preliminary
assessment against the derived screening levels, based on typical discharges from relevant
NORM industries in Europe, suggested that most discharges were below the screening levels,
except possibly in the case of some liquid discharges should they occur into small rivers.

NORM residues from past practices

Several submissions to the conference dealt with residues from past practices involving
NORM. One paper reported on the process of natural restoration of the Huelva estuary in
Spain, following its contamination in the past by NORM residues from the phosphate industry
— it was shown that, although radionuclide levels were still elevated, there was a steady
downward trend towards normal background levels.



An account was given of the extent of contamination caused by uncontrolled past
practices in oil and gas production in Azerbaijan. The problems highlighted were the public
use of contaminated scrap and the pollution of land (as evidenced by elevated gamma
radiation levels) due to the deposition of pipe scales and formation water and the dispersion of
radium-rich residues from the extraction of iodine and bromine from formation water.

Past practices in Brazil involving monazite processing and extraction of rare earth
clements generated wastes with ***Th activities measured in thousands of becquerels per
gram. These wastes had given rise to site remediation issues that now needed to be addressed,
including soil and groundwater contamination, the lack of a suitable disposal site for the
material, and the need for specific regulations and guidance to be developed.

Issues associated with residues from former uranium mining sites in Eastern Europe
were also highlighted. At one site, an assessment was carried out to determine the feasibility
of using radium-contaminated residue for road construction. The 2°Ra concentration in the
material was very variable, with an average value of 2.2 Bg/g. It was determined that, in terms
of local regulations, all but the most active material could be used after dilution with low
activity material. At another former uranium mining site, investigations were conducted to
identify an appropriate design of cover for the mine residue deposit, to minimize radon
exhalation and water ingress. A simple, two-layer design using locally available natural
materials was found to perform well.

With regard to the potential for groundwater contamination, the process of deciding
whether the level of NORM contamination of a site is sufficiently low to allow exemption
from further investigations and from any intervention measures or land use restrictions was
the subject of a theoretical study. A stepwise methodology was proposed, and radionuclide-
specific test thresholds for soil and leachate contaminant levels were developed. This could
facilitate decision-making by relevant authorities.

The radiological situation with regard to Polish coal mines

Holding this conference in Poland created the opportunity for an in-depth focus on the
Polish coal mining industry, which, as mentioned above, had its own particular radiological
situation as a result of the inflow of large quantities of radium-rich water. A series of
presentations described the results of the most recent investigations on this topic, starting
from the mechanism of radium buildup in the incoming water and progressing in turn to the
processes for its removal underground, the behaviour of radium during desalination, the
radium balance in discharge water systems, leaching of radium from sediments in surface
settling ponds, and the environmental impact of abandoned surface settling ponds. Two main
types of radium-bearing water have been identified, and have been classified as types A and
B. In type A water, radium isotopes are present together with barium, while sulphate
concentrations are low. Because of the presence of barium, radium can be easily co-
precipitated as barium—radium scales, which are high in radium activity and are formed in
underground galleries and surface settling ponds and rivers. Type B water contains radium
and sulphate ions, but the absence of barium means that no carrier for radium exists, and the
main processes for attenuation of the radium content are adsorption on bottom sediments and
dilution.

In order to better understand the radium buildup in mineralized mine water, various
models and possible mechanisms for the transfer of radium from the host rocks to the
formation water were investigated. It was found that these models and mechanisms did not
satisfactorily explain what was observed in practice, and it was concluded that further
research was needed.



The underground purification of type A water was found to be relatively simple and was
implemented some years ago. The purification of type B water was the subject of a
subsequent investigation, and a presentation was given of the results of the successful
practical implementation of an underground purification system using a technique based on
the addition of barium chloride to co-precipitate radium. An improvement in the surface
environment due to the significant reduction in the amount of radium discharged was clearly
evident from the results of the trial.

The results of a study of the behaviour of radium during underground desalination of
mine water showed that most of the radium ended up in the gypsum produced by the process,
and that prior removal of radium allowed this gypsum to be reused in the construction
industry rather than having to dispose of it as a radioactive waste. Prior removal of radium
also permitted the removal of restrictions on the reuse of other process output materials
(sodium, potassium and calcium chlorides).

An investigation to determine the radium balance in discharge water systems revealed
that approximately 60% of the radium remains underground as deposits. In surface water
bodies, it was demonstrated that elevated concentrations of radium could be found many
kilometres downstream from the discharge point. Purification of mine water underground, as
well as measures to reduce inflows, had resulted in a noticeable decrease in the amount of
radium discharged. The radium concentrations in surface water bodies affected by the
discharge of type A water (from which radium tended to co-precipitate with barium) were
much lower than in those affected by the discharge of type B water. Elevated radium
concentrations in some rivers were found to exceed permissible levels, indicating the need for
further countermeasures.

Results were reported of a study on radium leaching from bottom sediments in settling
ponds. It was shown that sediments associated with type A water often had high radium
concentrations but low leaching potential, whereas sediments associated with type B water
had only moderately elevated radium concentrations but higher leaching potential. A
comparison was made with the results of investigations carried out in Spain on leaching of
radium from phosphogypsum deposits. Leaching from phosphogypsum was lower, due to the
higher solubility of phosphogypsum and the effect that this had on the role played by barium
in the leaching process.

Measurements conducted at three abandoned settling ponds indicated a very wide
variability of radium concentrations in the sediment, ranging from 3 to 100 times the
maximum values in soil. Radon exhalation was also found to be highly variable (up to four
times the normal maximum from soil), but quite independent of the radium concentration.
Gamma dose rates ranged from normal levels up to 2 orders of magnitude higher. It was
concluded from these measurements that future disturbance of abandoned mine settling ponds
could have a significant, although very localized, impact on the surrounding environment, and
that remediation operations should therefore be conducted with care, particularly with regard
to measures to control the entry of radon into buildings constructed in the area.

STANDARDS AND REGULATION
International standards

In a presentation on the application of international standards to exposures to radon and
NORM, the relevant standards and supporting safety-related publications were described.
Particular attention was focused on how the scope of regulation was defined with regard to
exposures to radionuclides of natural origin.



For exposure to radon, the situation had been addressed internationally some years ago
with the establishment, in the standards, of radon action levels defined in terms of activity
concentration in air. In the case of exposure to NORM, however, international consensus on
radionuclide activity concentrations below which it would be usually unnecessary to regulate
was only now emerging. The activity concentrations concerned were 1 Bq/g for uranium and
thorium series radionuclides and 10 Bg/g for *°K (other than *°K in the body, which was
already excluded from the standards), these levels being representative of the maximum
values found in soils worldwide®.

Data presented for specific NORM industries illustrated that materials with activity
concentrations of uranium or thorium series radionuclides exceeding 1 Bq/g did not
necessarily give rise to effective doses of regulatory concern, and operations involving such
materials therefore needed to be considered on a case by case basis. In terms of the so-called
‘graded approach to regulation’, the optimum regulatory option might be not to apply
regulatory requirements, especially if the effective dose was only a small fraction of the
relevant dose limit — such a decision would in many cases take the form of an exemption.
Existing guidance contained in the international standards, as well as recent views expressed
and practices adopted internationally, all pointed to a dose criterion for exemption of about
1 mSv/a, perhaps rather more for occupational exposure and a little less for public exposure.

Where exemption was not the optimum regulatory option, the stringency of the
regulatory measures applied should, in terms of the graded approach to regulation, be
commensurate with the level of risk associated with the material. The various levels of
stringency reflected in the standards (i.e. notification, registration and licensing) and their
applicability to activities involving NORM were described.

Standards and regulation within EU Member States

Within the EU, the Council Directive 96/29/Euratom of 13 May 1996 laid down special
provisions concerning exposure to natural sources of radiation. An update of regulatory
developments and guidance with respect to the implementation of these provisions was given,
and the results of a limited review of the impact on EU Member States were presented.

In many countries, priority had been given to establishing the impact on workers. Most
countries had already identified the industries that might be affected, and some were already
conducting detailed studies into some industries to establish particular processes that required
regulation. Most countries had also introduced regulations relating to NORM and had used
the concept of exemption within their legislation to enable regulatory resources to be focused
by restricting regulatory control to those industries where, for example, effective doses could
exceed 1 mSv/a.

EU Member States were reported to be still at an early stage in identifying those
situations where members of the public could be significantly exposed to discharges and solid
wastes. Most countries did not yet have specific controls or specific assessment procedures in
place. It was noted, however, that existing environmental protection measures to control
particulate emissions, heavy metal releases, etc. could have a beneficial effect on limiting
radiological impacts. Some information was presented on NORM discharges to the marine
environment as part of the MARINA II study, the aim of which was to provide input to work
conducted in terms of the Convention for the Protection of the Marine Environment of the

* The international endorsement process for these activity concentration levels was completed shortly after the
NORM 1V conference and the levels were formally incorporated into international standards in August 2004
with the publication of IAEA Safety Guide No. RS-G-1.7.



North-East Atlantic (the OSPAR Convention). The oil and gas industry and the phosphate
industry were the two main sources of NORM discharges, although discharges from the latter
had been reduced in the 1990s, particularly by the United Kingdom.

It was also mentioned that the European Commission intended to create a NORM
Network to enable EU Member States to share expertise; to gather, document, exchange, and
summarize information; to identify and promote good practice; and to provide a basis for
recommendations for further action.

A detailed presentation was given on the establishment of new legislation in Poland
with implications for NORM regulation and, in particular, on the establishment of two new
Acts concerning nuclear law and geological and mining law. New legislation had become
necessary in order to achieve compliance with the above-mentioned European Council
Directive. It was reported that the amended legislation still lacked some clarity, for instance
on the issue of whether to include doses from the natural background when assessing a
hazard, and it was concluded furthermore that additional legislation was required in order to
adequately provide for the regulation of NORM waste.

It was reported from Sweden that a government committee on the management of non-
nuclear radioactive waste (IKA) had proposed new regulations regarding waste, including
NORM waste, to be included in Swedish law. The committee had proposed a mechanism by
which each waste generator would have full responsibility for the future disposal of its waste,
including the payment of a fee into a government fund (the IKA Fund) to cover the costs of
management and future storage. A portion of such payments would be used to cover, at least
in part, waste management costs where there was no present owner or where the disposal
costs were unreasonably high for a private person — thus, such costs would in effect be
subsidized by waste generators through their payments to the Fund. It was pointed out that
‘industrial’ NORM waste (e.g. mining slag, water filtration solids) was generally to be
handled according to the existing Swedish Environmental Code, but it was proposed that any
financial security payments required in terms of the Code should be paid into the IKA Fund.
It was expected that new regulations and agreements to implement these proposals would be
in force by late 2005.

MEASUREMENT TECHNIQUES
Radon in air

Measurement of radon in air continues to attract considerable attention. An
intercomparison of 10 radon monitors and 6 radon progeny monitors in Poland was reported
to have given generally good agreement between measurement results, especially for the
radon monitors, but some important exceptions were highlighted.

The measurement of radon exhalation rate was also a topic of some interest. One
presentation demonstrated the successful use of ‘Picorad’ passive detectors on a coal waste
pile. A laboratory investigation into the measurement of radon exhalation rate from soil
samples using an emanation chamber and a Lucas cell revealed that the measured exhalation
rate was significantly influenced by the sample mass as well as the grain size and moisture
content, and an explanation for these findings was advanced.

The use of on-filter concentrating, alpha-spectrometric instruments for high sensitivity
measurement of radon progeny in air was shown to have potential for determining the
contribution of Rn from current or past mining sites to the total geogenic radon level by
distinguishing, during periods of calm weather (i.e. minimal vertical air mixing), the presence
of higher radon concentrations close to the ground as a result of enhanced radon exhalation.



The development of radon progeny monitors for Polish coal mines was described, in
which radon progeny monitoring was combined with respirable dust activity monitoring in the
same active monitoring device. Radon progeny measurement was carried out using
thermoluminescent detectors mounted within the sampling probe. It was shown that the dust
monitoring performance was not adversely affected by the inclusion of the radon progeny
monitor.

In another Polish investigation, detailed measurements were made using a radon
progeny particle size spectrometer at three indoor locations and in a coal mine, in both normal
and ‘enhanced’ (cigarette smoking) aerosol conditions. Information on the potential alpha
energy concentration for different aerosol size fractions, the unattached fraction, the aerosol
size distribution and the equilibrium factor was used to determine the effective doses arising
from radon progeny inhalation using a dosimetric approach based on the respiratory tract
model of the International Commission on Radiological Protection (ICRP). The effective
doses calculated in this manner were compared with those determined according to the
ICRP’s recommended epidemiological approach for radon, i.e. using the ICRP dose
conversion convention. The doses calculated using the dosimetric approach ranged from 59%
to 200% of the corresponding doses determined using the dose conversion convention.

Airborne dust monitoring

The use of aerosol sampling to determine intakes by inhalation is of particular
importance in workplaces involving NORM, because individual in vivo and/or bioassay
methods tend to be either not possible or give insufficiently reliable results. The European
Commission recently supported a research project on ‘Strategies and Methods for
Optimization of Internal Exposures of workers from industrial natural sources’ (SMOPIE). A
presentation was given of a theoretical study on aerosol sampling that formed an important
part of this project. A generic method was developed to facilitate the selection of the best type
of aerosol sampler (i.e. inhalable, thoracic or respirable) for minimizing the respective biases
between the true and estimated exposure and the true and estimated effective dose associated
with the inhalation exposure to any radioactive compound. The work focused in particular on
how to minimize the bias when the sampling efficiency of the device was known and
corrected for, but the particle size (activity median aerodynamic diameter and/or geometric
standard deviation) was not perfectly known. The results of the study concluded among other
things that:

*  For exposure estimates, an inhalable sampler should be selected;

* For effective dose estimates, a thoracic sampler should be chosen when the lung
absorption type of the element was S or M, and an inhalable sampler should be chosen
when the lung absorption type was F.

Measurement of radionuclides in water

The measurement of radon in water was the subject of a series of intercomparison
exercises reported from Poland using samples of mineral spring water and water prepared in
the laboratory. Six different measurement methods were compared: liquid scintillation
counting (LSC), an ionization chamber, a Lucas cell coupled to a photomultiplier detector, an
electrometer, a scintillation chamber with photomultiplier detectors, and a sodium iodide
scintillation detector. The LSC and ionization chamber techniques were found to perform
particularly well, and the general level of agreement improved as the series of
intercomparisons progressed. However, there were some unacceptable results.



LSC was also the subject of a presentation in which the optimization of this technique
was described for the measurement of gross alpha and beta activity, radon and radium in
Portuguese drinking water.

The measurement, for dose assessment purposes, of uranium and thorium series
radionuclides in surface water bodies in areas of mining activity was the subject of a
presentation from South Africa. In order to measure a reasonably comprehensive range of
radionuclides with acceptable lower limits of detection, various radiochemical methods, as
well as inductively coupled plasma mass spectrometry (ICP-MS), needed to be used. The use
of such an approach on a wide scale routine basis could impose a heavy burden on analytical
facilities and, of course, was very costly. In a case study on one particular water catchment
system, it was found that a good correlation was obtained between the ingestion dose
determined from the full radionuclide analysis and the uranium concentration in the water,
allowing the uranium concentration to be used as a single determinant of dose. It was
concluded that this correlation, once determined for a specific water catchment area, could
allow ongoing wide scale monitoring to be conducted using only measurements of uranium
and, in some cases, radium.

Measurement of radionuclides in solid materials

Gamma ray spectrometry is a widely used technique for radionuclide analysis. An
example was given of its use for the in situ measurement of radionuclides in rocks using a
portable workstation. In another presentation, technical and procedural improvements in low
background gamma-spectroscopic analysis of NORM over the past 25 years were reviewed,
together with a discussion on methods for improving the sampling accuracy.

In addressing the question of what grain size to use when measuring gross alpha and
beta activities in clay and sand samples, it was pointed out that, while radionuclides of natural
origin could be distributed homogeneously throughout the sample by forming part of the
crystal structure, they could also be preferentially sorbed onto grain surfaces. To avoid grain
size effects when measuring activity concentration, it was concluded that the whole bulk of
the sample should be reduced to the monocrystal state rather than to a fixed grain size.

THE USE OF NATURAL SOURCES OF RADIATION IN GEOPHYSICAL
INVESTIGATIONS

Earthquakes are associated with increased indoor radon emanation and, on the strength
of measurements made in a seismically active area of Armenia, it was proposed that this
phenomenon could be used for earthquake prediction. It was reported that radiometric
methods are already used in Azerbaijan to locate areas of high seismic risk. Here, the focus
was on the detection of fluctuations in the gamma field to locate tectonic disturbances. A
study conducted in Luxembourg demonstrated that measurements of radon in soil could be
used to locate underground voids caused by old mine workings and thus identify areas with an
increased risk of subsidence.

RADIONUCLIDES OF NATURAL ORIGIN IN THE ENVIRONMENT

Various investigations to quantify radionuclide concentrations in the natural
environment were described. A study in Poland compared activity concentrations in cultivated
soil with those in uncultivated soil. No clear differences were found, apart from an increased
concentration of *'°Pb in the surface layer of uncultivated soils due to the deposition of this
radionuclide from the air — in cultivated soils, this increased concentration was not observed



because of soil mixing. No clear effect of fertilizer use was observed. The study also
generated data on transfer factors for beetroot and potatoes. Other Polish studies were
concerned with the measurement of uranium levels in drinking water derived from both
groundwater and surface water sources, and radon in groundwater. A study conducted in
Brazil looked at the high levels of radium in groundwater near a coastal lagoon. The most
likely source of the elevated levels was identified as a combination of high salinity and low
pH, causing leaching from natural monazite formations — the groundwater chemistry was
thought to be influenced by marine aerosols, resulting in high concentrations of Na and Cl in
the water.

DISCUSSION AND CONCLUSIONS

The conference concluded with a round table discussion led by three panelists
comprising the conference chairman and two members of the scientific committee.

One of the topics raised was the question of terminology — in particular, the
proliferation of acronyms that had occurred over the last few years (NORM, TENORM,
ENOR, NOR, etc.), and which had been reflected in the various presentations to the
conference. It was concluded that a single term for referring to material containing elevated
concentrations of radionuclides of natural origin was preferable, and that NORM was the
most general and commonly used term in this regard. It was pointed out that reference to
whether or not NORM had been ‘technologically enhanced’ by processing was not always a
meaningful distinction, because this did not necessarily correlate with the level of hazard.
Some types of technologically enhanced material could actually be less hazardous than some
unprocessed material.

Another topic of discussion was the measurement of radionuclides in various materials,
including the different purposes of measurements, the costs involved, and the lower limits of
detection needed. The need for simple and inexpensive measurement techniques for
monitoring purposes was highlighted, and also the fact that there were various objectives in
making measurements, each with its own requirements regarding sensitivity, cost, etc. All
agreed that proper quality management was essential.

It was noted that many of the contributions to the conference reflected a move towards
the use of facility-specific measurements, especially for dose assessment purposes, instead of
relying on modelling using standardized scenarios and generalized assumptions. Modelling
was still the approach chosen in many of the studies presented, however, and remained the
only practical option where direct measurements were not feasible. It was concluded that each
approach had its own particular merits and deficiencies. For instance, maximizing the use of
measurements at a facility was the better approach when the reliability of the result was
important, such as in dose assessment. On the other hand, modelling offered greater flexibility
for the rapid examination of options, such as in a sensitivity analysis.

The conference concluded on a positive and enthusiastic note, with a feeling that much
had been achieved but much remained to be done. It was agreed that the NORM conferences
should be continued, and that the next conference in the series, NORM V, should be held in
2007. Planning for this event would start with the establishment of a steering committee.
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Abstract

The main branches of the Polish minerals extraction industry are the coal, copper, zinc, lead,
and salt mines, and oil and gas wells. In many of these branches of industry, the problem of naturally
occurring radioactive materials is present. The main source of risk for workers is the short-lived radon
daughter products present in air. This source of risk is present in all Polish underground mines. In coal
and copper mines and in oil and gas wells, radium-bearing waters are present. This is a potential risk
not only for the workers but for the environment too, because all mine water is pumped out to the
rivers. In coal and copper mines, radium precipitates from the water creating risks not only of internal
contamination but of external gamma radiation too. The Polish Geological and Mining Law requires
the monitoring of all sources of natural radiation at the workplace and the introduction of preventive
measures if necessary. In this paper the results of the monitoring and prevention measures are
described.

1. INTRODUCTION

Exposure to ionizing radiation is usually treated by members of the general public in
Poland as a phenomenon related to nuclear power plants and/or disasters in nuclear
installations. The best example was the Polish Atomic Law [1], focused until the early 1990s
exclusively on nuclear safety, application of artificial sources of radiation, and nuclear
accidents. Lately more and more attention is paid to radiation exposure caused by natural
radioisotopes. In the last several years, broad investigations in this field are connected not
only with radon exposure in dwellings but also with the radiation hazard at workplaces and
contamination of the natural environment caused by non-nuclear industries. It has been
reflected in the new Atomic Law [2], prepared by the Polish Parliament to harmonize Polish
regulations with European Union standards [3].

Until now, specific information on levels of natural radioactivity in waste materials and
by-products created by different branches of Polish industry was scarce. Therefore it is very
difficult to assess the influence of natural radionuclides on exposures at workplaces and
pollution of the environment. Only in the hard coal mining has the situation been more clearly
and better recognized. In this paper we would like to describe the state of the knowledge
concerning this problem in Poland. Results of investigations in the exploitation industry will
be shown (hard coal mines, copper ore mines, lead and zinc mines and salt mines) as well as
data from processing industries (dealing with fertilizers, power generation and production of
construction materials).

In the first part of the paper, results of measurements of the most important natural
radionuclides (**°Ra, ***Ra and *’K) in different materials are presented — raw materials,
waste and by-products produced or dumped into the natural environment. In the second part,
the assessment of the doses for workers exposed to sources of natural radiation in different
branches of industry will be done.
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2. NATURAL RADIOACTIVITY OF RAW MATERIALS AND INDUSTRIAL SPOILS

In Table I, the main branches of the minerals exploitation industry in Poland are shown.
The annual production of raw materials is about 219 million t [4]. Moreover, roughly 82
million t of solid spoils are dumped onto the surface per year. Additionally, about 2.9 million
m’ of wastewater is pumped out daily [5].

The production of phosphate fertilizers is based on imported phosphates (slightly more
than 0.5 million t/a). Waste materials generated in the power industry must be also taken into
account — about 13 million t/a.

There are no complete data on natural radioactivity of raw and waste materials in the
above-mentioned branches of industry. The most reliable results come from the mining
industry, because investigations in that field have been performed in hard coal mines, metal
ore mines and other underground mines for 30 years. At the end of the 1980s, the system of
radiological protection against natural radionuclides had been implemented in the whole of
underground mining. At the beginning of the 1990s, requirements for radiological protection
in mines were issued as a Decree of the Polish Parliament [6].

TABLE. I. PRODUCTION OF RAW AND WASTE MATERIALS IN POLAND

Liquid waste

Branch of industry Production (Mt/a)  Solid waste (Mt/a) (million m*/d)
Coal mining 112 40 0.58
Copper ore mining 28.4 25 0.06
Lead and zinc mining 5 4 0.44
Limestone quarries 8 3 0.50
Salt mines 4.2 0.16
Lignite open pit mines 60.8 10 1.26
Oil 0.4 0.0004

Systematic obligatory measurements enabled the gathering of a broad database of
results of concentrations of natural radionuclides in air, water and solid materials, not only in
underground galleries but also in the natural environment in the vicinity of mines. The most
complete database exists for the hard coal mining industry [7, 8]. Fewer data have been
gathered for copper ore mines and lead and zinc mines. The data are shown in Table II,
together with results from salt mines and data for waste materials from the oil and gas
industry.

According to the presented data, in almost all raw materials produced by the Polish
mining industry (like metal ores and hard coal), typical concentrations of natural
radionuclides are low. Nonetheless, in some cases we observe radium concentrations above
50 Bg/kg, quoted in UNSCEAR reports as the upper limit for the earth’s crust.

Quite opposite is the situation of waste products, especially from the mining industry.
The Upper Silesian Coal Basin has rather specific geological and mining conditions; therefore
inflows of brines with high radium content into underground galleries are numerous.
Dewatering of mines (removal of these brines from mines onto the surface and further to
rivers) causes contamination of the natural environment in the vicinity of coal mines.
Sometimes in these brines not only radium but barium ions are present and then radium co-
precipitates with barium in the form of highly radioactive scales. Such processes can be
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observed not only in the underground workings, but also sometimes on the surface, in settling
ponds or rivers, mainly in cases when waste waters have been not treated before dumping into
rivers. Such contamination of the environment is a potential source of radiation hazard not
only for miners but also for the inhabitants of adjacent lands. Similar problems have been
found in copper mines and in their vicinity.

TABLE II. MAXIMUM CONCENTRATIONS OF RADIONUCLIDES IN DIFFERENT
PRODUCTS OF POLISH MINING AND MINERALS EXTRACTION INDUSTRIES

Product 22Ra 22Ra K
Hard coal mining [9-12]
Hard coal (Bq/kg) 159 123 785
Waste rock (Bg/kg) 122 106 1797
Un\()iveartiio(lgl; 1jgdes, precipitated out from waste 204 127 (28135748856) 14 815
Brines (kBg/m’) 391 99 —
Scales precipitated out on surface (Bg/kg) 156 942 83 785 15243
Settling ponds — water (kBg/m?) 7.6 4.4 —
Settling ponds — sediments (Bq/kg) 104 067 83 785 —
Copper mining [10, 12—15]
Copper ore (Bg/kg) 75 20 466
Concentrated ore after flotation (Bq/kg) 145 20 688
Waste rock (Bg/kg) 53 43 676
Waste products from flotation processes (Bq/kg) 98 39 1243
Scales, precipitated out from waste water (Bg/kg) 1340 68 1108
Copper slag (Bg/kg) 530 183 1459
Brines (kBg/m?) 95 12 —
Zinc and lead mining [10, 16]
Zinc ore (Bg/kg) 21 17 65
Waste rock (Bg/kg) 40 17 194
Waste products from flotation processes (Bq/kg) 26 16 80
Scales, precipitated out from waste water (Bg/kg) 76 61 —
Brines (kBg/m") 0.5 0.1 —
Salt mining — brines (kBg/m?) [10] 0.3 0.5 —
Oil and gas extraction — brines (kBq/m?) 258.1 22.8 —

3. RADIATION HAZARD AT WORKPLACES

The occurrence of natural radionuclides at workplaces is a source of radiation hazard for
workers. The most important natural radionuclides are obviously radon and radon progeny,
while other sources are external gamma irradiation and accidental ingestion and inhalation of
long-lived radionuclides. In the Polish mining industry, monitoring of all possible sources of
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exposure at workplaces in underground galleries is obligatory, but in other branches such
measurements have been done only occasionally.

In Table III, the results of the assessment of effective dose in different branches of
industry are presented — for coal mining, copper ore mining, lead and zinc mining and in the
phosphate fertilizer industry. The assessment is done for exposure arising from radon
progeny, gamma rays and internal contamination.

TABLE III MAXIMUM EFFECTIVE DOSES IN POLISH MINING AND MINERALS
PROCESSING INDUSTRIES

Effective dose (mSv/a)

Source of hazard

Rn progeny Gamma InF crnal, Ra
isotopes
Coal mines, 1995-2003 [8] 7.2 1.8 4.2
Metal mines [8, 17] 9.6 0.08 —
Phosphate industry [18] 0.18 0.35 —

4. SUMMARY

Worldwide the exposure to radon progeny is usually treated as the only source of
radiation hazard at workplaces. The same situation can be observed in the Polish minerals
exploitation and power generation industries, except for underground mining. Due to high
concentrations of radium isotopes in brines and co-precipitation of radium and barium as
highly radioactive scales, gamma radiation and internal contamination could be important
sources of hazard. Additionally, the release of radium-bearing waters and deposits also leads
to the contamination of the natural environment in the vicinity of mines. The pollution may
cause an increase in exposure for the inhabitants of adjacent lands. The maximum effective
dose for the members of the Upper Silesian population has been calculated at the level of a
few millisieverts per year.
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MEASUREMENT OF SHORT LIVED RADON DAUGHTERS IN POLISH MINES

K. Skubacz®, A. Mielnikow

Laboratory of Radiometry, Central Mining Institute,
Katowice, Poland

Abstract

Obligatory measurements of the potential alpha energy concentration of short-lived radon
daughters have been performed in the Polish underground mines since 1989. In consideration of
economical aspects, it is attempted from the very beginning to combine it with measurements of the
dust concentration. Therefore the developed measuring units were an integral part of the dust samplers
complying with the requirements of the State Mining Authority for application in underground mines.
This way the developed devices could fulfil two measurement tasks simultaneously: measurement of
the dust concentration and potential alpha energy concentration of short-lived radon daughters. The
new device based on the thermoluminescent detector is able to operate with the SKC universal pumps
equipped with a cyclone, making it possible to operate constantly for one working day. The lower
limit of detection was about 0.04 pJ/m’ at a 95% confidence level and 1 h pumping time.

1. INTRODUCTION

According to the Polish Regulations related to naturally occurring radiation hazards in
underground mines, systematic monitoring of all recognized radiation sources has to be
performed. Here, measurements of the potential alpha energy concentration (PAEC) of short-
lived radon daughters are required [1]. These obligatory measurements have been performed
in the Polish underground mines since 1989. The most suitable methods are the so-called
active methods when air is pumped through a filter that intercepts radioactive aerosols.
Furthermore, the measurement of the activity of these collected ‘hot’ particles makes it
possible to evaluate the concentration of short-lived radon progeny in air. Depending on a
chosen detection method one can measure the concentration of each short-lived radon
daughter or only the PAEC.

In consideration of economical aspects, an attempt was made from the very beginning to
combine it with measurements of the dust concentration. Therefore the developed measuring
units were an integral part of the dust samplers complying with the requirements of the State
Mining Authority for application in underground mines. This way, the developed devices
could fulfil two measurement tasks simultaneously: measurement of the dust concentration
and potential alpha energy concentration of short-lived radon daughters. The new device
based on the thermoluminescent (TL) detector is able to operate with the dust samplers made
by the Two-Met company and equipped with a cyclone making it possible to operate them
constantly for one working day.

The location of this additional part inside the cyclone does not disturb the intrinsic
safety of the whole construction and such a modified dust sampler can be used in the Polish
underground mines while still preserving the common safety rules. Tests done with this unit
showed that the lower limit of detection (LLD) at a 5% significance level, using a membrane

* E-mail: k.skubaczk@gig.katowice.pl
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filter and a pump flow rate of 1.9 L/min, was around 0.1 pJ/m’ for 1 h pump operation and
0.01pJ/m’ for 8 h pump operation.

2. OPERATION DESCRIPTION

The Two-Met dust sampler configured to measure the concentration of respirable dust
consists of a universal constant flow pump and a cyclone (Fig. 1). The pump draws air
through a filter with an adjusted flow rate of 0.6-2.2 L/min. The device is supplied by a
battery set and can operate continuously for at least 8 h. The measurement run is supervised
by a microprocessor. In the cyclone, the respirable dust is separated out and subsequently
reaches a filter. The weight of this device is 550 g.

FIG. 1. Aspirator AP-2000EX.

The air flow rate through the cyclone influences the class of dust that is separated out.
This way a class of particles reaching the filter contained in the cyclone cassette (Fig. 1) can
be chosen. According to criteria of the International Organization for Standardization (ISO)
and the European Committee for Standardization (CEN) concerning the sampling convention
for aerosols, three fundamental classes of airborne dust can be specified (Fig. 2). One of these
is the above-mentioned respirable class that includes particles able to reach the non-ciliary
respiratory tract. The second, a so-called thoracic class, is composed of particles penetrating
beyond the larynx. The broadest class of particles that includes the two above-mentioned
classes is the inhalable class. All airborne particles that can be inhaled through the nose and
mouth belong here. In the case of the Two-Met aspirator with the cyclone, at a flow rate of 1.9
L/min, particles with a median aerodynamic diameter (MAD) of up to 8.5 um reach the filter
inside the cyclone — these correspond with the definition of respirable dust. Very fine
particles with a diameter of the order of nanometres (unattached fraction and clusters) are
intercepted at the cyclone inlet.
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FIG. 2. Fraction of the inhalable, thoracic and respirable particles in relation to all airborne
particles according to ISO/CEN criteria.

When the dust sampling is in progress, the resistance to air flow increases, especially if
the dust concentration is high. If the increase of the pressure drop becomes excessive, the
aspirator will be automatically switched off.

The measuring device (Fig. 3) is placed inside the cyclone cassette above the filter that
intercepts the respirable dust. TL detectors are placed in three sockets and record radiation
emitted by short-lived radon progeny bound up with the respirable dust. Each socket contains
two DA-2 TL detectors. The first one, placed just above the filter, records the alpha, beta and
gamma radiation, whereas the second one, separated with a spacer, can register only the beta
and gamma radiation. The outcomes received as a result of readouts of these TL detectors
make it possible to evaluate the PAEC of short-lived radon progeny averaged over quite a
long time. The location of the unit inside the cyclone does not disturb the measurement of the
respirable dust concentration in air.

Socket
Turn button
Spacer Air flow | A
1
.. /
Springing sponge I’ /
l
. € \@
O-ring ' ' \ A
TL detectors = | goction A-4

Top view: the ASP unit after
removal of the turn button

Protective foil

FIG. 3. Sampling probe with the DA-2 TL detectors.

The Polish Institute of Nuclear Physics in Krakow produces DA-2 TL detectors with a
diameter of 6mm and CaSO4:Dy luminophore. The luminophore layer is 0.1 mm thick. This
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layer is stuck on an aluminium base and so only one side of the TL detector remains active in
relation to alpha radiation. The luminophore has good efficiency, ten times higher than
LiF:Mg,Ti, a linear response up to 30 Gy and low fading: 1-2% within one month and 5-8%
within one year [2]. Readouts of these TL detectors were performed at a temperature of 265°C
and annealing at a temperature of 320°C over 15 min. Temperature conditions during the
annealing process do not have to fulfil such rigorous requirements as those of the TL detectors
with LiF:Mg,Cu,P luminophore. The Da-2 TL detectors however have some shortcomings
also. The most troublesome drawback is the progressive change of their sensitivity as a result
of the luminophore crystals falling from the aluminium base. However, this effect becomes
distinct only after the TL detectors have been used more than 10—15-times and then the device
can be recalibrated.

3. TESTING OF THE SAMPLING PROBE

The sensitivity of the measuring unit was determined in a radon chamber of 7.5 m”.
Water aerosols with an activity median aerodynamic diameter of 3 um were injected into the
chamber during the tests. The PAEC in the radon chamber was evaluated with the help of the
method described in Ref. [3]. According to this method, air is drawn through a filter.
Afterwards the filter is immersed in a liquid scintillator to measure its activity according to
the Thomas method [4]. On the basis of the results one can evaluate the PAEC in the radon
chamber and determine the calibration coefficient of the unit. The results are given in the next
section.

The influence of the measuring unit on the measurement of the dust concentration was
determined also. These tests were done in a dust chamber of 2 m’. During these tests a
comparison between two sets of results was done. The first set of results was related to the
dust concentration measurements performed by the aspirator equipped with the cyclone and
measuring unit and the second related to the aspirator of the same type and configuration but
without the additional measuring unit. The assessment of results was done on the base of EN
Standard No 13205:2001. According to this, two dust samplers are accepted as having the
same characteristics if the geometric standard deviation, calculated for two sets of results
related to the compared aspirators, is below 1.3. The obtained value was around 1.03, so the
differences can be regarded as statistically insignificant.

The cyclone inlet intercepts most of the very fine particles (unattached fraction and
clusters) before they reach the filter. This was tested in the 12.35 m® radon chamber of the
Central Laboratory of Radioprotection (Warsaw, Poland). To fulfil this task, impactors and
diffusion battery screens were used. The results show that this kind of inlet intercepts around
80% of particles characterized by the lognormal distribution with parameters: activity median
diameter (AMD) = 0.8 nm and geometric standard deviation 6,=1.3.

The airflow is directed to a small area at the centre of the filter and the uniform dust
distribution on the filter can be disturbed especially for the heavier particles (Fig. 4).
However, the geometry enables the small area to be ‘observed’ by the TL detectors too. The
unit was additionally tested under field conditions. Such measurements were done in an
underground mine both in the dusty areas near longwalls in operation and in the regions with
relatively low dust concentration like water galleries and crosscuts. No statistically significant
differences were observed among the results obtained from the developed measuring unit and
any other devices where the impaction effect is not present.
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FIG. 4. The measuring unit Alfa-2000-Two-Met and dust distribution on the filter.

4. LLD AND MEASUREMENT UNCERTAINTY

In Table I, values of the LLD are presented at a 5% significance level. In an ideal
situation, readout of TL detectors should be done 3 h after air pumping is finished, at the time
when practically all short-lived radon daughters intercepted in the filter have decayed.
However during routine measurements when the devices are used in underground mines, the
period between the preparation of TL detectors in a laboratory and readouts after the
measurements are performed can reach 4 weeks. During this period, the signal related to
gamma radiation increases, meaning that detection conditions are getting worse. Such cases
are also taken into consideration, by assuming the TL detectors were in a gamma radiation
field of 0.07 uGy/h, an average outdoor value in the Silesia district of Poland.

TABLE I. LLD (5% SIGNIFICANCE LEVEL) AND MEASUREMENT UNCERTAINTY
(95% CONFIDENCE LEVEL)

Device: Alfa-2000-Two-Met. Flow rate: 1.9 L/min. Kerma rate in free air: 0.07 pGy/h

. Pragopor 4 filter Fipro-37 filter FP/B-3 filter
Pumping
time LLD Uncertainty LLD Uncertainty LLD Uncertainty
Wm) (W) (Wm’)  Wm)  (Wm) (W)
lh 0.105 0.1+£0.119 0.154 0.1 +£0.172 0.161 0.1 £0.175
8h 0.014 0.1 £0.025 0.021 0.1 +£0.032 0.021 0.1 £0.032

1 month <0.004 0.1+£0.014 <0.004 0.1£0.014 <0.004 0.1+0.014

The uncertainties were calculated assuming a PAEC of 0.1 uJ/m3. For values higher
than 0.5-1.0 wJ/m’ the increase of the pumping time does not significantly lower the
measurement uncertainty. Quite a different situation can be observed for low values of the
order of 0.1 uJ/m’. In this case, the increase of the pumping time from 1 to 8 h will improve
the measurement precision by about 5 times.

In the experiments described above, membrane filters (Pragopor-4) with a pore size of
0.8 um and fibre filters of type Fipro-37 and FP/B3 were used. The sockets containing the TL
detectors were protected with a polyethylene foil covered by a thin aluminium layer. The
protective foil, placed from the side of the filter, has a surface density of 475 pg/cm®.

The calculation of LLD and measurement uncertainty is described in more detail in
Ref. [4].
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5. CONCLUSIONS

The combination of the advantages of the TL detector with the measurement abilities of

the Two-Met aspirators has brought good results. The additional measuring device does not
disturb the measurement of the dust concentration and enriches its measurement abilities. The
measurement of the PAEC is not burdened with an unduly large uncertainty. For a PAEC of
1 wJ/m’, the uncertainty at a 95% confidence level should not be worse than 10% for a 1 h
pumping time. The LLD at a 5% significance level for a 1 h pumping time and routine
measurements should not be worse than 0.2 pJ/m’, or 0.02 wJ/m’ for an 8 h pumping time.
Such a sampling probe can be used for monitoring the naturally occurring radiation related to
the short-lived radon daughters in Polish underground mines.
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Abstract

The Zambian economy has significantly relied on copper and cobalt mining in the relatively
uraniferous Katanga Basin with a potential hazard of radon for over 50 years now. A radon
preliminary survey in 1998 showed that at least 30% of the 42 randomly sampled sites in 8
underground mines had radon levels over 1000 Bg/m’. This paper outlines ongoing radon dosimetry
activities in Zambian underground mines and presents radon grab sampling and personal
measurements at one of the mines identified to have high radon concentrations during the preliminary
survey.

1. INTRODUCTION

Mining is a global industry undertaken for its economic benefits of wealth creation and
employment [1, 2]. In Africa, commercial scale mining provides important benefits in terms
of exports/foreign exchange earnings and tax receipts to nineteen African countries. One of
these countries is Zambia where the sector contributes 80% of the exports, 10% of the GDP
and 15% of total formal employment [3-5].

The above-mentioned social-economic benefits of the mining industry notwithstanding,
in developing countries, the industry is likely to be associated with three potential negative
effects. The first one is the social-economic dislocation an ill-prepared mining community
goes through at mine closure, which arises from exploitation of a non-regenerative resource.
The second and third undesirable aspects arise when non-optimal management of mining
operations results in environmental degradation and/or negative health impacts on miners and
surrounding communities. Principal health problems among miners from various countries
that have been cited by the literature include respiratory diseases, neoplasms/cancers, injuries,
HIV/AIDS (important studies in South Africa), chronic hypertension, mental health (often
related to mine closure) and genetic impact (in the case of uranium) [1, 2, 6, 7].

Although silica has recently been identified as a carcinogen [8], the historical
neoplasm/cancer hazard among miners is exposure to radon [9]. The suspicion that working in
underground mines is associated with cancer goes as far back as the mid 1500s when
Georgius Agricola wrote about the high mortality of miners in the Carpathian Mountains of
Eastern Europe. Later autopsy studies of miners in the 1800s in that region demonstrated that
chest tumours, later demonstrated to be primary lung cancer, were a common cause of death
[10].

In the early 20™ century, mines in the present Czech Republic were found to have high
radon levels and researchers suspected that this exposure was the cause of the miners’ lung
cancer. In the 1950s, radiation scientists recognized that particulate radon progeny and not
radon gas delivered the radiation dose ultimately responsible for causing cancer. Several
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epidemiological cohort studies of radon-exposed underground miners with relatively high
exposures during the 1950s and 1960s confirmed the association between radon exposure and
lung cancer. The main cohorts that have been studied include uranium miners in
Czechoslovakia, France, Canada, Australia and the US, fluorspar miners in Canada, iron
miners in Sweden and tin miners in China. In Africa, radon measurements have not been as
extensive as in developed countries. Measurements have been performed by countries such as
South Africa, Namibia, Niger and Morocco, which are well known for mining uranium or
uranium-rich phosphate ores.

This paper is on the status evaluation of the radon hazard in Zambian copper and cobalt
underground mines in the relatively uraniferous Katanga Basin with a potential hazard of
radon. A radon preliminary survey [11] showed that at least 30% of the 42 randomly sampled
sites in 8 underground mines had radon levels over 1000 Bq/m’ [12]. Work to map radon in
Zambian underground mines following the preliminary survey started in mines with the
largest number of sites with concentrations above 1000 Bq/m’. Thus far, radon mapping has
been performed at two mines. At the first mine, only radon area measurements have been
done, while at the second one, both area and personal measurements have been performed.
This paper is on measurements at the second mine.

2. EXPERIMENTAL

Radon area levels were measured using two methods. In the first method, field
measurements of potential alpha energy concentrations (PAECs) of radon daughters (nJ/m?)
and equilibrium factors of radon and its daughters were made using a Pylon Working Level
(WLx) Meter. PAECs were directly converted to radon dose (mSv/a) for each site. In the
second method, triplicate grab samples collected in Lucas Cells at field measurement sites
were counted on a Pylon AB-5 Radiation Monitor to obtain radon concentrations (Bq/m”) that
were converted to mean site radon dose levels using the equilibrium factor. These area radon
measurements formed a cluster of sites in one section of the mine in which personal radon
dose of seven job categories were also assessed. Seven representative workers for each work
category were given dosimeters using LR-115 integrating nuclear track detectors for a month.
At the end of the month, detectors were sent to ALGADE in France for dose evaluation.

3. RESULTS AND DISCUSSION

Results obtained for the two methods of area radon doses using grab sample and field
measurements were comparable (R?=0.9995). Fig. 1 shows a sample of area dose
measurements in one section of the mine. These results show that all radon dose levels in this
section of the mine are above the action level for individual dosimetry (5 mSv/a) and some
measurements are above the occupational exposure limit of 20 mSv/a.

In exposure assessment, one flaw of area measurements is the use of the assumption that
a worker spends the whole year working at the site that has a radon dose level comparable to
those at sampling sites of radon throughout the year. Correcting this flaw in our study entails
taking measurements using personal samplers that provide radon levels integrated over a
month. Fig. 2 shows personal radon dose measurements for workers operating in the work
area previously characterized for area radon doses shown in Fig. 1. It is apparent that personal
doses are on average four times lower than area doses and no workers in this section of the
mine have radon exposures that exceed the occupational exposure limit of 20 mSv/a.
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FIG. 1. Radon grab sample measurements September 2002.

4. CONCLUSION

Limited personal radon measurements performed so far in Nchanga underground mine
are a factor of four lower than area measurements and indicate that during this study no
worker has received personal doses above the occupational exposure limit. Further, for this
mine, processing of track detectors deployed to measure area doses is underway [13] so that
the mine’s radon map of area doses can be prepared. Mine-wide grab sample and field radon
dose area measurements performed during deployment of track detectors show a trend in
radon exposure doses similar to that shown in Fig. 1. The map, when it is ready, will guide
personal radon exposure assessment for the rest of the mine.
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RADIUM REMOVAL FROM MINE WATER — 5 YEARS OF UNDERGROUND
TREATMENT INSTALLATION
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Poland

Abstract

In underground coal mines in the Upper Silesian Coal Basin there are inflows of highly
mineralized water containing radium isotopes. This water causes radioactive pollution of the natural
environment in mining areas. Therefore removal of radium from saline water is very important. Two
types of radium-bearing water were distinguished — one type containing radium and barium ions, but
no sulphates (type A) and another one in which radium and sulphate ions are present but no barium
(type B). A very efficient and inexpensive method of purification of saline water of Ba*" and Ra*" ions
was developed and implemented in two coal mines. As a result of the technology used, based on the
application of phosphogypsum as a purification agent, a significant decrease in radium discharge was
achieved — daily about 120 MBq of **Ra and 80 MBq of “**Ra. The other type of radium water does
not contain barium ions, but contains sulphate ions SO4>. There is no carrier for co-precipitation of
radium, so radium is transported with the discharged water to the main rivers. A different method of
radium removal must be applied for such water. Laboratory and field experiments were performed,
and a purification method was chosen. For purification of saline water, waste products from other
industrial processes were applied. The method of purification has been applied on a full technical scale
in a coal mine with very good results — approximately 6 m’/min of radium-bearing water are treated
there. The purification takes place in old underground workings without any contact between the mine
workers and the radioactive deposits that are produced during the process. As a result, the amount of
radium released to the natural environment is significantly lower; more than 100 MBq of ***Ra and
*®Ra remain underground each day. Purification was started in May 1999; therefore a lot of
experience has been gathered during this period.

1. INTRODUCTION

In the coal mines of Upper Silesia, inflows of brines with enhanced natural radioactivity
occur. In some cases, the total dissolved solids concentration (TDS) exceeds 200 kg/m’, while
the radium concentration may reach 400 kBq/m’. Analysis of the radium isotopes in inflows
showed that the input of *°Ra was about 725 MBq/d, while the corresponding value for ***Ra
was roughly 700 MBgq/d [1]. Only 40% of the radium remained in the underground galleries
and gautons, while 60% was transported in pumped water to the settling ponds on the surface
and later to rivers [2, 3]. It was an important source of contamination of the natural
environment.

The phenomenon of radioactivity in saline water from coal mines in Poland was
discovered in the 1960s [4]. Later, investigations showed that the radium concentration in
water was correlated with the salinity [5]. Moreover, two types of brine were distinguished in
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coal mines. In type A water, ions of barium and radium are present, while in type B water
only radium ions and sulphate occur, but no barium [6]. From type A water, radium is very
easily precipitated out with a barium carrier as sulphates after mixing with water rich in
sulphate ions. In type B water there is no convenient carrier for radium, therefore no
precipitation of radium scale occurs. Further investigations showed that the discharge of
radium-bearing water from coal mines caused many cases of contamination of the natural
environment, especially small brooks and rivers in the vicinity of these mines. The highest
levels of contamination were always connected with release of type A water and precipitation
of insoluble deposits with enhanced radium content. Such a process sometimes occurred in
underground galleries but sometimes on the surface in settling ponds and small rivers, leading
to the radioactive contamination of river beds. The purification of type A water is based on
the same chemical process. From type B water, only a slow adsorption occurs, therefore the
level of contamination is much smaller in comparison with type A water.

In the past, concentrations as high as about 25 kBg/m® of **°Ra have been measured in
discharge water from coal mines in Upper Silesia, and the total discharge was approximately
900 MBq/d [7]. However, regulations demanded that water in which the content of **Ra is
more than 0.7 kBq/m3 must be treated as a waste material with enhanced radioactivity [8]. In
Poland, at the beginning of the 1990s, in 10 out of 66 mines such water exceeded these limits.
Type A water was discharged from seven collieries, and type B water from three. As a result
of the application of purification methods, at present two of the mines are allowed to
discharge type A water to the surface settling ponds. The total activity of **°Ra in type A
water is only 30 MBq/d (reduced from 220 MBq/d). Three mines are sources of type B water,
but the amount of radium in such water is much higher — about 180 MBg/d of ***Ra [9].
Additionally, the concentration of another radium isotope, ***Ra, is even higher than that of
22°Ra; the total amount of this isotope in discharge water is slightly more than 280 MBq/d.

The more stringent environmental regulations concerning radioactive discharges forced
us to investigate the possibility of decontaminating the mine water. The first task was to
design the method for treatment of type A water, which was relatively simple [10]. Such a
method of radium removal was implemented in two collieries in the early 1990s and resulted
in a substantial reduction in the amount of radium pumped to the surface — less than 55% of
the previous value during the period 1990-1995 [11].

2. OCCURRENCE OF RADIUM-BEARING WATER IN COAL MINES IN POLAND

Investigations of techniques to purify radium-bearing type B water were started in the
Laboratory of Radiometry of the Central Mining Institute in the late 1980s. It was connected
with important factors. On the basis of regulations, concerning the permissible level of radium
isotopes in waste water [8], the local authority in Katowice issued a decision that Piast
Colliery was to make every effort to reduce, to as low a level as possible, the concentrations
of natural radionuclides (radium isotopes) in water before discharging it into the Gostynka
river. Moreover, the long-term release of radium-bearing water that caused significant local
contamination in settling ponds and small rivers required the assessment of the ecological
impact of radioactive pollution. Therefore this aspect of the possibility of radium removal
from mine water was also important.

Laboratory and field investigations on radium removal from mine water were supported
by the Polish Committee of Scientific Research. Results obtained during tests (also in
underground galleries) gave a firm basis for the design of the purification station in Piast
Colliery [11]. By 1996 the construction of the station had started, partly supported by the
National Fund of Environmental Protection and Water Resources. The construction of the
installation was finished at the end of 1998 and testing started.
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To aid the co-precipitation of radium, barium chloride was chosen as an agent. During
laboratory and field testing, the capabilities of this agent were proven. The chemical reaction
is as follows:

BaCl, = Ba>" +2 CI’

Firstly, the barium chloride dissolves in the water. The next step of the reaction is the
co-precipitation of radium and barium ions as sulphates (in the case of radium reaction it is
not stoichiometric):

Ba’" + Ra’" +2S0,7°= BaRa(S0,),

Unfortunately, there are some limitations on the use of that chemical. First of all,
barium chloride is poisonous and the mining crew had to be trained in relevant safety
procedures. Furthermore, as well as other organizational and research activities, the
background radiation level had to be checked prior to implementing the purification process
both in underground galleries and on the surface.

In May 1999 an underground purification station (UPS) in Piast Colliery started
operation at the 650 m level. This is unique, being the only underground installation for mine
water treatment and removal of radium isotopes built in a non-uranium mine. Since July 1999,
the installation has been used in a routine way to purify 6 m’/min, i.e. 7200 m’/d, of brine
with enhanced concentrations of radium isotopes.

3. UNDERGROUND TREATMENT STATION — THE CONSTRUCTION

The whole system is located in the central part of the Piast Mine, in the vicinity of the
main shafts at a depth 650 m. This area was chosen by the mine’s geological service for the
following reasons. First of all, although several development headings were driven in that
area, the structure of the coal seams was too complicated for exploitation. Additionally, the
coal quality from those seams was poor and numerous inflows of salty water were found.
Therefore the exploitation of coal in the area was stopped. Also, very conveniently, the
existing galleries in the chosen area were underneath the main galleries at the horizon, so no
flooding would be caused by purification.

At first, the small gallery was prepared for the purification station. It had to be located
close to the shafts and transportation galleries, to enable easy transport of purification agents.
Water from the eastern part of the mine (3.5 m’/min) is pumped to the purification station
through a 1500 m long pipeline, but water from the western part flows along gutters and the
flow rate is smaller — 2.6 m>/min.

In the chamber of the purification station an automatic feeder of barium chloride was
installed (see Fig. 1). Water flows in the trough under the feeder, and the purification agent is
fed into the water. Several baffles are built in the gauton to make the water flow more
turbulent. Under such conditions, the mixing of the barium chloride with water is better and
the dissolution of barium chloride is faster as is the resulting co-precipitation of radium with
the barium carrier as sulphates. Water is removed from the chamber through a 600 m long
pipeline (600 mm internal diameter) to a system of settling galleries. These are five parallel
galleries each about 1050 m long and with a cross section of roughly 11.8 m®. In these
galleries the sedimentation of radium/barium deposits and of mechanical suspension takes
place.
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FIG. 1. Underground treatment station — the feeder of the purification agent.

The settling galleries are isolated from the other parts of the mine. Special water dams
were built to ensure no leakage of the water to adjacent headings. Additionally, radioactive
deposits in the system are confined and the radiation hazard for the miners is negligible.

Water flows from the settling galleries to the main water galleries near the upcast shaft
and is pumped out to the surface, initially to Bojszowy reservoir and is finally discharged to
the Gostynka River.

4. RESULTS OF PURIFICATION

The purification of mine water was started in the Piast Colliery in May 1999. As the
settling galleries were full of water with enhanced radium concentration, the feed of barium
chloride during the first ten days was carried out continuously at a rate of about 100 g/m’.
Since the volume in the settling galleries was assessed as 80 000 m® and the daily inflow was
approximately 10 000 m’, we did not expect to record any changes at the outflow until 6-8
days had passed.

The radium content in the water was monitored at several locations in the system. Water
samples were taken from the inflow (before purification), and at the outflow from the system
and from water pumped to the surface. The Bojszowy reservoir was sampled every three
months. Concentrations of radium isotopes in the water (**Ra and ***Ra) were measured by
liquid scintillation counting, preceded by chemical separation of radium [12].

In Fig. 2, results of purification in 1999 are shown. Curves of *Ra and ***Ra
concentrations in the inflowing water are plotted, as well as similar curves for concentrations
of radium isotopes in the outflow from the system. One important thing must be pointed out
— very good results of purification have been achieved quickly, within two weeks. The
efficiency of treatment was 90% on average. It means that the amount of radium isotopes in
the discharge water decreased significantly — about 40 MBg/d in the case of **°Ra and 65
MBgq/d for “*Ra. The total activity of radium isotopes remaining daily in the settling galleries
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of the system exceeded 100 MBq/d. In Fig. 3, the results of purification in 2000 are shown.
Very good efficiency of the purification can easily be seen.
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In Table I, the results of monitoring for the first two years are shown. In this period the
average efficiency of treatment was 90%, slightly lower than that predicted during laboratory
and model experiments. The most important reason for such a result was the ‘human factor’,
1.e. the influence of miners maintaining the installation. The feeding of barium chloride must
be continuous — any breaks affect the efficiency of the treatment. In the circumstances of an
operating mine it is impossible to reach the same degree of purification as in the laboratory.

TABLE I. EFFICIENCY OF UNDERGROUND PURIFICATION DURING THE FIRST
TWO YEARS OF OPERATION

*%Ra (kBg/m*) **Ra (kBg/m*)

Sampling site
Min. Max. Average Median Min. Max. Average Median

Inflow into UPS 351 7.33 5201093 5.02 577 10.75 8.27+1.21 8.22
Outflow from UPS 0.05 147 0.55£0.24 0.53 0.05 229 0.86+£0.37 0.80
Efficiency of purification (%) — — ~ 90 — — — =90 —

In Fig. 4, the results of water purification for 1999-2001 are shown. At the end of June
1999, the start-up of the installation was finished formally, and the maintenance and
supervision by experts probably became less careful than previously. An immediate increase
of radium content at the outflow was observed. After additional training of the staff, the
efficiency of purification increased. But again, at the end of the 1999, we observed worsening
of the results. Therefore an increase in the amount of barium chloride fed daily into the water
(from 500 to 750 kg) was ordered, with positive results. In 2001, the amount of purification
agent used was only 250 kg/d within the first 3 months and 500 kg later on. The only reason
was financial — problems with payment for the barium chloride caused the decrease of the
efficiency of purification. Since the beginning of 2002, the financial problems were solved.

5. INFLUENCE OF THE PURIFICATION ON ENVIRONMENTAL POLLUTION

We started to measure radium concentration in water discharged from the Piast Mine
into the Gostynka River several years ago [6], and the contamination in the vicinity of the
Bojszowy reservoir and the river bed has been investigated more recently [13]. During this
period, we gathered a lot of data on which we can assess the effects of purification. In Fig. 3,
the results of measurements of radium concentration in water from different sampling points
are shown. We measured the radium content in water from the main water galleries at the
650 m level, in discharge water from Piast Mine at its settling pond on the surface, as well as
in water released from the settling pond into the Gostynka River, and the results are shown in
Fig. 5.

During the start-up of the purification, the effect of radium removal was significant. In
cumulative water from the 650 m level, the concentration of the radium isotopes **°Ra and
2%Ra decreased from 15 to 1.5 kBg/m’. This means that the amount of radium pumped to the
surface from that horizon was reduced by a factor of ten (see Fig. 5).
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Such a major decrease of radium concentration in water from the 650 m level resulted in
a decrease of concentration in the water from the settling pond on the surface. However the
results are not commensurate, because water from the 500 m level water was not yet being
treated. The assessment of the radium balance showed that the amount of radium released into
the pond was about 65% less than previously. As expected, the same pattern was observed at
the outflow from the pond, but slightly retarded due to the retention time in the pond of
roughly 8-9 days.

Nonetheless, the radioactive contamination of water discharged into the Vistula River
was significantly diminished as a result of the implementation of the purification method.
Calculations made on the basis of actual measurements led to the conclusion that the total
amount of “°Ra released through the Gostynka to the Vistula river was 45 MBg/d less than
before, while the corresponding reduction for ***Ra was 60 MBq/d. The decrease in discharge
of both radium isotopes from the Piast Colliery into the natural environment by saline water
was more than 100 MBg/d.

6. POSSIBILITY OF BARIUM CHLORIDE APPLICATION IN LIQUID FORM

The idea of using barium chloride in liquid form appeared to be a solution to two main
problems of brine treatment. Firstly, the feeders of the solid barium chloride were built as
heavy-duty prototypes and after several years it became more and more difficult to repair
mechanical damage. Secondly, the results of purification with the use of a solid cleaning
agent were vulnerable to improper maintenance. Moreover, in several mines, feeders of
liquids are used for coagulants and flocculants to remove mechanical suspensions from mine
water. Such units are commercially available and permitted to be installed in underground
galleries. Application of the feeders to the solution of cleaning agent would enable the
automatic treatment of brines and would decrease the hazard of inadvertent inhalation of toxic
barium chloride. Transportation of the solution from the surface to the installation should also
be safer.

The first stage of the investigations was laboratory testing of the efficiency of the
barium chloride solution. For the investigations, mine water from different mines with
different mineralization and radium contents were used. Several series of purification tests
were performed, with different contact times, loads of the cleaning solution etc. The results
are shown in Fig. 6.

It can be seen that efficiency of barium chloride in solid and liquid form is similar,
especially for the longer time of contact. Differences for a short time of contact were mainly
due to the problem of the filtration of fine crystals of barium sulphate from the brine after
treatment. For a contact time of 24 h, no differences greater than the uncertainties of the
results were observed. Therefore a conclusion can be drawn that the efficiency of the liquid
form of barium chloride is the same as efficiency of the solid barium chloride. Field
experiments are necessary to confirm the results of the laboratory investigations.

7. SUMMARY

The purification station in Piast Colliery is unique, being the first underground
installation for the removal of radium isotopes from saline water. Therefore there was no
previous experience to fall back on concerning construction, application and management.
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FIG. 6. Radium removal from mine water with application of barium chloride solution —
results of laboratory tests.

The implementation of this method of purification of radium bearing water in a non-
uranium mine was difficult. All elements of the system — sedimentation galleries, feeders,
control units etc. — had to be designed without any comparison with other similar systems. In
particular the proper organization of the transport of poisonous substance from the surface to
the chamber within an operating coal mine was very important. On the other hand,
observations and experience gathered during the implementation of the method will be
advantageous in the future, and will aid in the planning and development of similar systems in
other coal mines. The ecological effect of the purification is also important. On the surface, at
the inflow of saline water into the settling pond, as well as at the outflow from that pond,
concentrations of radium isotopes are approximately 60—65% lower than before purification.
This corresponds to a decrease of about 45 MBq for *°Ra and 60 MBq for ***Ra in the daily
release from Piast mine. It means that the total amount of radium discharged into the
Gostynka and Vistula rivers is 105 MBg/d lower.

To achieve a more complete radium reduction in mine water from the Piast Colliery, the
removal of radium isotopes from water at the 500 m level must be undertaken. We plan to use
the existing installation for this purpose in the near future, firstly for water with the highest
concentrations of radium, and later for all radium-bearing water from that horizon.

The implementation of the method and technology of mine water purification received
an award in 2000 by the Ministry of the Environment for outstanding scientific achievement
in the field of environmental protection. In 2001, the Central Mining Institute obtained a
certificate of the President of Poland for the Best Available Technology.

A new concept for the feeding of the barium chloride as been developed to override
problems with the ‘human factor’ influence on the purification results. This idea seems to be a
solution to design a fully automatic feeder and to implement the treatment technique in other
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collieries in the Upper Silesia region. First, implementation will be on another horizon in Piast
Mine (-500 m). Until now, laboratory experiments have been performed with very promising
results, confirming the possibility of the application of the liquid cleaning agent with an
efficiency similar to that for solid barium chloride.

[1]
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[11]

[12]

[13]
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EXPOSURE FROM AN IGNEOUS PHOSPHATE MINE OPERATION

A.J. van der Westhuizen®

NOSA International, Pretoria, South Africa

Abstract

The International Atomic Energy Agency Safety Series 115 and European Union Council
Directive 96/29/EURATOM have changed the profile of radiation protection completely, increasing
the regulatory awareness of natural radiation and the industries involved. Three major industries have
been identified in terms of their scope and the materials handled as industries requiring further
attention. They are the oil and gas industry, the zircon industry and the phosphate and fertilizer
industry. The phosphate and associated fertilizer industry has an added complication, because it has
two distinct sources of raw material, i.e. being of igneous or sedimentary origin. The sedimentary
material has a dominant ***U series, with activities ranging from 1 Bq/g per isotope to as high as 5.7
Bg/g per isotope, but with negligible ***Th content. The igneous material of the Phalaborwa Complex
has fairly low levels of **U and its associated daughters, (less than 0.15 Bq/g per isotope), but with
elevated levels of ***Th when compared with the sedimentary material. This paper will focus on the
mining operations of an igneous source located in South Africa. The mine involved received a nuclear
authorization in 1993 in terms of the Nuclear Energy Act, No 131 of 1993 and in the following years
completed both occupational and public risk assessments as required by the authorization. This paper
places emphasis on the public risk assessment completed in 1999 and the results of the subsequent
routine monitoring programme, and expands on some of the practical problems the company had to
deal with. The public risk assessment was conducted in an integrated manner, assessing doses to
members of the public via the atmospheric, aquatic and secondary pathways by the Nuclear Energy
Corporation of South Africa and the subsequent routine monitoring programme results evaluated and
reported to the regulator by the company itself. Finally, a brief description of the current monitoring
programme is given, with a mention of possible future projects.

1. INTRODUCTION

The facility under discussion is a South African opencast mine that produces igneous
phosphate rock, with intermediate and final products for the domestic and international
markets. It provides the following strategic advantages:

— To make South Africa self-sufficient with respect to phosphate imports,

— To earn foreign currency from the export of the mineral,

— To create approximately 2000 direct job opportunities, with associated indirect job
opportunities in the Greater Phalaborwa region.

Approximately 3 million t of phosphate rock are produced annually from a coarsely
crystalline calcium-fluoride-phosphate compound of magmatic origin. The product is a finely
ground apatite mineral. The mine is located next to the towns of Phalaborwa, Namakgale and

* E-mail: riaanvdw(@nosa.co.za
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Lulekani, bordering on the Kruger National Park in the Limpopo Province. In 1993, the
company obtained a nuclear authorization in terms of the Nuclear Energy Act, No. 131 of
1993, and has been the holder of an authorization since then. In 2002, the authorization was
changed to a certificate of registration issued in terms of the National Nuclear Regulator Act,

No. 47 of 1999.

2. PRODUCTION PROCESS

Fig. 1 shows a simplified diagram of the mining and beneficiation process.
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FIG. 1. Mining and beneficiation process.

3. SPECIFIC ACTIVITY

Table I summarizes the known specific activities of the major types of material involved
in the process, i.e. phosphate rock and phosphate tailings.

4. ISOTOPES CONSIDERED

The following isotopes were considered in the assessment process:
. oo 23877, 2347 1. 230, 2265 . 2105y, 210
- Uranium series: > U; ~"U; = Th; “"Ra; ~ "Pb; “ "Po
- Actinium series: 235U; 231Pa; 227Ac; 227Th; *PRa

- Thorium series: 232Th; 228Ra; 228Th; 224Ra; 212g;

The National Nuclear Regulator does not generally require the inclusion of *°U and its
daughter isotopes in the assessment process, and for the initial screening survey they were
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excluded. However, where the gross alpha activity was used for dose determination, it was
deemed appropriate to include the actinium series when calculating the dose conversion factor
as it may have a measurable effect.

TABLE I. ACTIVITY CONCENTRATIONS IN THE PROCESS MATERIAL

Activity concentration (Bq/g)

Radionuclide
Phosphate rock Tailings

238y 0.14 0.26
22Ra 0.14 0.27
*1%pp 0.12 —

3T 0.47 0.31
22Ra 0.55 0.33
28T 0.55 0.35

5. METHODOLOGY
5.1. Occupational exposure

For the purpose of this assessment, occupational exposure was deemed to be associated
with two exposure pathways: external exposure from the gamma component, and inhalation
[1, 2]. The ingestion pathway is not significant, and its inclusion was not a regulatory
requirement. The external exposure was measured at various locations in a specific section,
and the dose rate at 1 m was used in this assessment process.

Two methods of determining internal (dust inhalation) dose were used to calculate the
occupational dose, one being more suitable for screening assessment purposes and the other
being a more realistic calculation.

Method 1: The screening assessment utilized area air concentrations as determined through
an occupational hygiene programme and the average radionuclide activity
concentrations in the phosphate rock or tailings (See Table I). An occupancy
factor of 1 was used, assuming 250 shifts per year, each lasting 9.5 h.

Method 2: The assessment was repeated but based on actual measurements in the production
areas. This method used gross alpha activity measured on the area air samples
collected in the plant and a calculated dose conversion factor for phosphate rock
and tailings. (see comment in Section 4).

5.2. Public exposure

The radiological impact of the facility on members of the public was determined with
the aid of mathematical models such as that described in IAEA Technical Reports Series No.
364 [3] and Safety Reports Series No. 19 [4]. Fig. 2 shows the generic pathways that received
consideration in the public assessment process adopted by the company. The models were
applied to the Phalaborwa facility to determine doses received by actual and hypothetical
critical groups during the initial risk assessment [4]. Three exposure scenarios were
considered, corresponding to three actual critical groups identified for the facility. The critical
groups are — for scenarios 1, 2 and 3 respectively — a family living in the town of
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Phalaborwa, a family living in Namakgale, (both of which were located the north and north-
east), and a family living to the south-east of the facility. It was assumed that all the age
groups were represented in each critical group, although for the purposes of this paper only
the adult exposure is reported. The exposure pathways considered for each scenario are shown
in Table II. Drinking water is generally obtained from the local Water Board, a source not
affected by the facility. However, for scenario 3 it was assumed that some water for drinking
purposes was extracted from the Selati River or from a borehole.

Surface run-off
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FIG. 2. Exposure pathways considered in the public dose assessment.
6. RESULTS AND DISCUSSION

6.1. Occupational exposure

For Method 2, the inhalation dose coefficients, using the average radionuclide-specific
activities for phosphate rock and tailings, were calculated to be 12.3 uSv/Bq,, for phosphate
rock and 9.63 puSv/Bq, for tailings. The total dose for the various phosphate production and
waste disposal areas are summarized in Table III.

The results in Table III show that occupational exposure at an igneous phosphate mine
gives rise to effective doses less than 1 mSv/a and the areas are thus non-classified. Also
apparent is that the dose resulting from the two assessment methods is of the same order of
magnitude. The gross alpha activity determination is therefore not really necessary and can be
excluded, thus saving on the cost of an initial assessment and assessment time. (Both methods
require the radionuclide activity concentrations in the process material, while only Method 2
requires additional radiation measurements.)
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However, it is also clear that should the dust concentration in the air or the specific
activity of the material increase, some of the areas may require reclassification from non-
classified to supervised.

TABLE II. PATHWAYS CONSIDERED FOR THE ASSESSMENT OF PUBLIC DOSES

o Scenario
Description _— Remarks
1 2 3
Ingestion
Water from river or groundwater v Normally obtained from local Water Board
Vegetables, fruit v v v To fulfil daily needs
Fish v’ v' v In dams on mine property (actual practice)
Meat, milk, poultry, eggs, cereal v' ¥ To fulfil daily needs
Inhalation
Concentration varies with source-receptor
Dust . o .
distance, climatic conditions etc.
Radon
External Radiation v v v Asaresult of deposition

6.2. Occupational action level

Using Method 1, an attempt was made to establish action levels for two parameters that
may change, namely activity concentration and airborne dust concentration. For the purpose
of establishing the activity action levels it was assumed that all other variables remained the
same, with an average annual effective dose from gamma radiation of 0.46 mSv. An upper
bound on internal effective dose of 0.5 mSv/a was thus set, ensuring the total effective dose
remained less than 1 mSv/a.

Fig. 3 shows the effect of an increase in radionuclide-specific activity on the inhalation
dose if the airborne dust concentration remains constant.

Should the radionuclide activity concentrations remain the same but the airborne dust
concentration increase (for example, due to ventilation failure), the situation shown in Fig. 4
is then applicable — an increase in airborne dust concentration rapidly leads to unacceptable
doses. Should a company therefore wish to decrease its occupational exposure, the focus
should be directed towards dust control, e.g. extraction, ventilation etc.

6.3. Public exposure
6.3.1. General

Table IV shows the results of the initial assessment. As stated in Section 5.2, water was
included in Scenario 3 although it is highly unlikely that it is consumed or used in any
manner. The groundwater is naturally very saline due to the geological formations in the area
and the water is subsequently not suitable for drinking or irrigation. However, to ensure
comprehensiveness, it was assumed that some water is desalinated without removing some of
the activity and used for drinking purposes. Utilizing the 2001 measurement results for the
applicable boreholes as well as the 2002 and 2003 river water analysis results, the incremental
dose was reviewed and is presented in the Table V. Assuming the doses in Table V are typical



of the current situation, the total dose for Scenario 3 will decrease by at least 250 puSv/a, even
when ignoring the decreased contribution from the water through the secondary pathways,
resulting in a total public dose of less than 100 pSv/a.

TABLE III. OCCUPATIONAL EXPOSURE FOR PHOSPHATE PRODUCTION AREAS

Effective dose from Dose rate from = Total effective dose
Area internal exposure (mSv/a) external exposure (mSv/a)
Method 1  Method 2 (uSv/h) Method 1 Method 2

Mining

Crushing and loading 0.25 0 0.22 0.69 0.44

Primary crushers 0.25 0.11 0.22 0.69 0.55

Secondary Crushers 0.25 0.11 0.11 0.47 0.34

Tertiary crushers 0.25 0.11 0.11 0.47 0.34
Milling

Operations — 0.11 0.20 — 0.51

Workshop — 0 0.19 — 0.38
Flotation

Copper 0.14 0 0.33 0.80 0.67

Phosphate 0.14 0 0.22 0.58 0.44

Magnetic separation 0.14 0.32 0.33 0.80 0.98

Workshop 0.14 0 0.21 0.55 0.43
Filtration

Operations 0.31 0.24 0.21 0.72 0.65

Workshop 0.31 0 0.22 0.75 0.44
Extension 8

Crushing 0.26 — 0.20 0.66 —

Conveyors 0.26 — 0.24 0.74 —

Milling 0.26 — 0.20 0.66 —

Flotation 0.26 — 0.19 0.64 —

Workshop 0.002 — 0.26 0.52 —
Drying and dispatch

Operations 0.14 0.32 0.29 0.72 0.90

Workshop 0.02 0 0.24 0.50 0.49
Tailings

Workshops 0 0.08 0.22 0.44 0.52
Research & Development

Laboratory — 0.11 0.31 — 0.72

Pilot Plant — 0.22 0.21 — 0.64
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FIG. 3. The effect of radionuclide activity concentration on worker inhalation dose for a
constant airborne dust concentration.
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FIG. 4. The effect of airborne dust concentration on worker inhalation dose for a constant
radionuclide activity concentration.



TABLE IV. EFFECTIVE DOSES RECEIVED BY MEMBERS OF THE PUBLIC

Annual effective dose (uSv)

Description

Scenario 1~ Scenario 2 Scenario 3
Inhalation
Dust 15.6 15.6 34.8
Radon 0.975 0.975 5.9
Ingestion
Water (subsequently reviewed, see Table V) — — 273
Leafy vegetables 0.1 0.1 0.22
Root vegetables 0.272 0.272 0.599
Fruit 0.105 0.105 0.232
Meat — 2.84 15.5
Milk — 0.589 9.96
Cereal — 0.146 0.323
Poultry — 0.201 0.411
Eggs — 0.067 0.15
External
Air 519x107  5.19x107 1.15x10°
Soil 0.00446 0.00446 0.00982
Total (prior to review of water pathway) 17.1 20.9 341

TABLE V. BACKGROUND-CORRECTED DOSE FROM WATER CONSUMPTION
(MDA taken as zero)

Season Incremental annual effective dose (uSv)

Groundwater

2001, wet 4.7

2001, dry 1.7
Surface water

2002, wet 14.5

2002, dry 22.9

2003, wet 8.98

2003, dry 11.7

6.3.2. Problem encountered

Initially the South African Regulator required a company to use the minimum
detectable activity (MDA) of an isotope for dose calculations if the true activity was not
measurable. This, however, resulted in doses exceeding 5 mSv/a from ingestion of fish, a
secondary pathway, primarily from *'°Pb and *'°Po. Refining the analysis techniques has since

proven the initial methodology inappropriate as illustrated by Table VI.
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TABLE VI. BACKGROUND-CORRECTED DOSE FROM FISH CONSUMPTION

Season / water source Annual effective dose (USv)
Total Background Incremental
2003, wet / Selati River 23.1 89.2 0
2003, wet / recreational dam 21.1 89.2 0
2003, dry / Selati River 33.2 89.2' 0

7. CONCLUSIONS

The occupational effective dose is less than 1 mSv/a for the production areas, resulting

in such areas being non-classified. However, an increase in the ** U activity concentration to
0.75 Bg/g or an increase in the airborne dust concentration to 1.5 mg/m’ should receive
attention, as the resulting dose would then probably exceed 1 mSv/a, requiring a formal
radiation protection programme. The effective dose received by members of the public is less
than 250 puSv/a, and is thus in compliance with South African legislation.

[1]
[2]
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RAIL TRANSPORT OF IGNEOUS PHOSPHATE ROCK

A.J. van der Westhuizen®

NOSA International, Pretoria, South Africa

Abstract

The third IAEA Research Co-ordination Meeting on Development of a Radiological Basis for
the Transport Safety Requirements for Low Specific Activity Materials and Surface Contaminated
Objects (LSA/SCO) was held in Cape Town, South Africa on 19—-23 February 2001. It was attended by
the Chief Scientific Investigators (CSIs) from Brazil, Canada, France, Germany, South Africa and the
United Kingdom, and the IAEA Scientific Secretary. In addition to the CSIs, observers from South
Africa and Japan participated. A South African phosphate rock and fertilizer producer participated in
the meeting as an observer and undertook to repeat a previous zircon sand study, this time for igneous
phosphate rock and phosphoric acid, in order to support the theoretical models, although the material
is strictly speaking not subject to the requirements of the IAEA Regulations for the Safe Transport of
Radioactive Material. This paper represents a partial fulfilment of the commitment, reporting on
occupational exposure of loading of the phosphate rock onto the rail cars, transport and unloading in
the harbour, and on public exposure during rail transport and interim storage in silos. The paper also
makes some reference to undesired events such as spillage. The risk assessment is based on actual
measurements where possible and only refers to modelling or theoretical calculations where no results
were available.

1. SCOPE

This risk assessment evaluates the rail transport of igneous phosphate rock from the
Phalaborwa Complex, South Africa, to the harbour in Richards Bay, South Africa. Marine
transport and the loading and unloading of ships are not included. It reports on doses likely to
be incurred during normal operations by workers as well as members of the public and makes
some reference to exposures during abnormal conditions. In conclusion, the assessment
identifies areas that require further assessment.

2. BACKGROUND

The third IAEA Research Co-ordination Meeting on Development of a Radiological
Basis for the Transport Safety Requirements for Low Specific Activity Materials and Surface
Contaminated Objects (LSA/SCO) was held in Cape Town, South Africa on 19-23 February
2001. It was attended by the Chief Scientific Investigators (CSIs) from Brazil, Canada,
France, Germany, South Africa and the United Kingdom, with the IAEA acting as Scientific
Secretary. In addition to the CSIs, observers from South Africa and Japan participated. The
meeting was part of a Co-ordinated Research Project (CRP), to investigate an area of concern,
specifically the radiation protection basis for the IAEA Regulations for the Safe Transport of
Radioactive Materials [1] (the Transport Regulations). Upon completion of the CRP a
TECDOC, summarizing the work of the CRP, is to be prepared.

* E-mail: riaanvdw(@nosa.co.za
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A South African phosphate rock and fertilizer producer participated in the meeting as an
observer and undertook to repeat a previous zircon sand study, this time for igneous
phosphate rock and phosphoric acid, to support the theoretical models, although the material
is strictly speaking not subject to the requirements of the Transport Regulations. This paper
represents a partial fulfilment of the commitment, reporting on occupational exposure during
the loading of phosphate rock on rail cars, transport and unloading in the harbour, and on
public exposure during rail transport and interim storage in silos. The paper also makes some
reference to undesired events such as spillages, as seen from a South African industry
perspective. It uses, where possible, the scenarios described in the transport assessment study
done for zircon sand, to allow comparison between the results.

3. PHOSPHATE INDUSTRY
3.1. Introduction

Four nutrients have been identified that are vital for healthy and rapid plant growth.
They are nitrogen, phosphorus in the form of phosphate (P,Os), potassium (usually as K,0)
and sulphur — “Phosphorus is primarily responsible for all processes in plant life in which
energy is stored and utilized. It promotes root growth. It improves the quality of grain and
accelerates its ripening” [2]. Initially, bones were used as the prime source of phosphate, but
the discovery of large deposits of phosphate rock overcame the constraints of limited supply.
However, these sources contain naturally occurring radionuclides to a varying degree, with
the true radiological impact of the industry yet to be fully quantified.

3.2. Activity concentrations

There are two sources of phosphate-bearing material, both containing naturally
occurring isotopes, defined in terms of origin. The most common source is phosphate of
sedimentary origin, accounting for approximately 86% of the world market. The second
source is rock from igneous origin and represents the other 14%.

A significant difference between sedimentary phosphates and the igneous material
found in the Phalaborwa Complex, South Africa lies in the difference in radionuclide activity
concentrations in the natural decay chains. Sedimentary material has higher concentrations of
the U decay series and very low concentrations of “**Th and its daughter isotopes. On the
other hand, the Phalaborwa Complex material has much lower concentrations of the **U
decay series, but with elevated concentrations of >**Th and its daughters.

Almost all of the South African phosphate rock originates from the Phalaborwa
Complex located in the Limpopo Province and the focus of this assessment will thus be of the
effect of this material on workers and possibly members of the public.

Table I summarizes some of the known radionuclide activity concentrations as average
values for the Phalaborwa material.

Para. 401(b) of the Transport Regulations refers to the activity concentration of exempt
material as listed in Table I of those Regulations. The exemption level for natural uranium
and thorium is 1 Bg/g. Igneous phosphate rock thus qualifies as exempt material.
Nevertheless, a decision was made to conduct a detailed risk assessment to support the efforts
of both the CRP and an industry risk assessment project of the Fertilizer Society of South
Africa.
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TABLE 1. RADIONUCLIDE ACTIVITY CONCENTRATIONS IN PHOSPHATE ROCK

Radionuclide Activity concentration (Bg/g)
28y 0.14
*2Ra 0.14
*1%pp 0.12
22Th 0.47
22Ra 0.55
*%Th / **Ra 0.55

4. METHODOLOGY

This risk assessment is based on actual measurements where possible and only refers to
modelling or calculated values where no actual measurements are available.

As stated in the Section 2, parameters from the zircon sand study such as distance of
dwellings from the tracks and speed of the trains were used where possible to allow direct
comparison between the results [3].

4.1. Scenario description

A mine in Phalaborwa is the primary supplier of phosphate rock used by the South
African phosphate and fertilizer industry. The material is also exported through the port of
Richards Bay, some 1000 km away.

The beneficiated rock is loaded on site and transported via rail to customers or the
export harbour. Product ready for dispatch is stored in silos and from the silos loaded directly
on to a rail car. Each car is covered with a tarpaulin before leaving the site. During unloading,
the car is tipped over at the discharge facility, dropping the material onto a conveyor system
from where it is moved to its destination. (Extraction hoses are also sometimes used.)

As a result of this process, workers and members of the public may incur a dose from
the work activity during normal and possibly abnormal conditions. The basic rail transport
from Phalaborwa to Richards Bay via a 1000 km railway line is thus the main focus of this
assessment.

4.2. Occupational exposure

Five groups of occupationally exposed workers were identified in the assessment
process for the transport portion between Phalaborwa and the harbour operations in Richards
Bay. They comprise the loader, the shunter/train driver and the tarpaulin worker during
loading, and the front-end loader and the discharge facility operator during the unloading
process. For each of these groups, the workers were subject to full shift monitoring of
inhalation and external gamma exposure. Ingestion exposure was determined by modelling.

4.3. Public exposure

The public exposure scenarios considered were the same as those considered in the

previous zircon study [3]. These scenarios and the relevant exposure pathways are specified in
Table II.
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TABLE II. PUBLIC EXPOSURE SCENARIOS AND METHODS OF ASSESSMENT

Method of assessment

Scenario :
External gamma Inhalation
1. Car occupant at rail Direct measurement from stop Not applicable
crossing at rail crossing as train passes
2.Occupant of home Calculate from exposure to External measurement from
situated next to railway driver of vehicle at rail ambient monitors on completion
line' crossing of dedicated discharge facility

3. Fisherman sitting against Contact dose rate measurement Not applicable
silo. on exterior of silo

A typical train of phosphate rock is approximately 840 m long. The primary route for
this material in South Africa is the one between Phalaborwa and Richards Bay and
approximately 700 shipments per year travel on this route. Therefore, it was assumed that a
member of the public living next to the line was exposed 700 times per year, while it was
assumed to be highly unlikely that a member of the public would encounter a phosphate rock
train at a crossing more than once per year. However, as in the zircon transport risk
assessment, a further variation was assumed, whereby a mother takes her child to school and
waits at a rail crossing at least once per day during the school year, i.e. 250 d/a.

4.4. Radionuclides considered

The following radionuclides were considered in the assessment, as they contribute
almost all of the inhalation and ingested doses:

238( geries: 23815, 23475, 230} 226R 5. 210p},. 210p
235 ) 23571, 231p.. 22 2 223
U series”: U; #'Pa; *’Ac; ' Th; **’Ra

*Thseries:  ~°Th; ***Ra; ***Th; **'Ra; *"*Bi
4.5. Background radiation

Background radiation plays a significant role in the assessment of the loading of the
material as the loading site is partially situated on the igneous orebody. In addition, the
loading area is surrounded by sources other than normal background. A decision was
therefore made to measure the background gamma dose rate inside the Safety, Health,
Environment and Quality buildings at the facility in Phalaborwa as this location is less than
100 m from the loading area, thus having similar background but with negligible contribution
from the process. The background values are conservative as the shielding effect of the floors
is ignored.

The background for the public dose calculations was measured in the nearby town and
away from the main background source, the igneous ore body. This allowed for some
conservatism when doing the public exposure assessment.

! This scenario has several variations as the train travels through rural, suburban and urban areas. The most
restrictive scenario was considered in the initial assessment.

* The South African National Nuclear Regulator does not require the inclusion of °U and daughter isotopes in
the assessment process [4]. They are included in this document to ensure comprehensiveness.
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4.6. Incidents

Phosphate rock is only transported by rail in South Africa and thus incidents can be
divided into just two broad categories: a spillage (the worst being a derailment) and a fire
involving the rail cars carrying the rock phosphate. There are thus two worker categories: a
fireman and the worker responsible for the site remediation after a derailment. The pathways
of interest are external exposure, inhalation and ingestion for both categories. However, there
are differences in the values of parameters such as inhalation rate, concentration of respirable
dust and exposure period.

An incident assessment for igneous and sedimentary phosphate rock, phosphoric acid
and phosphogypsum was conducted and submitted as a dissertation to the University of the
Witwatersrand, South Africa [5] and the findings of this document are reported here. (The
document is under review and should be available later in 2004).

5. RESULTS

5.1. Normal operating conditions
5.1.1. Occupational exposure

(a) Dose coefficients

The inhalation and ingestion dose coefficients used in the assessment, calculated from the
average radionuclide compositions reported in Section 3.2, were 1.23x107 and 2.68x10~
Sv/Bq,, respectively.

(b) Background radiation

The mean background gamma dose, measured using electronic dosimeters over one full
shift inside buildings within 100 m of the loading areas, was 2.0 uSv. The standard
deviation was 0.05 uSv.

(¢) Total dose

Three sets of measurements associated with the unloading/movement of the rail cars were
taken, while one set of measurements was taken for workers associated with the
discharge facility. The samples were collected during January and February 2002 at
intervals of 1 week. Phalaborwa is a much drier area than Richards Bay, thus representing
a very conservative approach when using the results to assess similar actions in Richards
Bay.

A summary of the occupational exposure assessment results is given in Table III. For
comparison, an assessment that formed part of Foskor’s occupational risk assessment,
conducted in 1995, gave an average annual effective dose of 360 uSv [6, 7].

5.1.2. Public exposure

Public exposure arises primarily from external gamma irradiation as the tarpaulin cover
prevents resuspension of the material during transport, making it unavailable for inhalation.
Direct measurements were carried out at a rail crossing with a train passing, but the natural
background in that area was too high for a meaningful correction. (The loading area is on top
of the orebody.)
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TABLE III. DOSES RECEIVED BY WORKERS

Type of worker Inhalation,  External, Ingestion,

Effective dose (USv)

per shift per shift per year TOtal’ per year

0 0.01 47.0 49.5
1.293 0.15 47.0 407.7
Loader
0 0.40 47.0 147.9
Average 201.4
0 0 47.0 47.0
0 0 47.0 47.0
Shunter
1.293 0.10 47.0 395.2
Average 163.0
0 0.20 47.0 97.0
) 0 0 47.0 47.0
Tarpaulin worker
1.293 0 47.0 370.2
Average 171.4
Front-end loader driver 0 0 47.0 47.0
Tip operator 0 0 47.0 47.0
(a) Background radiation

(b)

(©)

(d)

Background radiation was measured in a town 11 km from the facility, thus ensuring a
conservative dose estimate. The dose rate measurements were integrated values, each
obtained over a period of 60 s. In each instance the detector was held at a level
approximately equal to that of a person sitting in a car. The mean background dose rate
was 0.218 uSv/h, with a standard deviation of 0.07 uSv’/h.

At arail crossing

The speed of the train, and corresponding dose, was difficult to determine, as it tends to
be stop—start. A range of doses for various speeds was calculated and the results, taking
cognizance of the above, are given in Table IV.

House near a railway line

The results are shown in Table V.

Person sitting against a silo

Seven dose rate measurements were taken on a filled silo in Phalaborwa. Silos are
typically constructed from concrete. The measurements were taken on contact at various
heights with the majority of the measurements taken on top of the silo where the concrete
is least thick. Each measurement was integrated over a period of 1 min. The average
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value was 0.20 puSv/h. Since the background is 0.22 £+ 0.07 puSv/h, it was concluded that
public exposure from a silo is negligible.

(e) Discharge facility operations

Public exposure was calculated using generic models given as guidance by the IAEA [§].
However, these values have not been confirmed by actual measurement and the
methodology is not included in this report. A summary of the calculated values is
presented in the Table VI. For future assessments, attention would need to be given to the
identification of a monitoring location to represent the critical group, the discharge rate
(in Bg/s) of the source, and the assessment of incidents.

TABLE IV. DOSE RECEIVED BY A MEMBER OF THE PUBLIC AT A RAIL

CROSSING

Train speed (km/h) Annual effective dose (uSv)
1 0.11
5 0.02
10 0.01
20 0.006
50 0.002

TABLE V. DOSE RECEIVED BY A MEMBER OF THE PUBLIC LIVING IN A HOUSE
CLOSE TO THE RAILWAY LINE

Train speed (km/h) Annual effective dose (uSv)
1 77.6
5 15.5
10 7.8
20 3.9
50 1.6

TABLE VI. SUMMARY OF ESTIMATED ANNUAL DOSES RECEIVED BY MEMBERS
OF THE PUBLIC FROM THE DISCHARGE FACILITY OPERATIONS

Age group (a) Annual effective dose (uSv/a)
0-2 0.695
2-17 0.749
7-12 0.888
12-17 1