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analysis is based on the detailed establishment of the radiological background of the area.

Accordingly, the dismantling and decommissioning process (D&D) of a nuclear power plant
starts with a radiological monitoring plan, which includes the radiological characterization of the
area and of its surroundings. At the completion of the D&D, unrestricted use for the site will be
permitted strictly in accordance with results of the radiological survey within the limits estab-
lished by the local authorities.

Groundwater quality is typically included in any radiological analysis since, among other
reasons, a significant part of it is highly likely to end up being extracted for domestic use and
hence, human consumption.

While there is no regulation containing maximum activity concentration or radionuclide
guidance values for water that may be destined for uses other than public consumption, if
groundwater is considered a “part” of the land, dose criteria for site release can be applied.
Therefore, together with the guidance levels to be established for the different radionuclides
expected in the groundwater, the detection limits to be employed when performing routine radio
analytical characterization procedures in the laboratory should also be provided.

In this paper, we first propose a relation of the potential radionuclides to be analyzed in
groundwater, together with their detection limits to be achieved when the determinations are
performed in a laboratory, and subsequently, we discuss the most suitable analytical methodol-
ogies and resources that would be necessary to undertake radiological characterization plans from
a practical point of view.

1. Introduction

As part of the safety commitment to workers, the public and the environment of all nuclear power plants, a detailed site assessment
is required to evaluate the interactions between the environment and the nuclear installation, not only for operational and accident
conditions, but also for decommissioning [1].

As the analysis of the interactions is based on the activity concentration of some radionuclides present in the different
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environmental sectors, such as air, water, soil, biota, or foodstuffs, that might potentially be affected by the nuclear installation, the
definition of which radionuclides should be considered is one of the main points of what is known as the radiological characterization
of the area.

Accordingly, the aim of the radiological characterization prior to the commissioning of the nuclear plant is to establish the
radiological background of the area [1-4] so that a conclusion upon the occurrence of the radiological impact associated with the
operational and functioning period of the installation, and in that case, upon its extension [3], can be unambiguously reached.

Control systems for the continuous inspection of the radiological impact are implemented at all nuclear power plants under the
Radiological Environmental Monitoring Plans (REMPs) of the facilities. In addition, different on-site measuring plans are developed
and implemented.

There are different types of REMPs, depending on the stages of the nuclear installation, but it is always the competent Regulatory
Authority who must give the guidelines for their implementation and approve them.

In general, those established in the surroundings of the installations, for which the licensees are responsible for its realization
following the guidelines of the Regulatory Authority competent in the matter, depend on the type of installation and on some char-
acteristics of the site such as demography, land and water uses, as well as habits of the population. The other type of REPMs, the
national programs, are drawn up in the different countries developing specific plans depending on their needs, the characteristics of
their facilities and resources. For example, in Europe they are drawn up taking into account the agreements reached in the framework
of Articles 35 and 36 of the Euratom Treaty [5]; in view of the different practices followed by the Member States, the Commission of the
European Union drew up a recommendation on the minimum scope of these programs, which was published in the Official Journal of
the European Communities on July 27, 2000 [6].

After the shutdown, the process of dismantling and decommissioning (D&D) of the nuclear power plant is initiated, and the timing
depends on the D&D approach selected by the plant owner. During the D&D process, which consists of several phases, major civil
works are performed. As such, the structural demolition of the plant is executed when the high-level waste and, therefore, the most
hazardous waste has already been removed from the plant. Although the D&D process is carried out in a tightly controlled manner,
again a radiological monitoring plan adapted to it must be implemented to ensure that no contamination of the area or the envi-
ronment occurs [7,8]. The last stage of the D&D is the final release of the site for its unrestricted use. To reach this goal, compliance
within the limits established by local authorities must be demonstrated. Hence, it is necessary to perform a complete radiological
survey of both the site and the environment around it, which at this stage includes the measurement of direct radiation levels as well as
the determination of the concentration of potential radionuclide contaminants in the construction materials and in the soil near the
nuclear site [4]. Furthermore, groundwater should also be included in this survey [3].

From the above, it follows that radiological monitoring plans should begin years before the plant is commissioned and continue
through its operational time, the years following its shutdown and, finally, in the course of its decommissioning [3,4].

At this point it should be mentioned that the scope of the environmental and site monitoring plans changes as the life of the plant
evolves and depends on the characteristics of the plant. Hence, the radionuclides that are determined before the plant is put into
operation are not necessarily the same ones determined during routine operation, with the most rigorous plan carried out through the
different stages of the D&D process. As such, before the operation of the plant, most of the expected radionuclides will be of natural
origin, while during the functioning or at the decommissioning, the sought traces will be chiefly of artificial radionuclides, that is, the
ones produced in the Nuclear Power Plants (NPP).

In this sense, it must be mentioned that although radionuclides that may be released from nuclear installations have an anthropic
origin, some of them have also natural origin, like H-3, C-14 and some uranium isotopes.

In addition, the determination of any release that could occur is also a secondary method of analysing the correct operation of the
plant. In particular, guaranteeing that a plant does not emit substances which have not been previously authorized qualitatively and
quantitatively constitutes a system that allows the detection of any minor radiological incidents in the operation of the plant.

Among the environmental areas studied in the aforementioned plans, water is of paramount importance due to its great capacity to
transfer substances contained therein to other environmental segments and transport them over long distances. In addition, a sig-
nificant part of natural surface and groundwaters ends up being exploited for domestic use or irrigation and hence, human con-
sumption [6,8-12].

During the routine operation of the nuclear power plants, radionuclides are released in the freshwater environment in a controlled
manner, and always under authorization, both through the water exiting the cooling system and in the condensation gases from the
cooling towers. A historical database on discharges of radionuclides is available to the public by the International Atomic Energy
Agency (IAEA) [13]. Thus, relevant data to characterize the hydrogeological and hydrological parameters at the site and in the region
need to be gathered to permit the determination of the potential movement of radionuclides through surface water and groundwater,
and the subsequent assessment of the radiological impact. In particular the dilution and dispersion characteristics of water bodies, the
migration, retention and transfer mechanisms for radionuclides in the hydrosphere [14-16] as well as the associated exposure
pathways, constitute a safety requirement in the evaluation of the potential effects of the nuclear installation on the region, human
beings and other biota [1].

Among the water bodies, the most intensive monitoring plans are usually applied to groundwater. Since an aquifer may be fed by
means of surface water as well as by complex underground drainage systems and caves, the radioactive contamination in it may have
different origins, ranging from direct deposition by air, to direct contamination via the water in the plant cooling circuit or through the
migration of radionuclides deposited in the ground by any route. Therefore, since the renewal of the water within each aquifer is a very
specific feature of each one, so is the evolution of the radiological contamination at a given point within it.

Consequently, hydrogeological investigations must include descriptions of the main characteristics of the water-bearing formations
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and their interaction with surface water, as well as data on the uses of groundwater in the region [1,17]. The fate of the nuclides is
influenced by the physical and chemical properties of the environment. Radionuclides speciation is also dependent on their origin,
natural or anthropic. In the case of aquifer, the mobility of a nuclide strongly depends on its respective charge and the composition of
mineral surfaces and dissolved species.

Some case studies that exemplify the transport phenomena from the release of radioactive materials from different sources terms up
to groundwater and the ultimate drinking of transported radionuclides can be found in chapter 5, “Transport of Radionuclides in
Groundwater” [18], in chapter 18 “Modeling of Radionuclide Transport in Groundwater” [19], which contain some case studies, or
[20,21]. The bibliography states that the analysis and monitoring of groundwater should be performed not only during the lifetime of
the NPP but also during its D&D process [1,3].

The maximum permissible concentrations of radionuclides, both in the cooling system water and in gaseous emissions, are well
defined by different national and, more generally, by international regulations, as International Atomic Energy Agency ‘Convention on
Nuclear Safety’ and the corresponding control systems are strictly implemented [1,22-26].

In the case of drinking water or water for public consumption, there is a fairly broad consensus [27], and considerable docu-
mentation which includes European directives [28,29], whose requirements have been transferred to most of the European national
legislations. In these, the guidance values for a set of radionuclides of interest, likely to end up in drinking water, as well as the
detection limits to be used in their determination are well established. There, the guidance values represent the concentration of a
constituent that does not result in any significant risk to health for the public over a lifetime of water consumption, based on the dose
limit of 0.1 mSv/year.

However, equivalent documentation or regulation for water that may be exploited for other uses is lacking. To name some ex-
amples, dose criteria for site release are gathered in Multi-Agency Radiation Survey and Site Investigation Manual (MARSSIM) [4] and
the IAEA [3], but are not specific for water. Some national and international regulations [30], which include groundwater as a "part" of
the land, establish dose limits for the release of the land of an installation again with the criterion of 0.1 mSv/year. In NUREG 1757 [8,
12], in compliance with License Termination Rule (LTR), leading to unrestricted use of building structures, systems and components,
as well as all other media (i.e., soils or groundwater), the total effective dose must not exceed 0.25 mSv/y. See Table 1 for a summary of
the dose limits for water established by different organizations and regulators.

From the aforementioned dose criteria, the maximum activity concentration permissible for each one of the radionuclides that can
potentially exist in the water can be typically established.

Most of the determinations of the radionuclide activity concentrations are performed in specific laboratories where for most of the
determinations, complex processes to isolate the radionuclide must be completed to prepare the sample before its usual determination
by means of radiometric equipment (gamma, beta and alpha spectrometry and counters).

It must be considered that some radionuclides, most of them of natural origin, can appear to a variable extent not only in the
sample, but also in the chemicals and other materials used for the sample preparation, as well as in the radiometric equipment and in
the environment. The signal coming from these radionuclides, together with spurious electronic signals, constitutes the measurement
background signal, which can be variable for each sample. Often, the activity being determined in a sample exhibits values very close
to the measurement background, making the discrimination between induced radiological impact and background from the signal a
challenge. In such cases, the uncertainty in measurements as well as the Detection Limit (DL), sometimes referred to as the Minimum
Detectable Activity (MDA), are of upmost importance.

For the sake of ease of calculations, guides to the expression of uncertainty in measurements have been developed by specifically
addressed working groups. In this paper, we refer to the guide from the Joint Committee for Guides in Metrology [33].

Regarding the detection limit, it is defined as the smallest true value of the measurand that ensures a specified probability of being
detectable by the measurement procedure. An alternative definition defines the smallest true value of the measurand as that for which
the probability of incorrectly deciding that the true value of the measurand is zero is equal to a specified value, when, in fact, the true
value of the measurand is not zero. Despite the general agreement on this definition, with respect to its numerical evaluation, different
formulations and approaches have been presented over the years [34,35] all of which are based to a greater or lesser extent on the
general formulation proposed by Currie [36]. However, in recent years, the formulation and evaluation mechanism presented in ISO
11929 [37] has been increasingly considered as that in common use and evermore countries are requesting for it in their regulations as
a standard form for DL assessment to be used by laboratories/agencies in charge of radiological monitoring.

At this point, it should be highlighted that the detection limit depends, as will be shown in more detail below, on many factors, such

Table 1
Annual effective dose equivalent limit established by different organizations.

Organization Scenario Limit on annual effective Reference
dose equivalent

WHO Drinking water 0.1 mSv [27]
European Drinking water 0.1 mSv [28]
Commission
IAEA Drinking water 1 mSv [31]
US DOE Drinking water supplies operated by or for the DOE, not including naturally occurring radiation =~ 0.04 mSv [32]
sources
US NRC Criterion for license termination of nuclear facilities with unrestricted release, including the 0.25 mSv [8,12]

residual radioactivity from groundwater sources of drinking water
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as the measurement background, the counting time, the volume of the sample being treated, and the performance of the process.
Therefore, the detection limit is inherently variable for each type of determination, as are the background and other parameters.
Consequently, in the field of radionuclide determinations, for any result to be meaningful, not only uncertainty must be stated but also
the DL.

From the above, the question of the definition of the maximum DL that needs to be achieved for any particular radionuclide is
raised. Although the question seems to have a straightforward answer: for each radionuclide relevant to the case or facility, the
established DL, being far below the guidance levels, must be such as to meet the objective of the survey, enhancing the determination of
the guidance levels as stated in the legislation. However, as explained above, in the case we are dealing with, namely, the analysis of
groundwater in the area of influence of the NPP, neither the guidance levels nor their corresponding detection limits are established in
specifications.

Quotation of the maximum values for the detection limits is of paramount importance for the laboratories responsible for un-
dertaking the radiological plans, as parameters like the sample volume to be used or the measurement time depend on the DL to be
achieved. Furthermore, depending on the required DLs, the capability of a laboratory to provide meaningful results can be seriously
compromised; at its worst, the whole method of determination would be inappropriate to achieve the required detection limits.

In this paper, we propose a recommendation for the detection limits to be required by the corresponding regulatory authorities
when performing routine radio analytical procedures for radiological monitoring of groundwater by using laboratory procedures.

For that aim, according to the type of the NPP and the stage of its operating life, we propose a list of the most likely artificial
radionuclides to be eventually found in groundwater around NPP in the frame of specific radiological monitoring plans.

Next, starting from the most conservative annual effective dose (0.01 mSv to the population in the event of contaminated water
ingestion), and applying the reasoning described in the Guidelines for drinking-water quality of the World Health Organization (WHO)
[27], we determine a set of activity concentration levels for the listed radionuclides following the methodology used by WHO to
determine the guidance levels. We make a proposal for their corresponding detection limits as 10% of the obtained activity con-
centration levels to be attained by the laboratories in charge of the radiological determinations. Finally, and from a practical stand-
point, we suggest the most suitable analytical methodologies and resources necessary to undertake the radiological monitoring plans in
the water bodies under the required conditions.

2. Methods

When referring to the impact of a nuclear power plant, we mean the radionuclides that may appear in the environment, both during
its operational period and during the decommissioning activities following its shutdown.

The released radionuclides provide a radiation dose in individuals either by external irradiation or by ingestion or inhalation. When
dealing with groundwater, the origin of the dose to the population will be either by direct water ingestion or by the transfer of the
radionuclides contained therein to other compartments, environmental or not. In a conservative estimate of the impact, the worst-case
scenario would be that where contaminated groundwater is directly drunk.

Under these circumstances, we show how to obtain the activity concentration levels or maximum desirable activity concentration
for each radionuclide, and under what conditions. Then we will introduce the expressions to obtain the detection limits.

2.1. Activity concentration levels

To define the activity concentration levels, here the same method as WHO has followed to define the guidance levels for drinking
water has been followed. Assuming that people could drink directly from contaminated groundwater, the calculation of the annual
effective dose due to ingestion of radionuclides by drinking water consumption by people (adults) would be obtained using values for
consumption of drinking-water [27] and ingestion dose coefficients for adults [38]. The equation for the annual effective committed
dose is Eq. (1):

E(50) = Ze,-(so) 1y, @
J

Where,
E(50) is the annual effective dose (M>

year ) *
¢;(50) is the committed effective dose coefficient for ingestion of radionuclide j for members of the public (”}%"). These coefficients

for all age groups, including children and infants, are provided by the International Commission on Radiological Protection (ICRP)
[38].
Ijing is the activity intake of a radionuclide j by ingestion, calculated by using Eq. (2):

Liing; =Aj 0 G 2)
Where,
A; (l%qe) is the radionuclide activity concentration in drinking-water of radionuclide j

G (’}%ﬁ) is the consumption rate of drinking-water for adults; assumed to be 2 litres/day for adults [27].

4
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According to the guidelines of WHO [27] regarding situations of prolonged radiation exposure of the public, in planned exposure
situations (according to IAEA [38], exposure to radionuclides due to ingestion of drinking-water in non-emergency situations is
regarded as an existing exposure situation) it is prudent to restrict the prolonged component of the individual dose to 0.1 mSv in any
given year [27] (a value ten times lower than the regulatory dose limit for members of the public. In this sense, and following the WHO
definition for guidance levels, activity concentration level (ACL;) for each radionuclide is defined as that radionuclide concentration
that, at an intake of 2 litres/day for 1 year, will result in an effective dose of 0.01 mSv/year [27]. Then, each ACLj are obtained by using
expression of Eq. (3)

0.01

T 4(50) 0 G ®

ACL,
for radionuclide j.

If several radionuclides are identified, then the sum across radionuclides needs to be considered to check that it does not exceed
unity, i.e., to check if the individual effective dose of 0.01 mSv/year has not been exceeded. The equation to use is Eq. (4):

4
<
2 e, <! @

j

as established in the Guidelines for drinking-water [27].

2.2. Detection limit calculation
The formulation for the detection limits strongly depends on the uncertainties and on the decision threshold parameters.

2.2.1. Uncertainty

The general expression for the uncertainty evaluation comes from the Guide to the expression of uncertainty in measurement
(GUM) [33], following the law of propagation of uncertainty.

Then, if a measurand y is not directly measured, but is determined from N (other quantities: x1, Xg, X3, ...xn) through its relationship
function [Eq. (5)]:

y=f(X, Xz, ..., Xn) 5)

If these quantities are not correlated with each other, then, the combined standard uncertainty of y, u.(y), is the positive square root
of the combined variance u?(y), which is given by Eq. (6):

N 9 2
2 2
()= S |12 iy, 6
o)=Y 5] ) ®

This general case is the most common for the radiometric techniques used in radioactivity measurement laboratories and its
application will help determine the uncertainty of the activity concentration, which, in this case, will be our y.

It must worth noting that among the different variables which may affect the measurand and which are being evaluated, in addition
to the signal provided by the equipment in the measurement of the sample, all those factors related to the calibration of the equipment,
the preparation of the sample and the background signal will be at play.

2.2.2. Decision threshold

The expressions for the calculation of the decision threshold come from the ISO standard 11929 [37], where,

The decision threshold, y*, is defined by the condition that the probability of obtaining a primary measurement result, y, which is
larger than the decision threshold, y*, is equal to a if in reality the true value, y, is zero.

If GUM [33] is used to obtain the evaluation of the uncertainty, then [Eq. (7)]

¥ =ki(0) )

with k; _, being the (1-a) quantile of the standardized normal distribution and u(0) is the uncertainty of the measurand when its value
is zero.

2.2.3. Detection limit

The expressions for the calculation of the detection limit come from the ISO standard 11929 [37] where,

The detection limit, y*, is defined by the condition that the probability of obtaining a primary measurement result, y , that is smaller
than the decision threshold, y* , is equal to 4 if in reality the true value, ¥, is equal to the detection limit, y¥.

If GUM [33] is used to obtain the evaluation of the uncertainty, then [Eq.(8)]

yh =y + k() ©)
with k;_ being the (1 — §) quantile of the standardized normal distribution and u(y*) is the uncertainty of the measurand when its

5
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value is equal to the detection limit.

Values of o, # = 0.05, being in this case k1 = k1 4 = 1.65, are often chosen by default.

As follows, the decision threshold and thus the detection limit is background dependent.

Accordingly, the detection limit established in such a way should be fit for purpose, meaning that it should be able to meet the
objective of the monitoring plan so that the measured concentration values are clearly distinguished from the activity concentration
levels for each radionuclide, considering the uncertainties associated to those measured values. In other words, under routine labo-
ratory operating conditions, the achievable detection limits should be set at concentrations lower than the activity concentration
levels.

In this sense, one of the recommended practices in MARSSIM [4] is to work with methods that provide detection limits that are set
between 10 and 50% of the guidance levels. Furthermore, WHO [27] sets detection limits for chemicals between the guideline value
and 1/100th of its value.

In this paper, we propose to achieve detection limits (derived detection limits, Dy”) that are 10% of the corresponding activity
concentration levels in accordance to WHO [27] for radioactive concentration in drinking water.

3. Expected radionuclides in the NPP and in the environment

According to the IAEA Safety Guide 1.8 [39] one of the main objectives of any Radiological Environmental Monitoring Plan is to
provide data for dose assessment purposes of radionuclides in the environment originating from nuclear practices.

Therefore, radiation-monitoring programmes entail measurements of radionuclide content in the media of release and in the
environmental samples and, in very rare cases, in the human body.

These measurements largely depend on the characteristics of the release (the source, medium, rate, radionuclide composition and
radionuclides physical and chemical form) and the environment of the area potentially contaminated with radionuclides. Hence, for
the environmental radiological monitoring, specific programmes are applied at the different stages of a nuclear facility: pre-
operational stage, operational stage, and D&D stage.

In this section, the radionuclides that are susceptible to be measured in groundwater at different NPP operation stages are sum-
marized. In this paper, noble gases are not considered given their low capacity, due to their high diffusivity, to be transferred to
groundwater, which is the subject of this paper [40]. Radionuclides with a half-life of less than 24 h are also not considered in this
section. Limiting this study to radionuclides with a half-life >24 h has been considered a reasonable hypothesis taking into account that
the transfer of radionuclides from the source term to the groundwater is highly variable as it will depend, in the first place, on the
specific radionuclide but also on the source term and the physical structure of the nuclear power plant; once the radionuclide is outside
the plant, the transfer will depend on the type of soil, its composition, structure and permeability, but also on the location of the
repository, or groundwater flow, with respect to the point of entry of the radionuclide into the environment. Bearing in mind that what
is being analyzed in this work is the impact on people derived from the ingestion of these radionuclides, it has been considered that the
probability that radionuclides with a half-life <24 h produced in the plant will travel through the plant and the environment to reach
the point of ingestion can be considered negligible.

It should also be noted that not all of the radionuclides summarized here are necessarily measured; the definition of the radio-
nuclides to be monitored will depend on the history of the NPP, the incidents and problems at the plant or the radionuclides detected
during its operation. Moreover, it must be considered that these radionuclides may vary throughout the life of the NPP, depending on
the results obtained at different stages.

In addition, it must be highlighted that, activity determination of all these radionuclides is not always feasible due to their short
half-life, the low activity concentration and in some cases, its difficulty in measurement, which can be caused by the physical or
chemical form, solubility, difficulties in the chemical isolation or spectral issues of the radionuclides in question. In these cases, the
activity of these radionuclides is determined using correlation analyses. For example, Thierfeldt and Deckert [41] define two key
radionuclides, Co-60 and Cs-137, and establish correlations with many radionuclides, such as C-14, Cl-36, Ca-41, Ni-59, Ni-63, Mo-93,
Tc-99, I-129, Cs-135, Np-237, Pu-241 and Am-241.

3.1. - Pre-operational stage

Pre-operational radiological environmental monitoring programmes are performed to establish the ‘baseline’ environmental ra-
diation levels and activity concentrations. This information permits the subsequent determining of the NPP impacts.

Preoperational assessments are made considering expected inventories of radionuclides during operation and D&D of a nuclear
facility, which are described in sections 3.2. and 3.3. The possible discharge pathways and the expected amounts that will be dis-
charged to the environment must also be considered.

The preoperational studies should also provide basic environmental data for use in the prediction of doses to the public and dis-
charges to the environment.

3.2. - Operational stage
Operational stage of a nuclear facility is understood as the period of time between the first fuel load into the reactor and its

shutdown.
In the operational stage of the most common nuclear reactors, LWR (Light Water Reactor), NPP radionuclides are found in three
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main components: the nuclear fuel, the reactor structural materials and the coolant. Among them, those appearing in the coolant are
those most likely to appear in the environment.

In nuclear fuel, fissions and neutron captures of U-235, U-238, Pu-239 and Pu-241 can produce many different nuclides, which can
lead to other active nuclides by radioactive decay processes. However, the accurate content of radionuclides in the nuclear fuel de-
pends on several aspects, such as the fuel type, the reactor type, the irradiation history, and the fuel management.

The main radionuclides in the reactor structural materials — such as stainless steel and alloys — are produced by activation of trace
amounts of Cr, Mn, Fe, Co, Ni, Zn, Zr, Mo and Ag producing the following radionuclides: Cr-51, Mn-54, Fe-55/59, Co-58/60, Ni-63, Zn-
65, Zr-95, Mo0-99 and Ag-110m [42]. These radionuclides may also be encountered in the coolant passing through the reactor core,
from corrosion of the structural materials.

In the coolant, relevant radionuclides are the activation products of the structural materials and H-3, which is generated by ternary
fissions and by different nuclear reactions with isotopes from the coolant additives, water, and air. These radionuclides appear
summarized in the ANSI/ANS-18.1-1999 standard [43]. Those that meet the condition of having a half-life of less than 24 h and not
being a noble gas are listed in Table 2.

ANSI standard also establishes typical long-term concentrations of the principal radionuclides in fluid streams of LWR NPPs, for use
in estimating the expected release of radioactivity from the coolant. These concentrations, related to the radionuclides considered in
this text and for a reference boiling water reactor (BWR) and pressurized water reactor (PWR) are also shown in Table 2.

The above radioactive inventories from the coolant of LWRs are in clear agreement with the real liquid discharges recorded in the
IAEA Database on Discharges of Radionuclides to the Atmosphere and the Aquatic Environment (DIRATA) [13] from NPPs in normal
operation. For example, as shown in DIRATA, when liquid discharges from French NPPs between 1965 and 2008 are analyzed, many of
the radionuclides from Table 2 were present in the releases.

An extension of the IAEA’s classic 1975 list for the radionuclides usually monitored in water in the operational radiation moni-
toring programmes [44], is provided in ANSI [43] where the radionuclides to be measured in water are: [-131, Cs-134, Cs-137, H-3,
Mn-54, Co-58, Fe-55, Fe-59, Co-60, Ni-63, Zn-65, Sr-90, Zr-95, Nb-95, Ba-140, La-140 and Ce-144.

Discharges of radionuclides to a natural body of water during NPP normal operation come from the treatment system of radioactive
liquid waste, after being collected by an active plant drainage system.

Table 2
Typical long term activity concentration of main radionuclides in fluid streams of BWR and PWR reactors. Values are in Bq g~ [43]. *Short
half-life radionuclides in radioactive equilibrium.

Nuclide BWR water PWR coolant PWR
secondary coolant
Bqg ' Bqg ' Bqg '
1-131 8.1E+01 7.4E+01 3.0E-03
Cs-134 1.1E4+00 1.4E4+00 6.3E-05
Cs-136 7.4E-01 3.2E+01 1.5E-03
Cs-137 3.0E+00 2.0E4+-00 9.3E-05
H-3 3.7E+02 3.7E4+04 3.7E+01
P-32 1.5E+00 - -
Cr-51 1.1E+02 1.1E4+02 4.8E-03
Mn-54 1.3E4+00 5.9E+01 2.4E-03
Fe-55 3.7E4+01 4.4E4+01 1.8E-03
Fe-59 1.1E+00 1.1E+01 4.4E-04
Co-58 3.7E+00 1.7E4+02 7.0E-03
Co-60 7.4E+00 2.0E+01 8.1E-04
Ni-63 3.7E-02 - -
Zn-65 3.7E4+00 1.9E4+01 7.8E-04
Sr-89 3.7E+00 5.2E4+00 2.1E-04
Sr-90, Y-90* 2.6E-01 4.4E-01 1.8E-05
Y-91 1.5E+00 1.9E-01 7.8E-06
Zr-95 3.0E-01 1.4E+01 5.9E-04
Nb-95 3.0E-01 1.0E+01 4.1E-04
Mo-99 7.4E4+01 2.4E+02 9.3E-03
Ru-103 7.4E-01 2.8E+02 1.1E-02
Ru-106, Rh-106m* 1.1E-01 3.3E4+03 1.4E-01
Ag-110m 3.7E-02 4.8E+01 2.0E-03
Te-129m 1.5E+00 7.0E4+-00 2.9E-04
Te-131m 3.7E+00 5.6E+01 2.0E-03
Te-132 3.7E-01 6.3E4+01 2.4E-03
Ba-140 1.5E+01 4.8E+02 1.9E-02
La-140 1.5E+01 9.3E+02 3.4E-02
Ce-141 1.1E4+00 5.6E+00 2.3E-04
Ce-143 - 1.0E+02 3.7E-03
Ce-144, Pr-144* 1.1E-01 1.5E+02 5.9E-03
Np-239 3.0E+02 8.1E+01 3.1E-03
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3.3. - D&D stage

LWR NPPs final stage is D&D, which is commonly divided into three phases. In the first, spent fuel and components with high
activity (i.e., control rods) are removed from the reactor. In the second one, decontamination, dismantling and removal of radioactive
material, waste, structures, and components take place. Finally, materials originated from the second phase that exceed exception
levels of activity [45] are managed following the regulatory requirements [46].

During D&D, potential radionuclides released into the environment may be different to those from the operational stage. When
fissile materials are removed from the reactor, the probability of a radioactive liquid discharge decreases significantly. However, in the
D&D process of LWR NPPs some occasional radioactive releases into the surrounding environment may take place, especially by the
creation, suspension, and resuspension of contaminated aerosols. In any case, the principal radionuclides to be considered in the
releases are those produced in the reactor components by neutron activation reactions [3], which appear in Table 3. In this table, the
expected inventory of radionuclides in a nuclear power plant, at the time of shutdown and after removing fissile materials, per thermal
MW is also shown.

From Table 3, the main activation products in reactor materials at shutdown are: in steels Mn-54, Fe-55, Ni-59, Co-60, Ni-63, Nb-
94, Ag-108m and Sb-125; and in reinforced concretes H-3, C-14, Ca-41, Fe-55, Co-60, Ba-133, Eu-152 and Eu-154.

Together with the above, the radioactive contamination of material surfaces, especially near the fuel discharging equipment, the
storage pools, and the processing and storage facilities for radioactive effluents and wastes must also be considered. The radioactive
inventory of such potential contamination includes actinides (Pu-238/239/241, Am-241, Cm-242/244 and U-232/233/234/235/
236/238) and fission products (Sr-90, Tc-99, Ru-106, I-129, Cs-137 and Ce-144) [3].

A recent paper published by Seo in 2021 [10] indicates interest in additionally measuring the following radionuclides: Nb-93m (fast
neutron activation product); Pm-147 (fission, fast neutron activation and thermal neutron activation product), Np-237 (Am-241 decay
product), Pu-240 (thermal neutron activation product), Am-243 (thermal neutron activation product) and Cm-243 (thermal neutron
activation product).

All the aforementioned radionuclides may appear as aerosols during the D&D process, to a greater or lesser extent, and end up in
groundwater [3,10].

However, as previously explained, depending on the historical data of the plant, radionuclides other than those considered here
may be measured during the D&D processes other than those considered here. For example, in Spain, already experienced in D&D
processes, the following radionuclides are measured in groundwater: H-3, C-14, Mn-54, Fe-55, Co-57, Fe-59, Co-58, Co-60, Ni-63, Zn-
65, Sr-90, Nb-94, Zr-95, Nb-95, Ru-106, Ag-108m, Ag-110m, Sb-125, Sn-126 and Ba-133 [47]. As can be seen, some of these radio-
nuclides are those previously considered as specific to the D&D processes, whilst others belong to the "history" of the plant and are
those typically determined during its operation.

Thus, Table 4, which summarizes the radionuclides, with half-lives >24 h, which could be found in the groundwater around NPPs
during their lifetime, according to the different information sources presented, is subject to changes arising from the above-mentioned
issues. Therefore, this list should be considered as dynamic over time.

4. Results
4.1. - Dose to the population and detection limits proposed due to radionuclides

Assuming the criterion of 0.01 mSv/year [] as the maximum individual dose that could be attributed to the ingestion of any single
radionuclide throughout the year at a rate of 2 litres per day, the activity concentration level, i.e., the concentration that if present in

Table 3

The principal radionuclides formed by neutron
activation reactions in LWR NPPs [3] and their
expected activity per MWy,.

Activity
Nuclide Ny

Bq MWy,
H-3 4.3E+09
C-14 4.1E+08
Ca-41 2.9E+06
Mn-54 1.4E+08
Fe-55 4.2E+11
Ni-59 3.7E+09
Co-60 1.1E+12
Ni-63 3.7E+11
Nb-94 1.4E+07
Ag-108m 4.8E+08
Sb-125 5.3E+08
Ba-133 4.2E+05
Eu-152 1.9E+10
Eu-154 1.9E+09
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Table 4

List of potential radionuclides to be analyzed in groundwater in REMPs together with the ingestion dose coefficients for adults, the proposed activity
concentration levels (ACLj), the derived detection limits (Dy#, 10% ACLj) and their half-life (T} 2). The corresponding phase of life of the NPP where
they appear is also shown [O: Operational stage, D: D & D stage].

;(50) ACL; Dy* T1/2 NPP stage
SvBq! Bql! Bql! s
Ag-108m 2.30E-09 5.96E+00 5.96E-01 1.38E+10 D
Ag-110m 2.80E-09 4.89E+00 4.89E-01 2.16E+07 o
Am-241 2.00E-07 6.85E-02 6.85E-03 1.37E+10 D
Am-243 2.00E-07 6.85E-02 6.85E-03 2.33E+11 D
Ba-133 1.50E-09 9.13E+00 9.13E-01 3.33E+08 D
Ba-140 2.60E-09 5.27E+00 5.27E-01 1.10E+06 o
C-14 5.80E-10 2.36E+01 2.36E+00 1.80E+11 D
Ca-41 1.90E-10 7.21E+01 7.21E+00 3.16E+12 D
Ce-141 7.10E-10 1.93E+01 1.93E+00 2.81E+06 o
Ce-143 1.10E-09 1.25E+01 1.25E+00 1.19E4-05 o
Ce-144 5.20E-09 2.63E+00 2.63E-01 2.46E+07 (6]
Cl-36 9.30E-10 1.47E+01 1.47E+00 9.53E+12 D
Cm-242 1.20E-08 1.14E4+00 1.14E-01 1.41E407 D
Cm-243 1.50E-07 9.13E-02 9.13E-03 9.12E+08 D
Cm-244 1.20E-07 1.14E-01 1.14E-02 5.72E+08 D
Co-57 2.10E-10 6.52E+01 6.52E+00 2.35E+07 D
Co-58 7.40E-10 1.85E+01 1.85E+00 6.12E+06 (6]
Co-60 3.40E-09 4.03E+00 4.03E-01 1.66E+08 0O,D
Cr-51 3.80E-11 3.60E+02 3.60E+01 2.39E+06 o
Cs-134 1.90E-08 7.21E-01 7.21E-02 6.51E+07 (6]
Cs-135 2.00E-09 6.85E+00 6.85E-01 7.30E+13 o
Cs-136 3.00E-09 4.57E+00 4.57E-01 1.14E+06 o
Cs-137 1.30E-08 1.05E+00 1.05E-01 9.48E+08 o
Eu-152 1.40E-09 9.78E+00 9.78E-01 4.27E+08 D
Eu-154 2.00E-09 6.85E+00 6.85E-01 2.71E+08 D
Fe-55 3.30E-10 4.15E+01 4.15E+00 8.67E+07 D
Fe-59 1.80E-09 7.61E+00 7.61E-01 3.84E+06 D
H-3b 1.80E-11 7.61E+02 7.61E+01 3.89E+08 O,D
1-129 1.10E-07 1.25E-01 1.25E-02 5.08E+14 o
1-131 2.20E-08 6.23E-01 6.23E-02 6.93E+05 (6]
La-140 2.00E-09 6.85E+00 6.85E-01 1.45E+05 o
Mn-54 7.10E-10 1.93E+01 1.93E+00 2.70E+07 0O,D
Mo-93 3.10E-09 4.42E+00 4.42E-01 1.26E+11 D
Mo-99 6.00E-10 2.28E+01 2.28E+00 2.37E+05 (6]
Nb-93m 1.20E-10 1.14E+02 1.14E+01 5.09E+08 D
Nb-94 1.70E-09 8.06E+00 8.06E-01 6.31E+11 D
Nb-95 5.80E-10 2.36E+01 2.36E+00 3.02E+06 D
Ni-59 6.30E-11 2.17E+02 2.17E+01 2.40E+12 D
Ni-63 1.50E-10 9.13E+01 9.13E+00 3.11E+09 D
Np-237 1.10E-07 1.25E-01 1.25E-02 6.77E+13 D
Np-239 8.00E-10 1.71E4+01 1.71E+00 2.04E+05 (6]
P-32 2.40E-09 5.71E+00 5.71E-01 1.23E+06 o
Pm-147 2.60E-10 5.27E+01 5.27E+00 8.28E+07 D
Pu-238 2.30E-07 5.96E-02 5.96E-03 2.77E+09 D
Pu-239 2.50E-07 5.48E-02 5.48E-03 7.61E+11 D
Pu-240 2.50E-07 5.48E-02 5.48E-03 2.07E+11 D
Pu-241 4.80E-09 2.85E+00 2.85E-01 4.52E+08 D
Sb-125 1.10E-09 1.25E+01 1.25E+00 8.71E+07 D
Sn-126 4.70E-09 2.91E+00 2.91E-01 3.15E+12 D
Sr-89 2.60E-09 5.27E+00 5.27E-01 4.37E+06 o
Sr-90 2.80E-08 4.89E-01 4.89E-02 9.09E+08 O,D
Ru-103 7.30E-10 1.88E+01 1.88E+00 3.39E+06 o
Ru-106 7.00E-09 1.96E+00 1.96E-01 3.21E+07 o
Ta-182 1.50E-09 9.13E+00 9.13E-01 9.90E+06 o
Tc-99 6.40E-10 2.14E+01 2.14E+00 6.67E+12 D
Te-131m 1.90E-09 7.21E+00 7.21E-01 1.08E+05 o
Te-132 3.80E-09 3.60E+00 3.60E-01 2.79E+05 o
U-232 3.30E-07 4.15E-02 4.15E-03 2.23E+09 D
U-233 5.10E-08 2.69E-01 2.69E-02 5.02E+12 D
U-234 4.90E-08 2.80E-01 2.80E-02 7.75E+12 D
U-235 4.70E-08 2.91E-01 2.91E-02 2.22E+16 D
U-236 4.70E-08 2.91E-01 2.91E-02 7.39E+14 D
U-238 4.50E-08 3.04E-01 3.04E-02 1.41E+17 D
Y-91 2.40E-09 5.71E+00 5.71E-01 5.06E+06 (6]
Zn-65 3.90E-09 3.51E+00 3.51E-01 2.11E+07 o
Zr-95 9.50E-10 1.44E+01 1.44E+00 5.53E+06 o
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Table 5
List of potential radionuclides from Table 4, the proposed technique for their measurement (y, a, p - spectrometry or proportional counter, PC), the
need of isolation before measurement (RI) and suitable volume (V in ml) and counting time (CT in minutes) to achieve the detection limit (y# in Bq/1).

RI S a-S B-S PC V (ml) CT (m) y# (Bq/D)
Ag-108m X 500 1440 0.04
Ag-110m X 500 1440 0.07
Am-241 X X 100 5000 0.002
Am-243 X X 100 5000 0.002
Ba-133 X 500 1440 0.05
Ba-140 X 500 1440 0.3
c-14 X X 100 300 0.1
Ca-41 X X 500 300 0.2
Ce-141 X 500 1440 0.2
Ce-143 X 500 1440 0.2
Ce-144 X 500 1440 0.5
cl-36 X X 60 300 0.3
Cm-242 X X 100 5000 0.002
Cm-243 + 44 X X 100 5000 0.002
Co-57 X 500 1440 0.06
Co-58 X 500 1440 0.08
Co-60 X 500 1440 0.05
Cr-51 X 500 1440 0.3
Cs-134 X 500 1440 0.1
Cs-135 (%)
Cs-136 X 500 1440 0.1
Cs-137 X 500 1440 0.1
Eu-152 X 500 1440 0.5
Eu-154 X 500 1440 0.2
Fe-55 X X 400 180 0.03
Fe-59 X X 500 1440 0.08
H-3 X X 25 1440 1
1-129 X X 2000 1000 0.01
131 X 500 1440 0.066
La-140 X 500 1440 0.4
Mn-54 X 500 1440 0.04
Mo-93 X X 500 300 0.2
Mo-99 X 500 1440 0.1
Nb-93m X X 100 1440 4
Nb-94 X 500 1440 0.09
Nb-95 X 500 1440 0.09
Ni-59 X X 400 180 0.03
Ni-63 X 400 180 0.03
Np-237 X X 100 5000 0.005
Np-239 X 500 1440 0.3
P-32 X X 500 100 0.15
Pm-147 (*)
Pu-238 X X 100 5000 0.002
Pu-239 + 40 X X 100 5000 0.002
Pu-241 X X 100 3000 0.2
Sb-125 X 500 1440 0.4
Sn-126 X X 500 1590 0.30
Sr-89 X X 250 1000 0.03
Sr-90 X X 250 1000 0.02
Ru-103 X 500 1440 0.2
Ru-106 X 500 1440 0.7
Ta-182 X 500 1440 0.3
Te-99 X X 500 360 0.015
Te-131m X 500 1440 0.5
Te-132 X 500 1440 0.09
U-232 X X 50 5000 0.004
U-233 X X 50 5000 0.004
U-234 X X 50 5000 0.004
U-235 X X 50 5000 0.004
U-236 X X 50 5000 0.004
U-238 X X 50 5000 0.004
Y-91 X X 250 1000 0.03
7n-65 X 500 1440 0.2
7r-95 X 500 1440 0.2

NOTE: (*) Not evaluable by any of the proposed techniques.
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the consumed drinking-water would yield an individual dose of 0.01 mSv, can be assessed as established in 2.1.

Applying this criterion to the complete list of radionuclides derived previously, Table 4 is obtained. In Table 4, the results of activity
concentration levels together with the proposed detection limits, the half-life of the radionuclides and the stage of the NPP where they
appear are gathered.

4.2. - Recommended measurement method

It must be considered that groundwater radiological monitoring is carried out in laboratories, by discrete sampling. In situ
radiological monitoring is almost impractical.

For the purposes of groundwater monitoring, the methodologies envisaged by the safety authorities to laboratories shall be taken
into account by considering also the risks, safety and costs. Comparable and fit-for-purpose results are an essential requirement for any
decision based on radioactivity measurements, so it is essential that laboratories devoted to this monitoring use appropriate nuclide-
specific measurement methods.

Having defined the table of radionuclides (Table 4) that can be determined in groundwater at any stage of the life of a NPP and the
reasonably achievable detection limits, it is worth considering the operational achievability of these limits by conventional radio-
activity measuring laboratories and through which techniques. It should also be highlighted that, for operational reasons and also in
terms of financial costs and consumption of laboratory consumables and reagents, it is important that the analyses can be run using the
smallest possible sample quantity and optimizing the time needed to obtain meaningful results.

Depending on the radionuclide emissions to be determined, three spectrometric techniques are routinely used: alpha, beta and
gamma spectrometry. Additionally, proportional counter and scintillator techniques are commonly found. Beyond these, mass ac-
celerators, are not considered because, although very powerful for some radionuclides, they are not as widespread as those mentioned
above.

Although it is not one of the objectives of this paper to conduct an exhaustive analysis of the spectrometric techniques, for which
there is extensive documentation [48,49], some recommendations can be made.

Direct gamma spectrometry using High Purity Germanium (HPGe) semiconductor detectors (although not exclusively) is a very
powerful technique that allows the simultaneous determination of a large number of gamma-emitting radionuclides in a sample
without the need for any treatment beyond evaporation if the volume required to reach the requested DL is very high. Simplicity in
obtaining the emission record is not always accompanied by simplicity in interpreting this record and thus providing the required
activity concentration values for all radionuclides present in the sample. The overlapping of emissions from different radionuclides and
coincidence effects are the most common issues in gamma spectrometry. If we also consider that a large number of radionuclides are
beta or alpha emitters and then emit gamma radiation, it is clear that this technology, as can be seen in Table 5, can be used to
determine the activity concentration required for most radionuclides present in the sample. Unfortunately, the detection efficiency of
these devices is low in comparison to the other techniques described here, which means that the detection limits that are achieved with
these HPGe devices are the highest ones making use of the same sample volume and measurement time.

In some cases, when interferences with other emitters render a radionuclide undetectable, this gamma spectrometry technique is
applied by previous and exhaustive sample preparation consisting of isolating the element corresponding to the radionuclide(s) to be
determined from the sample; a process called radionuclide isolation. This complexity, highly consuming of laboratory and time re-
sources, is compensated by a straightforward interpretation of the results.

In the case of those radionuclides undetectable by gamma spectrometry - a situation that can occur for several reasons, the most
common being: emission of gamma particles whose energy is outside the operating range of the equipment, non-existent gamma
emissions, emissions with such a low probability that the DL required for that radionuclide is not achievable by this technique, or
because interferences with other emitters make them undetectable - alpha/beta spectrometry, or counters are the techniques to be
used.

Alpha spectrometry, performed - although not exclusively - with implanted silicon detectors (PIPS), is a technique which requires
the isolation of the element corresponding to the radionuclide(s) to be determined from the sample containing it, before proceeding to
its measurement. In this case, the complexity of this process is balanced by a simple interpretation of the results and by a high detection
efficiency, which means that the DLs obtained by this technique are generally low for relatively small sample quantities, as shown in
Table 5.

Beta-spectrometry using the liquid scintillation technique is a technique that also requires radionuclide separation to isolate the
chemical element to which it pertains before measurement. This complexity, the production of mixed (chemical and radioactive)
residues that needs to be properly managed and highly consuming of laboratory and time resources, is offset by an easy analysis of the
results, and by a high detection efficiency, which means that the DLs obtained by this technique are generally low with relatively small
sample quantities, as we show in Table 5. However, since beta emissions present a continuous spectrum, reading the record is not as
simple as in the case of alpha spectrometry; the possible occurrence of interferers, the existence of extinction, among other possible
issues, mean that well-qualified personnel are required to perform the reading interpretation.

Regarding the use of counters, e.g., proportional counters, these have the advantage, in terms of equipment, of being extremely
robust, relatively inexpensive and with very low maintenance and operating costs. However, it will always require radiochemical
isolation of the element to be measured. In addition, since these equipments do not provide a spectrum, but only a certain number of
counts, it is very difficult to determine the existence of interferers. However, their detection efficiency is high and provides low
detection limits.

At this point, it is worth mentioning that while some radionuclides can be measured by different techniques, the choice of which
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depends on the sample size available, the required detection limits and the possible presence of other radionuclides in the sample that
can interfere in its determination; some other radionuclides present a particularly complex determination and other factors such as the
time needed to provide the results and the economic costs must also be taken into consideration; so that correlation factors are evoked
for their assessment.

From such considerations, we propose, for each radionuclide, the procedure that appears to be the most appropriate for its
determination.

Whenever a radiochemical isolation must be carried out, it is necessary to know the yield of the isolation, i.e., the percentage of the
element present in the sample that could be extracted by the chemical procedure followed. There are different ways to control this
yield. Among them, the most common are the use of a well-known quantity of a radioactive tracer belonging to the same element as the
radionuclide to be determined, but whose emissions do not interfere with those of the radionuclide to be determined and, which will be
detected in the test-sample by the same or another measurement technique as the radionuclide sought. A second alternative is the use
of a well-known quantity of a stable carrier usually belonging to the same element as the radionuclide to be determined and which will
be determined in the test-sample by conventional measurement techniques (for example atomic absorption, mass spectrometry or
gravimetric analysis). There are other procedures, such as the preparation of two test-samples in parallel, one traced with the
radionuclide to be determined and the other without, are rarely recommended, although they are occasionally the only option.

The use of a radioactive tracer, which is determined in the test-sample together with the unknown radionuclide(s), is the most
common technique in the case of alpha spectrometry analysis.

Any of these tracing techniques are the usual practice for obtaining the value of the radiochemical yield in the cases of radionu-
clides determined by liquid scintillation, and in the case of counters, depending on the radionuclide to be detected.

The existence of uncertainties linked to the process of the radiochemical yield determination, volume determination as well as
those derived from the necessary process of equipment calibration, which in turn include the determination of some corrective factors -
which for the sake of brevity are not dealt with in this text - among which are quenching curves, sum effect corrections, density
corrections and self-absorption, make it difficult to provide a general expression for the uncertainties of determination of activity
concentration and also for those of the detection limits. In the last few years, several contributions provide directly applicable nu-
merical expressions for these parameters [50-53]. Together with this, a great normative effort is being made at international level to
reach a consensus on these expressions of use [37,54,55-57] which is, essential in order to achieve comparability of the results
provided, both during plant operation and decommissioning, by the different actors participating in these processes.

Throughout the lifetime of the plant, the radionuclides that are to be measured in groundwater are those shown in Table 4. Table 5
shows all of them, together with the DL achieved, the technique proposed to achieve this DL, and also a proposal of the volume of
samples required as well as the suitable measurement time. The criteria for proposing the techniques are: 1.- That the proposed DLs are
achievable with the proposed technique. 2.- That these DLs can be achieved with the technique using reasonable sample volumes and
measurement times. 3.- When these conditions are met by more than one technique, the one that requires the least investment of time
and resources is proposed.

In Table 5 a realistic DL is also given, obtained using conventional but specific detection equipment, as used in the UPV/EHU low
activity measurement laboratory. This laboratory is accredited by ENAC (Spanish accreditation body belonging to ILAC) under the
ISO/IEC 17025 [58] standard, for 90% of the determinations shown in Table 5. Naturally, the reported DLs are approximate, as they
will depend not only on the equipment used, the amount of sample used to prepare the test-sample and the measurement time, but also
on the background of the measurement, the performance of the radiochemical isolation (if any) and the measurement geometry (in the
case of gamma spectrometry). Regardless, they correspond to the values we routinely obtain in our laboratory.

The equipment used are as follow:

For gamma spectrometry, HPGe, detectors from Canberra and Mirion suppliers, with detector efficiencies between 110 and 60%
relative to Nal(Tl). Measurements are performed near-contact.

For alpha spectrometry, Canberra PIPS detectors of one inch diameter and nominal efficiencies of 25%. Measurements are per-
formed at a 5 mm source-detector distance.

Used for beta spectrometry, PerkinElmer 1220 Quantulus ultra-low background Liquid Scintillation Counting (LSC) equipment.
Efficiencies vary from 20% to 100% according to the energy of the emitter, type of cocktail and vial used, sample—cocktail ratio and
quenching.

Completing the set, the counters are gas flow proportional counters from Canberra and Berthold, with detector diameters of two
inches and nominal efficiencies of 40% and 25% for beta and alpha particles from Am-241 and Sr-90.

In view of Table 5, one main conclusion of this paper is that a large part of the radionuclides to be determined can be obtained using
conventional radiometric techniques. Only some of them, such as Cs-135 and Pm-147, require more sophisticated techniques, such as
mass spectrometry.

It should also be mentioned that some of these radionuclides require adaptation of the methods used, i.e., for the determination of
Am-241 by alpha-spectrometry, Am-243 is routinely used as a tracer. So, if Am-243 is also to be determined, a double determination,
with and without tracer, will have to be carried out. In a further example, there are radionuclides that are inseparable by these
conventional measurement techniques, such as Pu-239 and Pu-240, so the joint value of both is provided. Although there are more
examples that mirror the complexity of some of these determinations, it is not the aim of this paper to analyse them in depth, but to
show that the radio analytical conventional methods allow, for most radionuclides, to reach the hereby proposed maximum detection
limits considered reasonable when making a radiological characterization of groundwater throughout the different stages of the life of
a NPP. Alternatively, for the radionuclides not detectable by radiometric techniques, but also for those difficult to determine, the use of
correlation factors is an option that, although not providing a precise value of the content of the radionuclides, does a reliable
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understanding of whether the values reached by their activity concentration are adequate for the proposed purpose.

Examination of Table 5 shows that about 50% of the analyses can be performed with just 500 ml of water in a non-destructive
analysis by gamma ray spectrometry. Alpha spectrometry is needed for only five of the nuclide analyses and it needs a maximum
of 100 ml for each radionuclide analysis (500 ml for all radionuclide assessments) and requires the highest counting times, which
amount to about 3 days. For those determinations requiring LSC or beta counters, less than 3500 ml of water is needed in total,
consuming counting times of less than one day, except for Pu-241. In summary, less than 7500 ml is needed to achieve the assessment
of activity concentrations above proposed detection limits for the vast majority of radionuclides employing radiometric techniques.
Interestingly, only in two cases, more than 1 day of counting time would be required to achieve the proposed detection limits by
gamma ray spectrometry.

5. Conclusions

From the initial consideration of groundwater as a part of the land, dose criteria is established as 0.1 mSv/y, assuming the worst-
case scenario of water ingestion and using the most restricted value of effective dose from those appearing in different national and
international regulations.

Based on previous studies and existing literature, a directory of the most important radionuclides that may be potentially released
into the environment during the different phases of the life of a nuclear power plant, from the beginning of its operation to the final
stages of its decommissioning, is presented. Concerning the aim of this paper, only radionuclides with half-life longer than 24 h are
considered.

For each radionuclide, the activity concentration responsible for independently producing one tenth of the dose criterion of 0.1
mSv/y for members of the public is calculated following the methodology proposed by the WHO.

The most appropriate value for the detection limit to be reached in the measurement of each of these radionuclides’ activity
concentrations when routine determinations are performed in the framework of the radiological monitoring plans in the environment
and in the nuclear power plants themselves are established. In this paper, we address the proposal of these detection limits as 10% of
the activity concentration level responsible for 10% of the dose criteria, and the corresponding table containing these detection limit
values is provided.

Finally, a brief notice regarding the analytical methodologies and resources necessary to undertake the determination of these
radionuclides is realized. This analysis shows that the vast majority of these radionuclides can be determined within the proposed
detection limits using conventional methods, commonly used in radiological averaging laboratories equipped with standard radio-
metric equipment (alpha, beta and gamma spectrometry and proportional counters), with average sample volumes (500 ml in most
cases) and average counting times (maximum 3 days of counting in the case of alpha spectrometry).

For those radionuclides that are difficult to determine by radiometric means, such as Cs-135 or Pm-147, alternative methods such as
mass spectrometry are recommended. Otherwise, the use of correlation factors is preferred when only an estimation of their activity
concentration rather than their precise values is adequate for the proposed purpose.
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