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Radiological Consequences of Drilling Intrusion into a Deep
Repository for High Level Waste

Summary

This report provides estimates of maximum annual individual doses to
personnel for a given set of scenarios associated with intrusion by drilling
into a deep repository for high level waste (HLW) and recovery to the sur-
face of contaminated material. Assumptions for the HLW disposal system
have been based on the Swedish KBS-3 concept. Geological and engineer-
ing judgment has been used to formulate the manner of this intrusion and
the parameters which would determine the resulting doses to field workers
and to others who might be involved subsequently in procedures carried
out in a geotechnical laboratory. The probability of such doses arising is
discussed qualitatively, along with other implications for long term safety
of deep drilling near to the repository. The assumptions for the study have
been chosen so that conclusions are relevant to any deep hard rock reposi-
tory in Sweden. The calculations methods have been presented, so that if
alternative assumptions are adopted then the effect on dose consequences
can be determined, eg for a different radionuclide inventory.

Calculations have been performed to quantify the magnitudes of doses
resulting from drilling into the HLW spent fuel matrix, the bentonite buffer
and the adjacent rock. Intrusion into the spent fuel has been evaluated
as a function of time after disposal, whereas in the latter two cases, it is
assumed that a waste canister has failed on disposal, and drilling takes
place at times resulting in the highest doses, ie just as the bentonite and
rock have become most significantly contaminated by the prompt release
from the failed canister.

Doses have been calculated on the basis of the potential for external irradi-
ation, inhalation of suspended contamination, and inadvertant ingestion
of small amounts of contaminated material. Two sets of circumstances
have been considered, exposures arising from routine examination, and
exposures arising assuming that the unusual appearance of extracted ma-
terial prompts closer examination in a laboratory. Poses from the latter
arc assumed to bé higher, but the assumptions for both sets of circum-
stances are pessimistic, and the corresponding range of results presented
is regarded as representative of the range of maximum ?nnual individual
doses which might arise.

The results show that intrusion doses into spent fuel within a few decade?
of disposal could be very high, in the range about 10 to 100 Sv. At this
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stage all three exposure pathways make a significant contribution to the
total dose. Beyond about 100 y, as 13<Cs decays away, the contribution
from external irradiation falls off sharply- However the doses from inges-
tion and inhalation have only fallen by about a factor of 5 after 103 y. and
the total dose is still in the range from about 2 to 25 Sv. Thus institutional
controls on drilling, effective for perhaps a few hundred years, limit the
possibility of the very highest doses occurring, but large doses might still
occur even beyond such a control period. Acute whole body doses above
0.5 Sv could give rise to non-stochastic effects, but the relevant predicted
doses here are the committed doses following intakes into the body, and
are delivered over a very protracted period. The relevant radionuclides are
the long lived alpha emitters such as 239Pu. The most pessimistic chemical
forms have been assumed in relation to adopted values for dose per unit
intake. It is also relevant that the International Commission on Radiolog-
ical Protection is currently reviewing both the definition ot effective dose,
and dosimetric models for intake via inhalation.

While the above predicted doses are very significant, they are also ex-
tremely unlikely to occur. The chances that a borehole would intersect
spent fuel are very low indeed. Other aspects of drilling may well present
greater risks to the workers concerned. Drilling into other relevant parts
of the geosphere, eg backfill or adjacent rock is more likely. However the
predicted doses in these cases are very much lower, less than 10 //Sv, and
are themselves conditional upon early failure of a canister.

Apart from the direct consequences of intrusion discussed above, drilling
might influence safety in other ways. Thus, a borehole might modify the
groundwater flow system around the waste, and provide a direct perme-
able flow path to the near surface; it might result in the introduction
of drilling fluids which modify groundwater chemisty; it might result in
the early failure of a fuel canister, leading to earlier release to ground-
water; or, in the extreme, some combination of all three. On the other
hand, the probability of drilling :ntrusion might be further reduced by the
development of techniques to give the repository a remotely detectable
"signature", which would not be observed or attract interest generally,
but which would be very obvious to anyone planning to use deep drilling
technology. Such techniques might be based on seismic, electromagnetic
or other detection methods.
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1 Introduction

Until comparatively recently the approach to the performance assessment
of proposed radioactive waste repositories has centred around the evalua-
tion of radionuclide release to groundwater and its subsequent migration
to the biosphere. However, the potential significance of human intrusion
is increasingly becoming clear, and in the range of assessments of different
disposal situations it is recognised as being of comparative or even greater
importance than the more commonly studied groundwater pathways [1].
Human intrusion in this context can be defined as "any human activity
which results in significant damage to the natural or man-made barriers of
a waste repository or otherwise impairs the containment offered by these
barriers"" [2]. Hypothetical scenarios for such intrusion are usually based
upon the premise that knowledge of the existence of the repository at
its particular location has been lost. It is assumed that the subsequent
intrusion, therefore, is inadvertent.

The range of scenarios which can be envisaged for human intrusion into
any specific concept of repository is wide and varied, reflecting to a large
extent the unpredictable nature of human behaviour, now and in the future
[3]. An analysis of the features, events and processes which are relevant
in this context suggests that it is not necessary to consider every possible
intrusion mechanism. However, assessments should be based on a reason-
ably representative set of scenarios [4]. One such scenario is the drilling
of a deep hole into the geological region of the repository.

The objective of this report is to study the radiological consequences on
drilling and associated personnel were they at some point in the future to
inadvertently intrude into, or near to, a high level waste (HLW) reposi-
tory located in a deep geological formation in Sweden. Only direct effects
on the intruders have been considered, arising from their proximity to ra-
dioactive material brought to the surface. The impact of wider dispersion
of this material and the indirect influences of drilling on the subsequent
performance of the repository as an isolation system, eg on the groundwa-
ter flow, have not been evaluated, although qualitative consideration has
been given to these issues. The repository system chosen for study is the
SKB concept of the final storage facility for spent fuel, KBS-3 [5-8].

In this report the maximum annual individual doses' which drilling per-
sonnel might receive following intrusion are presented. Engineering judg-

1 Unless otherwise indicated, the word 'dose' is used in this report, to mean the
effective dose equivalent and is the sum of the weighted committed dose equivalents in
specific organs from the intake of activity into the body in a year, plus the sum of the
weighted dose equivalents from external irradiation in that year.



nients on the likely methods of exploratory drilling that would be em-
ployed in deop geologies have been used to determine the situations in
which drilling personnel and associated workers could become exposed to
radioactive material and the magnitude of such exposure. Care has been
taken to make such assumptions as defensible as possible given the con-
siderable uncertainty which must exist as to the likely procedures which
might be adopted during such drilling in the future. The probability that
such events take place should be taken into account in judging the overall
radiological safety of the facility [9] and though such probability estima-
tion is bevond the scope of this study, qualitative discussion is provided.

Assessment Level Description of KBS-3
Repository

No definite site has yet been selected for the Swedish IILAY repository.
Four potential locations were addressed in the KBS-3 study, all based on
hard crystalline rock [5]. Generation of data pertaining to the inventory
of spent fuel, the proposed design of the canisters in which this fuel will
be contained prior to ultimate disposal, and the nature of the backfill
material to be employed are. however, at a relatively advanced stage .
Thus, although the assessments made here are not strictly site specific,
the results are considered to be relevant to any crystalline rock in Sweden.

The proposed repository is assumed to be located between 400 in and 1000
in deep. The rock which surrounds the final repository is assumed to be
of low permeability such that the groundwater flow in it is very low. The
frequency at which fracture zones occur in the rock at the final disposal
site should be sufficiently low as to ensure that the radionuclides which do
eventually escape from the repository are mostly retarded within it and
undergo further substantial radioactive decay [5] before being transported
to the biosphere.

The basic repository design entails enclosing the spent fuel in impervi-
ous and durable canisters, which are deposited in boreholes drilled in the
bottom of rock tunnels constructed at great depth. The canisters are sur-
rounded in the deposition holes with a buffer material, and finally the
entire tunnel system is backfilled. The calculations in the KBS-3 assess-
ment were based upon a spent fuel equivalent of 6000 tonnes of uranium.
4550 tonnes from BWRs and 1450 tonnes from PWRs [5], contained in
about 4100 high integrity canisters.

This assumed an operating period of 25 years for each reactor. In addi-
tion to the spent fuel itself, the KBS-3 repository was also conceived as
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facilitating the disposal of about 25000 fuel boxes and 204 boron glass rod
bundles [5]. These metal components, although highly radioactive, are
nonetheless not classified as high level waste as they are not substantially
heat-generating, and as such are only mentioned in passing in this report.
These latter components are assumed to be buried at about 300 m, one
kilometre from the main repository, in such a way as the concrete canisters
in which the waste would be located and the shotcrete backfill would not
affect the chemical conditions in the main repository area.

Owing to the nature of the hypothetical drilling intrusions considered
in this report (described in Section 3), the calculations presented have
been performed with reference to a single canister of high level waste.
The specification of such a canister, together with the as: jciated backfill,
comprises the assessment-level description of the KBS-3 facility and is the
concern of the remainder of this section.

Figure la shows the dimensions of the reference spent fuel canister, to-
gether with its associated backfill. Figure lb shows the same canister and
backfill as it has been assumed for the purposes of modelling radiologi-
cal consequences of human intrusion. As reference [5] makes clear, the
deposition tunnel from which the canisters are assumed to be emplaced.
and which is also backfilled with a mixture of sand and bentonite. forms
part of each canister's backfill. For the purposes of this study, however,
which is concerned with cautious estimates of doses, this detail of con-
struction has not been considered further beyond the engineering aspects
of encountering such a structure at depth during drilling. (Sec Section 3.)

It is assumed that the spent fuel associated originally with 1.4 tonnes of
uranium is contained within each canister, which is composed of copper.
10 cm in thickness. Two designs of canister are under consideration [7].
In the first, in which the fuel rods are surrounded with molten lead, the
lid is welded into place. In the second, the spent fuel is surrounded by
tightly packed copper powder, and the lid is sealed by hot isostatic pressing
following complete evacuation of remaining gas from the canister. Apart
from these different construction methods and overall weights (brought
about by the different densities of copper and lead) the two canisters
can be treated identically in this assessment as they contain the same
quantities of spent fuel.

In *.!.e safety calculations performed for the KBS-3 repository [5-8] it was
assumed that all the fuel derives from PWRs with a burnup of 38000
MWd per tU. The specific radionuclide inventory of this spent fuel, 40
years after discharge from the reactor, is given in Table 1. 40 y is given
to be the time before disposal [5].
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The cylindrical copper canisters are surrounded by compacted MX-80
sodium bentonite. of density 2.0-2.1 t m~3 [7]. For assessment purposes,
it is assumed that 0.38 m bentonite surrounds each canister [Sj. Diffu-
sion coefficients for important radionuclides were taken from Table 13-1
of reference [7]. (See Table 1.)

Aspects of Deep Drilling Relevant to Poten-
tial Radiation Exposure of Personnel

Background to Drilling Intrusion

In order to make informed assumptions relevant to the calcul?*ion of radi-
ation doses which drilling personnel could receive were the KBS-3 repos-
itory to be encountered, it is necessary to take account of exploratory
drilling practices that would currently be employed in these geologic. It
is likely that in the future engineering improvements to the drilling op-
eration and the installation of, for example in situ bit monitoring, would
make the probability of inadvertent intrusion into a high level waste repos-
itory vanishing!}" small, (see for example reference [10]). Such technical
improvements have not been assumed in these calculations.

Drilling operations in crystalline rock could take place for the following

reasons:

(i) Mineral exploration

(ii) Water supplies

(iii) Gcothcrmal power

(iv) Future waste disposal purposes

(v) Underground storage of oil etc

(vi) General scientific research.

At depth? uf 500 m in crystalline rock it is highly improbable that any
borehole would be sunk for potable water, because water at such depths
would probably be saline [11]. Exploitation of geothermal resources is
practised at a few sites in Sweden [12] but is highly unlikely to be prac-
ticable at the site of an HLW repository given the siting criteria under
consideration [9]. Point (v) similarly is dismissed on depth considerations
as oil storagr does not require confinement pressures in excess of those
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found at a few lens of metres in crystalline rock. The remaining possible
reasons for drilling at such depths at the site of the repository comprise
mineral exploration, geological research and the possible use of the base-
ment rocks for toxic or radioactive waste disposal. It should be noted that
the likelihood of any minera' deposit existing clo^c to a repository should
be remote, since adoption of the current draft Swedish siting guidelines
[9] would strongly discourage the establishment of a waste repository in
a region where exploitable minerals are situated or could reasonably be
expected from a general geological perspective.

it is of course very difficult to judge which minerals in the future would
be judged to be exploitable on an economic basis. The rapidly chang-
ing fortunes of the oil and uranium exploration and extraction industries
serve as good examples of this. Given this proviso, it is not possible to
completely write out future exploration activities in such crystalline rocks,
even though it is equally true to say that they are unlikely from the present
perspective.

In the discussion of drilling practices outlined below it is assumed that the
object of the activities is to prospect for mineral resources. The concept ual
model for intrusion discussed is non specific, however, and intended to be
representative of drilling for all the purposes mentioned above.

Mineral prospecting in crystalline rock could take place by way of vertical
or inclined boreholes, although owing to the fact that many mineralised
zones in these types of rocks are at relatively high angles, angler! boreholes
would be better suited to estimate the recoverable reserves. Vertical bore-
holes could be open or cored. The former are cheaper and can proceed at
a faster rate, but the latter have the advantage of producing more infor-
mation on intermediate strata. Normally all boreholes would be cored at
the depth of interest to the drilling teams. It is not clear whether at the
repository depth the borehole would be open or cored. Water or air flush
techniques can be u*cd to return the fines to the surface, although the
former are more common with cored boreholes. A proportion of the ma
terial brought up by air flush drilling would be expected to be respirable,
although the returns from water flush drilling, being a very wet slurry,
would not pose an immediate inhalation problem.

The returns from the coring process would probably be subject to a su-
perficial examination by a geologist, if present, who may request th?t an
unusual core be subjected to further analysis in a geological laboratory.
If no geologist is present, cores may simply be removed from the corer
and either logged or discarded. During detailed core logging the operators
could he within 10 cm and 2-5 m of the sample for about 30 minutes,
depending on the interest in the particular core. Unusual cores may invite

5



in situ sampling using, for example, a hammer and cold chisel or a saw.
During these processes further airborne material, some of which could be
respirable, would be produced, although the affected area would be very
localised. It is reasonable to assume, in addition, that in the course of core
examination, contamination of eouipment, clothing and skin could occur.
As HLW is of sufficient specific < tivity to be heat generating for several
hundred years after disposal, samples of it brought to the surface could
be noticeably hot and would arouse interest even if it were not unusual
in appearance. It is not easy to foresee in such circumstances, whether
such a property (which would be measurable to a lesser extent in backfill
or even the nearby rock were they to be extracted quickly enough) would
lead to an increase or a decrease in the anticipated radiation exposures to
the drilling personnel.

Subsequent to the discovery of one or more unusual cores, material may
be sent to a laboratory for further analysis. The core could be slabbed
by cutting down the centre and subjected to numerous physical, chemical
and possibly radiological measurements. During these operations, as at
the drilling site, exposure to the sample could occur by inhalation of re-
suspended material (eg from cutting operations) and from general surface
contamination which as at the borehole, could conceivably be ingested,
albeit inadvertently. Direct exposure to the sample can be expected to
occur to a greater extent than at the borehole site itself, although the
more refined laboratory analytical techniques are not likely to result in
a corresponding increase in intakes via inhalation and ingestion. These
aspects are discussed further in Section 4.

The remainder of the present section addresses engineering aspects of drill
bit penetration of the waste canisters, bentonite backfill and adjoining
geosphere. Where possible, judgement as to current drilling practices have
been used to parameterise the simple dosimetric models that will be used
to quantify radiation doses to the people concerned.

3.2 Intrusion into a Waste Canister

According to the KBS-3 design, (Figure la) the individual waste canisters
will reside in deposition holes backfilled with compacted bentonite. Above
these is a disposal gallery, which on completion will be filled with a mixture
of sand and bentonite.

It is difficult to conceive how, either by open drilling or coring using a ver-
tical borehole, the drilling teams could be unaware, after drilling through
crystalline rock, of penetrating 8 m of relatively soft material. Even if in
the unlikely event this were to happen, the returning fines (in the case of
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open drilling) and cores would alert the teams that an unexpected feature
had been encountered. Drilling could continue in the face of engineering
difficulties for reasons of curiosity or owing to the great expense of having
to abandon the borehole, and in these cases penetration of the canister
would occur. The progress of the drilling bit through the backfill would be
a major factor in determining whether subsequent intrusion into a canister
would occur. Most types of drilling equipment employed for crystalline
geologies (percussion drills) may encounter difficulties in penetrating a
prolonged depth of plastic clay but would encounter far fewer problems in
penetrating the canister and its contents.

An inclined borehole, would need to penetrate much less backfill (of the
order of 0.3 - 0.4 m) before entering the canister and this could therefore
be completely undetected. Given the practice of employing corers of up to
3 m in length, the penetration of a canister of high level waste could occur
without any prior return of unusual material to the surface. Given these
observations, the penetration of a waste canister by an inclined borehole is
considered much more likely than by a vertical one. Such a borehole would
be of small diameter and would most probably be water flushed. For the
purposes of the radiological assessment, the active part of the extracted
cores ib assumed to be 1 metre long. Note that uncertainty exists as to
the diameter of a drill core that would be used in crystalline rock. In part
this is deteimined by the depth of drilling. Diameters of corers of about
4 cm are commonly used [6], although circumstances may dictate using
corers up to 8 cm in diameter. The latter value is used as an upper bound
in this assessment. If a whole core were not extracted, a similar amount
of active material is assumed to be brought to the surface in fines.

3.3 Intrusion into Bentonite Backfill

Drilling into bentonite would only be of significance to the drilling team
were they to intrude into the backfill of a failed canister. In such a case the
bentonite could be substantially contaminated by numerous radionuclides
from the spent fuel.

Much of what has been written above is also applicable to this case. If
only a small thickness of soft backfill were intersected it may be unnoticed
and the drilling would continue into the hard rock beyond. Depending on
the time of intrusion, local geological circumstances and the engineering
details, the returning cores could be noticeably warmer than the surround-
ing rock, which would stimulate a closer inspection. The use of a water
flush, however, could mask this phenomenon.



3.4 Intrusion into Adjacent Rock

Radionuclides from a failed canister would in time be transported through
the canister backfill and into the surrounding rock. Substantial subsequent
advection and diffusion would only be expected to take place in a fracture
zone, the low frequency of which is a requirement of the disposal site itself
[9]. Notwithstanding, were a borehole to intersect such a zone near to
a failed canister, substantial quantities of radionuclides could be present
in a core or in the returning fines. In this case, very little other than
its radioactivity and slightly elevated temperature would distinguish the
material from the expected; normal analysis and logging procedures would
probably continue. As in the previous two cases the active extracted cores
are assumed to be 1 metre in length and 8 cm in diameter.

Models of Radiation Exposure

In the previous section the engineering aspects of exploratory drilling were
discussed in the context of likely working responses to encountering the
canisters and the backfill of the KBS- 3 repository. It is clear that in the
course of examining radioactive material brought to the surface, especially
unusual looking material, radiation doses to drilling personnel may result
from external irradiation from gamma-emitting radionuclides, and from
intakes of material via ingestion and inhalation. There is considerable
uncertainty as to the potential for personnel exposure, in terms of the
degree to which the returning material would be noticeably unusual, the
occupancy of the drilling anJ laboratory staff, and the extent to which
the excavated material would be respirable. The assumptions made here
as to these types of exposure are meant to produce estimates of doses
representative of the largest which could be reasonably expected given
current practices of drilling and subsequent investigation. The models
described below were taken largely from reference [13].

It is assumed that the material brought to the surface is uniform in nature,
consisting of 70% by wt fuel and 30% by wt lead or copper filler. Given a
core length of h(m) and a borehole radius of r(m), the quantity of waste
corresponds to a volume V (m3),

V = nr2h.

It is suggested that a range of possible doses can be delimited according
to whether the material brought to the surface is examined routinely,
in the case that its appearance fails to generate any special interest, or
whether, by virtue of its atypical appearance, a closer inspection would be

8
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called for. One study [14] has suggested that the discovery of an "unusual
formation" would result in a more extensive examination than is possible
at the drill head; a sample core may be taken with subsequent processing
and laboratory analysis. These two alternatives, routine examination and
closer inspection, provide the basis for upper and lower estimates of doses.
Note, however, that this range is intended to characterise the highest levels
of dose which might occur.

4.*. External Irradiation

As was mentioned above, given the general uncertainty about exposure
conditions, it is necessary to make cautious assumptions. Factors which
govern the levels of dose likely to be received by personnel comprise the
geometry and distribution of activity in the sample, the distance from
the source and the exposure time. However, detailed assumptions for the
geometry of exposure are not considered worthwhile since they would be
entirely arbitrary and do not significantly affect the results. A simple
exposure model has therefore been applied. Using the formula given in
reference [15] for the absorbed dose rate experienced at 1 m from a point
source, the

dose rate (Gy h"1) = 1.4 10"13 SEV

where S = average activity concentration of a radionuclide
in the sample (Bq m~3)

E = mean gamma energy per disintegration (MeV) [16]
V = volume of sample (m3)

The formula is more strictly correct for 1 MeV photons, but is reasonably
accurate between 0.1 and 2 MeV. Only photon energies greater than 50
keV have been assumed to contribute to E. The conversion from absorbed
dose to effective dose equivalent is energy dependent, but above 0.1 MeV
the modifying factor is between 0.7 and 1. For the present calculations
a factor of 1 has been used. No self-shielding effect has been taken into
account. For the higher energy emissions the effect would be small even
for core material; for irradiation from fines or sectioned core the self-
shielding would be more generally small. The contribution to dose from
beta radiation and bremsstrahling has been ignored, as being likely to
be small compared with contributions from the gammas. This would not
necessarily be the case if skin or extremity doses were considered to be of
interest.



For routine examination the parameter values adopted are based on the
values discussed in the previous section. These are r = 0.04, h = 1, and d
= 1 so that from exposure time of 1 hour the external dose, Derf (Sv), is
given by:

Dert (routine examination) = 7.0 10"16 SE

Closer inspection could involve exposure over prolonged periods, and more
direct handling or close viewing. Exposure in these situations would not
necessarily be uniform across the whole body. However, extremity dose
limits are not discussed in reference [9]. For simplicity, it is assumed that
the examination procedures result in the equivalent exposure for 50 hours
at 1 m. Hence:

Dex, (closer inspection) = 3.5 10~14 SE

It should be emphasised that it is not suggested that working practices
would necessarily involve these distances and times. Rather it is envisaged
that much of the examination would take place at distances considerably
less than 1 m and involve quite short exposure times (and the reverse). It
is proposed that the parameter set given here and elsewhere in Section 4
give rise to estimated doses which are not likely to be exceeded in practice.

4.2 Inadvertent Ingestion

During the drilling operation it is possible that small quantities of ex-
tracted material could be taken into the body. For example, material
present on the hands may not be immediately apparent and washing prior
to eating may not take place. It is difficult to envisage a situation whereby
more than a fraction of a gram of material would be ingested in either
routine examination, or during closer inspection, where the amount would
depend on the laboratory practice of the examiner. The value adopted
for routine examination is 25 mg, consistent with several research studies
[17,18,19] which have considered this problem. Given that the repository-
derived material has a density of about 2.5 t m~3, the dose from inadver-
tent ingestion from routine examination amounts to

Ding (routine examination) = 10~8 I,nj S

where ling = dose per unit intake ( Sv Bq"1) by ingestion [20].

Assuming typical laboratory practice, it is unlikely that a substantially
larger amount would be ingested during closer inspection of the material.

Thus:
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Ding (closer inspection) = 4 10 8 Im9 S

The values of committed effective dose equivalents per unit activity in-
gested (or inhaled) for each radionuclide were taken from reference [20].
These data were produced using the latest metabolic data recommended
by the ICRP [21]. The chemical forms of the radionuclides considered
correspond with those giving rise to the largest doses.

4.3 Inhalation of Airborne Material

Similar uncertainties arise concerning the intake of material by inhala-
tion by drilling personnel and laboratory staff. As was discussed briefly
above, the physical form of the waste and the method used to extract
the debris formed by the drilling process would strongly influence the
potential for suspension of material and the respirability of this were it
to become airborne. Wet material may have to dry out before it could
become suspended. It is assumed here that the specific activity of the
respirable fraction of the generated aerosol is equal to that in the bulk
material brought to the surface, and it is noted that the inhalation rate
for an adult is about 1 m3 h"1 [13] and that 5 mg m~3 air dust loading
is the UK threshold limit value associated with nuisance [22]. For rou-
tine examination it conservatively assumed that there is exposure to 5 mg
m~3 of dust derived from the sample material for 0.1 h. It should be em-
phasised that estimates of dust levels of this order are extremely cautious
and that according to the procedures adopted by the drilling operators
the active dust levels could be orders of magnitude below this level. As
a means of comparison it should be noted that airborne particulate levels
characteristic of rural areas are about 0.1 mg m~3 [23]. It is of course
possible that even higher air concentrations would be generated than the
threshold limit value, but it is also correspondingly relevant to note that
such concentrations would be more localised, would tend to have a higher
proportion of heavier, non-respirable particles, and also be of shorter du-
ration. Assuming that the excavated material has the same density as in
the previous case, 2.5 t m~3, the dose from inhalation is given by

Dtnfl (routine examination) = 2 1O~10 link, S

where l^ = dose per unit intake (Sv Bq"1) by inhalation [20].

Again pessimistic chemical forms have been assumed in relation to dose
per unit intake. It is envisaged that closer inspection, eg sectioning or
grinding the sample, would substantially increase this. If it is assumed
that a machine operator is exposed to radioactivity in dust in the air at
a dust concentration equal to the threshold limit value for dust nuisance

11



5.1

for 30 minutes, the inhaled mass would be 2.5 mg and if the same person
is also subsequently exposed to one tenth of this concentration for 8 hours
the total mass inhaled would be 7 mg. Further laboratory procedures are
unlikely to increase this total significantly. Hence

Dink (closer inspection) = 3 10~9 Iin* S

Finally, it should be re-emphasised that the above models of radiation ex-
posure are cautious and are relevant to procedures which would be carried
out prior to the discovery of the radioactive nature of the material brought
to the surface. Once this nature of the material is realised the potential
for further radiation exposure would be very much reduced.

Drilling Scenarios

In order to take into account the many direct consequences of exploratory
drilling on the KBS-3 facility, a representative set of scenarios has been
formulated, based on intrusion into the waste canisters themselves, the
bentonite backfill, and contaminated geosphere near to the repository. A
schematic illustration of the three drilling scenarios is given in Figure 2.
Administrative controls would most likely be employed to prevent early
exploratory drilling into a facility like KBS-3 [8]. There is much inter-
national discussion at present on the practicability and efficacy of such
controls in the context of radioactive waste disposal, and control periods
of up to several hundred years are under consideration [24,25,26].

Intrusion into Waste Canister

As was discussed in Section 3, it is difficult to envisage a sequence of
events whereby the drilling personnel would drill vertically through over-
lying backfill into the copper canister containing the spent fuel and bring
the thermally hot material to the surface without it being noticed that
something very unusual had happened to the drill/corer. A non-vertical
borehole would encounter fewer problems in this respect. However this
operation would remove less of the canister contents.

For the purposes of this assessment the quantity of material brought to
the surface is as specified in Section 4. In order to take into account
the formation of radioactive daughter nuclides and to assess the time-
dependency of the radiotoxicity of the waste the calculation is carried out
for a number of times from 50 years up to 10000 years after emplacement.
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5.2 Intrusion into Backfill

The intrusion of a drill into the backfill material and its transport to the
surface also presents many operational problems, as discussed in Section
3. Doses from drilling into the bentonite backfill of a canister have been
calculated assuming pessimistically that is has failed in its containment of
the spent fuel very soon after emplacement. Under normal circumstances,
which would be largely ensured by the strict quality assurance programme
[7], the canister could confidently be expected to provide complete radionu-
clide containment for 105 years at the very least, and more probably well
in excess of 106 years [7] , at which time a large fraction of the initial
canister inventory would have decayed.

The doses from intrusion into the bentonite buffer within the first few hun-
dred years would be limited owing to the finite rate at which radionuclides
would escape from even uncontained fuel and the finite rate of transport
of radionuclides in the buffer itself.

A brief examination of relevant literature [27,28] indicates that the frac-
tions of the spent fuel radionuclide inventories which would be expected
to be released over a fairly short timescale (less than several hundred
years) are caesium, iodine and technetium (10%), carbon (25%), hydrogen
(40%) and strontium (0.3%) [27]. These correspond to the gap and grain
boundary radionuclide inventories in the fuel; the remaining radionuclide
fractions comprise the matrix inventories.

Table 1 reveals that radionuclides corresponding to the above elements
have characteristic diffusion coefficients in bentonite which are higher than
the average (as one would expect from the fuel release behaviour), and that
at 500 years after canister failure, on the basis of Fickian diffusion [29],
all of these radionuclides would be substantially distributed within the
bentonite. Furthermore, it is conservatively assumed that the more mobile
radionuclides (eg 3H and "Tc) which will travel through the bentonite
at a significantly more rapid rate than the majority of those considered,
are confined within the backfill up to this time and do not diffuse into
the surrounding rock within this time. All inventories are corrected for
radioactive decay.

For the purposes of this study, therefore, it is assumed that at 500 years
the release fractions of the radionuclides 135Cs, 137Cs, 1 2 91, "Tc, ^Sr, HC
and 3H are uniformly distributed throughout the bentonite and that in-
trusion takes place at this time. As was mentioned above, it is recognised
that intrusion could take place before this time, but that in these cases
the majority of the considered radionuclides would not have become sub-
stantially dispersed throughout the bentonite.
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5.3 Intrusion into Fracture Zone near Canister

As discussed previously in Section 3, the probability of an exploratory
borehole encountering a waste canister or the associated backfill is very
low indeed. Intrusion into the rock adjoining such a facility, although of
low probability, is obviously much more likely because of the larger area
presented. Consideration is given here to the doses from such an event in
order to give a broader perspective to these calculated above. It has been
assumed here, as in the case of intrusion into the backfill, that a canister
fails soon after emplacement.

The rock into which the KBS-3 repository would be situated would have
a very low fracture frequency, and also be of low permeability, to restrict
groundwater flow to a minimum. The expected nuclide transport in the
geosphere is discussed in reference [8] where, for the purposes of the KBS-
3 assessment, the repository was assumed to be located at 100 m from a
major fracture zone. The latter intercepts groundwater and transports it
directly to the overlying biosphere. This situation is illustrated in Figure
3 where, in addition, in the present assessment, a more minor horizontal
fracture zone is assumed to run from the region of the HLW canister to the
vertical fracture. This fracture zone is assumed conservatively to be 1 m
in thickness (equal to the length of active drill core). As was made clear in
Section 3.3, substantial advection and diffusion in rock over the timescales
of concern in this assessment would only take place in such a zone of
low confinement properties. Again, these fractures would have to be of
low frequency to make the disposal region acceptable [9]. Because of the
limited interaction possible between the radionuclides in the groundwater
and the exposed surfaces of the rock in these two fractu ? systems, no
sorption in the geosphere has been assumed in this assessment.

On the assumption that the bentonite is more sorbing than the material
in this minor fracture, the consequences of intruding into rock near to
a failed canister would be bounded by the results of the calculations in
Section 5.2. However, there could be a higher chance of intrusion into the
less contaminated rock (as described in this case) as this presents a larger
surface area for drilling.

A characteristic groundwater flux of 0.11 m~2 y"1 [8] has been employed in
these calculations, together with the assumption that radionuclides leach
from the contaminated bentonite gradually over 500 years, beginning at
500 years from initial canister failure. Both the commencement and du-
ration of this source term are thorefore consistent with the previous case
(see Section 5.2). In this way the doses calculated can be compared with
those estimated for intrusion into the bentonite.
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The porosity of the geosphere (the minor fracture zone in Figure 3) em-
ployed in these calculations is taken as 10~*V This value, taken from
reference [7] was used in the KBS-3 assessment to be representative of the
bulk geosphere and is therefore toward the low end of the range of possi-
ble values in this context. The justification for its use rests firstly.upon
the general inverse relationship between porosity and the bulk velocity of
groundwater in a region of the geosphere, and secondly with the require-
ment not to limit unnecessarily the available surface area of contaminated
geosphere into which intrusion can take place. The available region is as-
sumed to be situated between the canister and the vertical fracture zone
(where upon groundwater would be transported upward) and be of width
1.56 m (the diameter of the HLW canister plus bentonite) and height 1
m (the depth of the drill corer). Thus no allowance is made for lateral
dispersion.

It can be seen that were the porosity of the horizontal fracture to be
higher than \0~* the resulting samples extracted in the drilling process
from the area between the canister and the vertical fracture would be
correspondingly more contaminated (on the basis of no sorption in the rock
itself), but that the probability of interception would be correspondingly
lower (due to the lower bulk transport velocity of groundwater), giving
rise to roughly the same expectation of dose.

Intrusion into the contaminated geosphere is assumed to take place at 100
years from the start of the release into the geosphere. At this time the
contaminated groundwater would just have reached the vertical fracture
given the above assumptions.

5.4 Unit Specific Activity Calculations

To enable the numerical results of this study to be applied to different
radionuclide inventories and release assumptions, and at different times of
interest from those considered here, the impacts of intruding into waste
or backfill containing unit activity in unit volume (1 GBq rn~3) of each
considered radionuclide (Table 1) have been calculated.

6 Doses to Drilling Team Members and
Laboratory Personnel

In this section results for doses from routine and closer examination of
extracted drill cores are presented and discussed. The radiological end-
point selected at the outset, namely the annual effective dose equivalent
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as defined on page 1, is the quantity recommended by ICRP [30] as the
most suitable for assessing the radiological effects of a given exposure, and
is the most common endpoint in radiological assessment of waste disposal.
This measure, however, is more precisely pertinent to relatively low doses
and low dose rates where the main concern is for fatal cancers and genetic
abnormalities in the succeeding two generations. In the following tables
of results, some doses greatly in excess of the non-stochastic threshold of
about 0.5 Sv [31] arise. In these cases it can be argued that a measure of
the dose equivalents delivered to the most radiologicaliy sensitive organs
over a short period of time would serve as a more meaningful measure
of acute radiological harm rather than the annual doses calculated here.
However, it is reasonable for this study to note that non-stochastic effects
are possible for doses above 0.5 Sv, depending on the type and duration
of exposure concerned. More detailed consideration of individual organ
dosimetry would be worthwhile once ICRP have finalised their proposed
definition of "effectance" [32] and in the light of possible revision of their
recommended metabolic model for inhalation [33].

Doses below 10~12 Sv are reported as zero. The tables give the individual
radionuclide results where these contribute more than about 1% to the
total for each exposure pathway at any time. The radionuclide order is
simply that of increasing atomic weight.

6.1 Results for Intrusion into Waste Canister

Tables 2-4 display the estimated maximum annual individual doses from
routine examination. It is assumed for the purposes of examining the
likely impact of inhaling airborne material that an air flush is employed.
In reality, if the drilling operation at the time of intrusion involved coring,
as discussed earlier, a water flush would probably be used. This would
lead to negligible immediate airborne contamination.

The different rates at which the total doses given in the three tables de-
crease with time are due to the degrees to which different contributing
radionuclides present external and internal (inhalation and ingestion) ra-
diation exposure hazards. Figure 4 summarises these data graphically.

In Table 2, which tabulates external exposures from examining extracted
cores, it can be seen that 137Cs dominates the impact over the first two
hundred years or so. At later times, firstly M1Am, and then 126Sn and
243Am (by way of its short-lived daughter 239Np) contribute the greatest
fractions to the overall dose. The impact at several hundred years is of
the order of several mSv, falling to one fifth of this value at 10000 years.
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The doses tabulated in Tables 3 and 4, which arise from the intake of
radionuclides, are seen to be much higher than those from external expo-
sure, and fall off with time much more slowly. This is due to the greater
proportion of the totals which arise from long lived actinides. At 500 years
the doses from inadvertent ingestion and inhalation of resuspended mate-
rial are, respectively, 1.4 Sv and 3.3 Sv. 24IAm and 239Pu are the most
significant radionuclides in both cases. Owing to the fact that these ra-
dionuclides deliver their committed doses over an extended period [34], it
is doubtful that even the higher doses given here would lead to detectable
non-stochastic effects.

Tables 5-7 display the same time-dependent doses as Tables 2-4 but refer
instead to those following closer inspection of the extracted core in a lab-
oratory. The totals for each exposure pathway are also shown in Figure
5. In these cases the doses are considerably higher than those discussed
above, with the external exposure, ingestion and inhalation doses at 500
years, being 96 mSv, 5.4 Sv and 49 Sv, respectively. It may be noted that
the doses resulting from radionuclide intakes at 50 years are only about
twice these values, while even after 1000 y the doses are still about 3 Sv
and 27 Sv. Again the doses from radionuclide intakes arise mainly from
241 Am and 239Pu and what was said in the case of routine examination
concerning the delivery in time of the doses committed on intake is also
relevant here. It is not clear whether non-stochastic affects would arise at
this level of dose.

6.2 Results for Intrusion into Backfill

Doses from drilling into the backfill of a canister which has previously
failed are displayed in Tables 8-10. In this case doses originate from the
radionuclides originally in the waste canister which have significant prompt
release fractions and which can migrate significantly into the bentonite
backfill within 500 years, at which time intrusion is assumed to take place.

It can be seen from the tables that the doses in this case are at least
several orders of magnitude lower that for the spent fuel, and that the
impact originates from different radionuclides. Both of these findings are
to be expected. The most important radionuclides for ingestion are "Tc
and 137Cs, which together give rise to about 0.3 /iSv. For inhalation "Tc
dominates with a dose of 0.06 /iSv. However the total dose, about 6 /iSv,
is dominated by external irradiation, from I3TCs. Thus although the area
presented by contaminated backfiti adjacent to a failed canister is larger
than the corresponding amount of fuel, the reduction in dose is much
greater than the increased chance of interception by a borehole.
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6.3 Results for Intrusion into Fracture Zone near Canis-
ter

6.4

Tables 11-13 show the estimated doses were drilling to occur into a region
of fractured rock fairly close to a failed canister. The predicted doses are
considerably lower than intrusion into bcntonite. There are two reasons
for this. Firstly, the radionuclides in the geosphere are distributed within
a larger volume of material. The affected geosphere illustrated in Figure
3 amounts to 156 m3 compared with the bentonite volume of under 8
m3. Secondly, the intrusion is assumed to occur at a later time (600 years
compared with 500 years), a factor relevant in the case of radionuclides of
shorter half life such as 13lCs. The realistic doses resulting from intrusion
into the contaminated geosphere can be expected to be lower than those
given in Tables 11-13 owing to the additional unquantifiable extent to
which the contaminated groundwater flow in the fracture zone would be
diluted as it travels from the canister.

When comparing the geosphere intrusion doses with those resulting from
intrusion into bentonite, the much greater probability which can be associ-
ated with drilling into the geosphere compared with the bentonite should
also be borne in mind. On the basis of surface area this amounts to
roughly two orders of magnitude. Note that the dose reduction is some-
what greater than this.

Results for Unit Specific Activity Calculations

Tables 14 and 15 give hypothetical doses to drilling personnel were they
to intrude into material contaminated at a level of 1 GBq m~3 for each
radionuclide. Doses from all radionuclides of interest have been evaluated,
both for routine examination and closer inspection, as discussed earlier.
On the unit activity basis major gamma emitters, eg I26Sn, and the alpha
emitters give rise to the largest doses.

These data enable straightforward calculations of intrusion doses for al-
ternative inventory assumptions.

Discussion and Conclusions

This report provides estimates of maximum annual individual doses from
drilling intrusion into a deep repository for HLW. Given the extreme ra-
diotoxicity of such material and its persistence in time it is not surpris-
ing that the repository would present a potential hazard to inadvertent
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intruders for a considerable period. Given the assumptions made here
regarding the circumstances of exposure, doses of the order of few Sv
can he expected for hundreds, even thousands of years into the future
(si^ Figures 4 and 5) in the extremely unlikely event that drilling results
in fuel material being carried to the surface. Assuming that intrusion is
most unlikely to occur until administrative controls (up to several hun-
dred years) have lapsed, and that in this time a considerable fraction of
the inventory of shorter lived fission products will have decayed to in-
significant levels, the r lajor hazard posed by the extracted material would
result from the unintentional intake into the body of long-lived actinides
such as M1Am and 239Pu. The committed doses predicted for such intakes
will not, it is suggested, necessarily lead to non-stochastic effects owing to
the time-distribution of the resulting organ doses.

Drilling into the bcntonite buffer and adjacent rock have also been assessed
in a similar way. Under design conditions, the HLW canister is expected
to afford complete containment for at least 10s years, but more probably
over 106 years. For the purposes of this assessment it was assumed that
a waste canister fails catastrophically shortly after emplacement and that
intrusion occurs once the radionuclides have dispersed into the bentonite
and an adjacent fracture zone. The maximum predicted individual dose
from drilling into contaminated bentonite is concluded to be in the range
from 0.1 /*Sv to 6 JISV (contributed to mainly external irradiation from
137Cs). and in the case of the geosphcre the dose is in the range from 0.7
nSv to 3 nSv (dominated by ingestion of "Tc).

The drilling rate for boreholes to 500 m and deeper in an extended area
of hard rock in the UK is estimated at 10~12 - 10~" km"2 y"1 [35]. Al-
though there must be considerable uncertainty associated with this value
it is clear that at this order of magnitude there would be a very small an-
nual probability of even a "random" borehole encountering a HLW waste
ca.iister.

Although drilling into backfill, or into the adjacent geospherc is more
likely than disturbance of fuel itself, the probability of these doses arising
is nevertheless still very small. They are contingent, firstly upon major
early failure of a canister, and secondly upon drilling into the relatively
small volume of contaminated backfill or rock associated with that failed
canister. The doses resulting from these two latter drilling scenarios arc
considerably smaller than those into the waste itself, particularly in the
case of the geosphere.

This assessment of doses from intrusion is based upon the reference KBS-3
repository [5] in an unspecified location in crystalline rock in Sweden. It
should be noted, however, that the conclusions of the assessment would
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be applicable in general to any of the hard rock study sites described in
reference [8].

It is possible that the act of bringing HLW or other radioactive material
to the surface would have wider radiological consequences than exposure
of the drilling and associated personnel. An example would be the wider
dispersion of radioactive material in the biosphere. It is highly likely that
any doses which could result to an individual would be very much lower
than the direct consequences discussed in this report, and once the nature
of the intrusion is recognised, remedial action could be instigated to reduce
the radiological impact.

It was mentioned in passing in Section 2 that in addition to storing spent
fuel, the KBS-3 facility will also contain a large number of concrete boxes
housing fuel assemblies and boron glass bundles [5]. These would reside
at a depth of only about 300 m and could therefore be subject to a higher
probability of intrusion than the deeper spent fuel repository [35]. As
such components do not constitute HLW, they have not been addressed
explicitly in this study. The impact of intrusion into one of the 25000
boxes can be estimated from the radionuclide inventory given in reference
[5] and the unit activity results given in Tables 14 and 15.

Another consequence of deep drilling intrusion which has not been ad-
dressed is the impact on the Row of groundwater in the vicinity of the
repository. The magnitude and direction of such flow could be affected
significantly. Of particular concern would be the generation of a direct
permeable flow path (in the form of the borehole) from the deep geo-
sphere to the near surface. Also potentially relevant is the introduction of
drilling fluids, which could modify groundwater chemistry. Early breach-
ing of a fuel container and release of radionuclides into groundwater is also
relevant.

It is emphasised that in assessing the significance of the predicted doses
given in this report, quantitative estimates of the probabilities of the var-
ious intrusion scenarios are relevant. The factors which affect how likely
drilling intrusion is will include not only the nature of the rock but the
nature and time extent of administrative controls on deep drilling. Results
suggest, however, that controls could not be maintained for a sufficiently
long to obviate any chance of high doses. Also of potential relevance are
developments in techniques to give the repository a remotely detectable
"signature", which would be very obvious to anyone planning to use deep
drilling technology. Such techniques might be based on seismic, electro-
magnetic or other detection methods.
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Table 1
Radionuclide Inventory for KBS-3, 40 y Ex-Reactor

Radionuclide Inventory, GBq iU~l Diffusion coefficient in
compacted bentonite*

[5] mV[7]

3H
14C
*°Co
*9Ni
nm

79Se
90Sr
93Zr
93mNb
94Nb
"Tc
107pd

126Sn
I297

13SCs
l31Cs
ulSm
™Am
239 Np
239Pu
235 u
231Th
231 Pa

™Ac
242 Pu
236u
™u
™Th
226 Ra
241 Pu
MUm
237 Np
233Pa
233(J

™Pu
236y

232Tn
™Ra

2.5 103

1.2 10'
1.8 10'
1.4 102

1.4 104

1.7 10'
1.1 106

7.8 10'
6.7 10'
1.2 10'
5.6 102

5.2
3.4 10'
1.3
1.4 10'
1.7 10$

1.0 104

1.2 103

1.2 103

1.1 104

5.2 10"'
5.2 10"'
1.0 10-3

7.0 10"4

1.1 102

1.2 10'
5.2 10'
1.8 10"2

0.0
9.3 10"5

1.8 105

1.6 10'
1.6 10'
3.0 10-2

1.4 104

1.0 101

0.0
0.0

(4.0
(8.0

(8.0
2.5

10-11)
io-'2)

10-'2)
I O - "

5.3 10""

9.0 10"12

8.0 10-'2

8.0 10"12

1.4 10-'4

4.0 10"13

3.0 10-'4

1.0 lO"'2

1.0 10-1 2

3.0 10-'4

1.0 10"12

1.0 10-'2

2.5 10""
2.5 10""
3.0 10-'4

1.4 10"14

4.0 10-' 3

1.0 10-'2

1.0 10"'2

3.0 10-' 4

1.0 10-'2

2.5 10""
2.5 10""

* Values of diffusion coefficient are taken from reference [7] except those in parentheses
which were inferred from general literature values of equilibrium distribution coefficients
in several relevant media.
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Table 2
Doses from External Exposure to Canister Material (Sv)

Routine Examination

Radionuclide Time, y

1000 3000 10000

2.5 IQ"1 8.0 10"2 1.1 10"2 3.3 10"3 1.9 10"3 1.0 10"3

I

I
I
I
I
I
I
I
I
I
I
I
I
I

239Pu 1.2 10"1 1.2 10"1 1.2 10"1 1.2 10"1 1.2 10"1 1.2 10"' 1.1 10"1 9.2 10"2

I 242Pu 1.1 10"3 1.1 10"3 1.1 10"3 1.1 10"3 1.1 10"3 1.1 10"3 1.1 10"3 1.1 10"3

241P« 1.8 10"2 1.7 10"3 1.3 10"s 1.1 10~7 7.2 10"12 0.0 0.0 0.0
- 2 4Mm 2.2 2.0 1.7 1.5 1.1 4.8 10"1 1.9 10"2 2.6 10"7

I 240/>u 1.5 10"1 1.5 10"1 1.5 10"1 1.5 lO"1 1.5 10"1 1.4 10"1 1.1 10"1 5.3 10"2

I
I
I
I
J

2 4Mm
2 3 7A>

Total

Table 3
Doses from Inadvertent Ingestion of Canister Material (Sv)

Routine Examination

Radionuclide Time, y

50 100 200 300 500 1000 3000 10000

90Sr 1.4 10"1 4.2 10"2 3.9 10'3 3.6 10~4 3.1 10~6 2.1 10"" 0.0 0.0
137Cs 7.4 10"2 2.3 10"2 2.3 10"3 2.3 10"4 2.3 10"6 2.2 10"11 0.0 0.0
243Am 1.3 10"2 1.3 10"2 1.3 10-2 1.3 10"2 1.3 10"2 1.2 10"2 1.0 10"2 5.3 10"3

1.2 lO"1 12 10"1 1.2 10"1 1.2 10"1 1.2 10"1 1.2 10"' 1.1 10"1 9.2 10"2

Total 2.7 2.4 2.0 1.8 1.4 7.5 10"1 2.5 10"1 1.5 10"1
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Table 4

I Doses from Inhalation of Resuspended Canister Material (Sv)
Routine Examination

I Radionuclide Time, y

50 100 200 300 500 1000 3000 10000

• *°Sr 2.6 10-2 8.0 10"3 7.3 10"4 6.8 10"5 5.8 10"7 3.9 10"! 0.0 00

I 243Am 3.3 10"2 3.3 10"2 3.3 10"2 3.2 10"2 3.2 10"2 3.0 10"2 2 5 10"2 1.3 10"2

739 Pu 2.8 10"' 2.8 10- 1 2.8 10 - J 2.8 10"' 2.8 10"1 2.7 10"' 2.6 10"1 2.1 10"1

2 4 2 f u 2.8 10"3 2.8 10"3 2.8 10~3 2.8 10"3 2.8 10"3 2.8 10~ 3 2.8 10"3 2.7 10~3

I 241Pu 4.2 10~2 3.8 10"3 3.1 10~5 2.5 10"7 1.7 10"11 0 0 0.0 0.0

241 Am 5.3 5.0 4.3 3.6 2.6 1.2 4.8 10"2 6.3 10"7

237 JVp 5.7 10"4 6.6 10"4 8 2 10"4 9.6 10"4 1.2 10"3 1.5 10"3 1.7 10"3 1.7 10"3

• 24°Pu 3.5 10"1 3 5 10"1 3.5 10"1 3.4 10"1 3.4 10"1 3 2 10"1 2.6 10"J 1.2 10"1

Total 6.1 5.7 4.9 4.3 3.3 1.8 5.9 10"1 3.6 10"1

I
I
I
I
I MAr6 7.6 10"4 7.6 1 0 ' 4 7.5 10"4 7.5 10"4 7.5 10"4 7.3 10~4 6.9 10"4 5.4 10"4

1 2 6 5n 2.7 10"3 2.7 10"3 2.7 10"3 2.7 10"3 2.7 10"3 2.7 10" 3 2.7 JO"3 2.5 10"3

i37Cs 1.2 101 3.8 3.8 10"J 3.8 10"2 3.7 10"4 3.6 10"9 0.0 0.0

I 243Am 1.1 10-2 1.1 10"2 1.1 10-2 1.1 10-2 1.1 10"2 1.0 10"2 8.3 10"3 4.4 10"3

226 Ra 1.1 10"7 1.9 10"7 4.3 10"7 8.1 10~7 1.9 10"6 6.5 10"6 4.3 10"5 2.4 10"4

™Am 1.7 10"1 1.5 10'1 1.3 10"1 1.1 10"1 8.2 10'2 3.7 10"2 1.5 10"3 2.0 10"8

• ^Np 1.7 10—* 1.9 10"4 2.4 1 0 ' 4 2.8 10"4 3.4 10"4 4.4 10~ 1 5.1 10"4 5.1 10"4

Total 1.2 101 4.0 5.3 10"1 1.6 10"1 9.6 10"2 5.1 10"2 1.4 10"2 8.2 10"3

I
I
I

Table 5
Doses from External Exposure to Canister Material (Sv)

Closer Inspection

Radionuclide Time, y

50 100 200 300 500 1000 3000 10000
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Table 6
Doses from Inadvertent Ingestion of Canister Material (Sv)

Closer Inspection

Radionuclide Time, y

50 100 200 300 500 1000 3000 10000

xSr 5.5 10"1 1.7 10"' 1.6 10"2 1.4 10~3 1.2 10"5 8.2 10"u 0.0 0.0
I37Cs 3.0 10-' 9.3 10"2 9.2 10"3 9.2 10~4 9.0 10"6 8.7 10"" 0.0 0.0
7nAm 5.4 10"3 54 10"3 5.3 10"2 5.3 10~2 5.2 10~2 4.9 10"2 4.1 10"2 2.1 10"2

239Pu 4.8 10"1 4.8 10"1 4.8 10"1 4.8 10"1 4.8 10"1 4.7 10"1 4.5 10"1 3.7 10"1

I 242Pu 4.6 10"3 4.6 10"3 4.6 10"3 4.6 10"3 4.6 10"3 4.6 10"3 4.5 10"3 4.5 10"3

"Mm 87 8.1 6.9 5.9 4.3 1.9 7.8 10"2 1.0 10"6

237 Np 9.7 10"4 1.1 10"3 1.4 10"3 1.6 10-3 2.0 10"3 2.5 10"3 2.9 10"3 3.0 10"3

I 240Pu 6.1 10"' 6.1 10"1 60 10"' 5.9 10"1 5.8 10"1 5.510"1 4.5 10"1 2.1 10"1

Total 1.1 101 9.6 8.1 7.0 5.4 3.0 1.0 6.1 10"'

Table 7
Doses from Inhalation of Resuspended Canister Material (Sv)

Closer Inspection

Radionuclide Time, y

_ 50 100 200 300 500 1000 3000 10000

^Sr 3.9 10"' 12 10"1 1.1 10"2 1.0 10"3 8.7 10"6 5.8 10"11 0.0 0.0

I 2/l3Am 5.0 10"1 4.9 10"1 4.9 10"1 4.8 10"1 4.7 10"1 4.5 10"' 3.8 10"' 19 10"'

739 Pu 4.2 4.2 4.2 4.1 4.1 4.1 3.9 3.2
242Pu 4.2 10"2 4.2 10"2 4.2 10"2 4.2 10~2 4.2 10"2 4.2 10"2 4.2 10"2 4.2 10"2

I 2 4 IPu 6.4 10"' 5.7 10"2 4.7 10"4 3.8 10~6 2.5 1O"10 0.0 0.0 0.0

24Mm 8.0 101 7.5 101 6.4 10' 5.4 101 3.9 101 1.8 101 7.1 10"1 9.5 10"6

a7Np 8.6 lO"3 9.9 10"3 1.2 10"2 1.4 10~2 1.8 10"2 2.2 10"2 2.6 10"2 2.6 10"2

• 240Pu 5.3 5.3 5.2 5.2 5.0 4.8 3.9 1.8
Total 9.1 10' 8.5 10' 7.4 101 6.4 101 4.9 101 2.7 101 8.9 5.3
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Table 8
Doses at 500 y from External Exposure to

Contaminated Bentonite Following Early Canister Failure (Sv)

Radionuclide Routine Examination Closer Inspection

137C5 1.210-7 5.8 10"'
All others 0.0 0.0

Table 9
Doses at 500 y from Inadvertent Ingestion of

Contaminated Bentonite Following Early Canister Failure (Sv)

Radionuclide Routine Examination Closer Inspection

3H 0.0 0.0
M C 2.8 10"9 1.1 10"8

79Se 7.0 10'9 2.8 10"8

90Sr 1.4 10"9 5.7 10-9

99Tc 3.5 10"8 1.4 10"7

129/ 1.510"8 6.2 10"8

1 3 5C* 4.3 10"9 1.7 10"8

137Cs 3.5 10"8 1.4 10-7

Total 1.0 10"7 4.0 10
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Table 10
Doses at 500 y from Inhalation of Resuspended

Contaminated Bentoni'e Following Early Canister Failure (Sv)

Radionuclide Routine Examination Closer Inspection

3H 0.0 0.0
J 4C 5.7 10"" 8.510"I0

nSe 1.010"10 1.610~»
*>Sr 2.7 10"10 4.1 10~»
"Tc 4.0 10"» 6.0 10"*
119 / 2.0 10"10 2.9 10"»
I3SC« 5.5 1 0 - " 8.310"10

l 3 7Cs 4.5 10"10 68 10"»

Total 5.1 10"» 7.7 10"*

Table 11
Doses at 600 y from External Exposure to Contaminated
Geosphere Material Following Early Canister Failure (Sv)

Radionuclide Routine Examination Closer Inspection

137C* 1.1 10" I0 5.7 10"»

Total 1.1 10"10 5.7 10"»
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Table 12
Doses at 600 y from Inadvertent Ingestion of Contaminated
Geosphere Material Following Early Canister Failure (Sv)

Radionuclide Routine Examination Closer Inspection

3H

7 9Se

»°Sr

"Tc
129 j

l35Cs
137Cs

0.0
2.8 10""

7.0 10""

1.3 10-'2

3.5 10"'°

1.5 10-'°

4.3 10-"

3.5 10""

0.0

1.2 10"'°
2.8 10"'°
5.3 10-'2

1.4 10"9

6.2 10-'°

1.7 10"'°

1.4 10-'°

Total 6.8 10"'° 2.7 10"9

Table 13
Doses at 600 y from Inhalation of Resuspended Contaminated

Geosphere Material Following Early Canister Failure (Sv)

Radionuclide Routine Examination Closer Inspection

3H
1 4 C

7 95e
s0Sr

"Tc

' 3 5 C«
137Cs

0.0

0.0

1.0 10"12

0.0

4.0 10""

2.0 10-'2

0.0

0.0

0.0

8.4 10-'2

1.5 10""

3.8 10-'2

6.0 10-10

2.9 10""

8.3 10-'2

6.7 10-'2

Total 4.3 10"" 6.7 10"'°
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Table 14
Dose from Exposure to Material Contaminated at 1 GBq m~3

Routine Examination

Radionuclide External Exposure Inadvertent Ingestion Inhalation

aH
1AC
60Co

*9Ni

*3Ni
79Se
90Sr
93Zr
93mNb
9<Nb

"Tc

129j
i35Cs
137Cs

235 u
231 pa

2 3 8 [/
234 u
230Th

210pfc

™Po
241 pu

233 U

236JJ

0.0

0.0

1.8 10"6

0.0

0.0

0.0

0.0

0.0

0.0

1.1 10-6

0.0

0.0

1.4 10-6

0.0

0.0

3.9 10"7

0.0

3.9 lO"8

1.2 10-7

3.5 lO"11

1.1 10-7

2.5 10"8

2.7 10"7

5.7 10"12

1.7 10-8

8.3 10"n

2.6 10"10

1.2 10"6

0.0

5.9 10-12

3.3 10"12

1.5 10"8

1.5 10-7

1.9 10-10

2.2 10-7

5.1 10"12

1.6 10-"

1.2 10"10

6.5 10-7

1.1 10"6

1.7 10"10

5.6 10"9

7.0 10"8

5.6 10"10

1.5 10"9

2.3 10"8

3.6 10"7

4.2 10"9

1.2 10"9

1.7 10"8

3.5 10"9

3.8 10"10

5.1 10~8

6.6 10"7

1.7 10"8

1.2 10- 7

9.2 10"10

9.8 10"6

8.1 10"9

9.5 10"6

6.8 10- 7

2.9 10"5

4.0 10"5

90 10"6

6.7 10"7

7.0 10-7

1.4 10"6

3.0 10"6

1.4 10"5

4.3 10"6

1.9 10- 7

9.8 10-6

1.1 10~5

7.1 10"7

1.1 10~5

9.5 10~6

6.6 10-7

7.4 10~6

3.3 10-6

2.0 10~6

35

3 4 10~12

1.1 1O~10

8.2 10~9

7.2 10-1 1

1.7 10~10

3.4 1O-10

6.8 10~8

1.7 10-8

1.5 10~9

1.8 10~8

4.0 1O~10

3.6 10~ n

4.6 10~9

8.4 10~9

2.2 10-1 0

1.5 10-9

1.5 10"9

2.4 10"5

1.2 10"10

2.2 10"5

6 6 10-6

7.0 10"5

3.6 10-"

2.2 10"5

6.2 10~6

7.0 10-6

1.7 10-5

4.2 10-7

7.0 10"7

4.4 10"7

4.4 10"7

2.4 lO"5

2.6 10"5

7.2 10"6

1.1 10-4

2.2 10- 5

6.6 10-6

8.8 10"5

2.4 10"7

1.6 10"5
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Table 15

Dose from Exposure to Material Contaminated at 1 GBq m"3

Closer Inspection

Radionuclide External Exposure Inadvertent Ingestion Inhalation

3H
14C
60Co
S9Ni

63Ni
79Se
90Sr
93Zr
93mNb
9<Nb
"Tc
107pd

™Sn
129j
13*Cs
i37Cs
151Sm

"3Am
2 3 9 JVp
239pu

235 u
231 Pa
727Ac
™Pu
23V
234 u
i3QTh
2 2 6 Ha
2 i o p 6

210po

241 Pu
2 4 Mm
2 3 7 JVp
2 3 3 U

™Th
2«pu
2 3 6 U
232T/,

228Äa
22éTh

0.0
0.0
8.7 10"*
0.0
0.0
0.0
0.0
0.0
0.0
5.5 10"*
0.0
0.0
7.0 10"*
0.0
0.0
2.0 10"*
0.0
2.0 10"6

4.5 lO"6

1.8 10"9

5.6 10"6

1.2 10"6

1.3 10"*
2.8 10"10

8.6 10"7

4.1 10"9

1.3 10"8

6.0 10"*
0.0
3.0 10~10

1.7 10"10

7.5 10"7

7.6 10-6

9.5 10"9

1.1 10"*
2.6 10"10

8.1 10"10

6.2 10"9

3.2 10"*
5.4 10"*

6.8 10"10

2.2 10-8

2.8 10-7

2.2 10"9

6.0 10"9

9.2 10~8

1.4 10-6

1.7 10"8

4.8 10"9

6.8 10"8

1.4 10-8

1.5 10-9

2.0 10-7

2.6 10~6

6.8 10"8

4.8 10-7

3.7 10"9

3.9 10"5

3.2 10-8

3.8 10~*
2.7 10-6

1.2 10"4

1.6 10~4

3.6 10-*
2.7 10~6

2.8 lO"6

5.6 10"6

1.2 10~*
5.6 10"*
1.7 10"*
7.6 10-7

3.9 10~*
4.4 10"*
2.8 lO"6

4.4 10~*
3.8 10~5

2.6 10"6

3.0 10"5

1.3 10"*
8.0 10-6

5.1 10"11

1.7 10"9

1.2 10-7

1.1 10"9

2.5 10"9

5.1 10"9

1.0 10"6

2.6 10-7

2.3 10"8

2.7 10-7

6.0 10"9

5.4 10"10

6.9 10"8

1.3 10"7

3.3 10"9

2.3 10"g

2.3 10-8

3.6 10"4

1.8 10"9

3.3 10"4

9.9 10"*
1.1 10"3

5.4 10"3

3.3 10"4

9.3 10"*
1.1 10"4

2.6 10"4

6.3 10"6

1.1 10"*
6.6 10"6

6.6 10"6

3.6 10"4

3.9 10-4

1.1 10"4

1.7 10"3

3.3 10"4

9.9 10"5

1.3 10-3

3.6 10"6

2.5 10"4
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