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FOREWORD

The TAEA has been organizing international model testing programmes for the transfer of
radionuclides in the environment and the estimation of radiation exposures since the 1980s. These
programmes have contributed to a general improvement in such models, both in the transfer of data
and in the capabilities of modellers in Member States. IAEA publications on this subject over the past
three decades demonstrate the comprehensive nature of the programmes and record the associated
advances that have been made.

From 2012 to 2015, the IAEA organized a programme entitled Modelling and Data for Radiological
Impact Assessments (MODARIA). The first phase of the programme focused on testing the
performance of models; developing and improving models for particular environments; reaching
consensus on data sets that are generally applicable in environmental transfer models; and providing
an international forum for the exchange of experience, ideas and research information.

From 2016 to 2019, the IAEA organized the second phase of the programme (MODARIA II),
where seven working groups continued much of the work of the first phase of the programme. This
publication describes part of the work undertaken by Working Group 4 — Transfer Processes and
Data for Radiological Impact Assessment — under both phases of the MODARIA programme. It
specifically reports on the work to update and improve the quality of distribution coefficients (K ) for
soil, freshwater and marine systems used within models for exposure assessment.

The TAEA is grateful to all those who participated in these activities within Working Group 4
and who contributed to the development of this publication, in particular the leaders of
Working Group 4, B. Howard (United Kingdom) and K. Kelleher (Ireland). The IAEA officers
responsible for this publication were J. Brown of the Division of Radiation, Transport and Waste
Safety and A.R. Harbottle of the Division of Physical and Chemical Sciences.
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SUMMARY

The TAEA has a long history in supporting the development of models for radiological impact
assessments for members of the public through the coordinated collation of radiological
parameter datasets to quantify the transfer of radionuclides in the terrestrial and aquatic
environment. Through the Environmental Modelling for Radiation Safety (EMRAS and
EMRAS II) and Modelling and Data for Radiological Impact Assessments (MODARIA I and
MODARIA II) programmes, the IAEA has continued the updating and improvement of the
quality of data used to quantify the transfer processes leading to exposures to humans and
non-human biota. This publication describes the work undertaken by Working Group 4,
Transfer Processes and data for Radiological Impact Assessment, subgroup 1 on distribution
coefficients (Ks) within IAEA’s Modelling and Data for Radiological Impact Assessments
(MODARIA 1) programme (2012-2015) and its continuation in the MODARIA 1II programme
(2016-2019).

Previous reporting of Ky value datasets in earlier IAEA Technical Report Series (TRS)
publications has provided best estimate Ks values (such as a geometric mean). Improved Ky
datasets for soils and freshwater sediments have now been developed which include chemical,
physical, mineralogical, and other ancillary properties associated with the Ky values, as well as
information on the methodology followed to determine the K4 values, to assist the end user to
select appropriate Ky values. The variability in K4 can be greatly reduced by grouping K4 data
on the basis of identified key factors for both solid and liquid phases that influence radionuclide
sorption. These key factors were identified for a number of radionuclides through statistical
analysis of the datasets and knowledge of the mechanisms governing interaction. For some
radionuclides with sufficiently large datasets, it has been possible to generate distribution
functions of Ky for some radionuclide solid matrix combinations, thereby permitting sensitivity
analyses, as well as quantitative estimation of their variability.

A significant number of K, data for marine sediments have been compiled based on information
from Japan, the Baltic Sea, and the IAEA MARIS database'. These values have been compared
with those in the IAEA publication TRS 422 entitled “Sediment Distribution Coefficients and
Concentration Factors for Biota in the Marine Environment”, where a fixed single exchangeable
fraction was applied to all elements. The proportion of the exchangeable phase in the new
MODARIA dataset differed between radioactive and stable isotopes, although the difference
was small for marine sediments. This observation, together with other data on soils and fresh
water, indicated that it is preferable to quantify exchangeable fractions for elements.

The structure and content for a database of Ks values for soil, freshwater and marine systems is
proposed and is illustrated for soil Ks values for Cs and U. It is envisaged that a user would be
able to generate a cumulative distribution function of soil K4, based on key soil properties that
influence Ky variability for Cs and U. A graphic of the potential output from such a database
demonstrates the potential usefulness of an enhanced global K, database that can be used in
conjunction with models to improve REIA and to gain a better understanding of the behaviour
of radionuclides in all environmental compartments.

! https://www.iaea.org/resources/databases/marine-radioactivity-information-system-maris






1. INTRODUCTION

BRENDA HOWARD
UK Centre for Ecology and Hydrology, UNITED KINGDOM
University of Nottingham, Nottingham, UNITED KINGDOM

KEVIN KELLEHER
Environmental Protection Agency, IRELAND

ANDRA-RADA HARBOTTLE
International Atomic Energy Agency

1.1. BACKGROUND

Following the release of radionuclides to the environment, radiation exposure of members of
the public is assessed using models describing transfer of radionuclides through different
ecosystems and compartments of the environment [1.1]. The output of such models is a key
element of the regulatory control of nuclear facilities and activities in planned, existing and
emergency exposure situations. The reliability of the models depends on the quality of data
parameters underpinning them and the accurate description of the environmental conditions for
a specific exposure assessment.

The TAEA has a long history in supporting the development of models for radiological impact
assessments for members of the public, has provided guidance on model applications and has
coordinated the collation of radiological parameter datasets to quantify the transfer of
radionuclides in the terrestrial and aquatic environment [1.2—1.5]. This has been carried out in
the framework of the international model test and comparison programmes comprising:
Biosphere Modelling and Assessment (BIOMASS) in 1996-2002, Environmental Models for
Radiation Safety (EMRAS) in 2003-2007 (Phase I) and 2009-2011 (Phase II), and Modelling
and Data for Radiological Impact Assessment (MODARIA) in 2012-2015 (Phase I) and 2016—
2019 (Phase 1II).

Within ten working groups (WGs), the MODARIA 1 programme focused on the following areas:
(a) remediation of contaminated areas, including urban environments and naturally occurring
radioactive material (NORM), WGs 1, 2 and 3; (b) uncertainties in exposure assessments due
to gaps in model parameter data and uncertainties and variability of radiological impact
assessments in planned exposure situations and for radioactive waste disposal facilities,
harmonization of models for accidental tritium releases (WGs 4 and 5); (c) exposures and
effects on biota (WGs 8 and 9); and (d) marine modelling (WG10).

The follow-up MODARIA II programme, implemented in the period 2016-2019, addressed
the following topics: (a) assessment and decision making of existing exposure situations for
NORM and nuclear legacy sites (WG1); (b) assessment of exposures and countermeasures in
urban environments (WG2); (c¢) assessments and control of exposures to the public and
biota for planned releases to the environment (WG3); (d) transfer processes and data for
radiological impact assessment (WG4); (e) exposure and effects to biota (WGS); (f) biosphere
modelling for long term safety assessments of high level waste disposal facilities (WG6);
and (g) assessment of fate and transport of radionuclides released in the marine environment
(WG7) [1.6].



Under the EMRAS programmes, data compilations of distribution coefficients (K4) parameter
values were made available in the form of the Technical Reports Series (TRS) publication
TRS 472 [1.3] for soils and freshwater systems, along with an earlier one on marine systems
(TRS 422 [1.4]). These are currently widely used in assessments to estimate doses to humans
and internal and external dose rates for wildlife, especially when site specific data are missing.
Increased knowledge and available data on Ky parameter values has led to the need to update
and improve the quality of K4 values for soil, freshwater and marine systems used within models
for exposure assessment.

1.2. OBJECTIVE

The general aim of the MODARIA programmes was to improve capabilities in the field of
radiological environmental impact assessment (REIA) by the acquisition of improved data for
model testing and comparison, reaching consensus on modelling philosophies, approaches and
parameter values, and development of improved methods and exchange of information. This
publication aims:

(1) To improve the quality and amount of information provided for Ks values for soil,
freshwater and marine systems;

(2) To present the preliminary developments of the structure and content for a global database
of K, values for soil, freshwater and marine systems, using an example of soil Ky values
(for Cs, U), with a proposed end user functionality that would allow the refinement of K4
values based on factors influencing radionuclide sorption in the environment.

This TECDOC describes the activities of WG4 under the MODARIA programmes on the
analysis and improvement of the quality and quantity of K data for human and wildlife for
REIA, and on identifying factors that can explain the large range of variation in values.

1.3. SCOPE

This publication focuses on K, parameter values that are relevant for estimating the transfer of
radionuclides through environmental compartments and for assessing radiation doses to people
and the environment. The publication is potentially useful for radioecological researchers,
professionals from national regulatory bodies, operating organizations and decision makers that
are responsible for planning and implementing source and environmental radiation monitoring
and exposure assessments. The publication covers the following topics:

(1) Updating the current data compilations of freshwater sediment K values in TRS 472 [1.3]
through a critical review of the literature;

(2) Illustrating (for Am and Cs) the improvement of the selection and derivation of soil Ky
values for given situations using a new approach based on secndary soil properties and
an improved statistical treatment of the data;

(3) Defining suitable review processes and criteria necessary for inclusion of data in the
datasets;

(4) Identifying statistical approaches and tools that can be used to describe variability in Ky;

(5) Identifying ancillary data that can be used to reduce the variability associated with the K4
best estimate values and to provide end users with information to make better informed
decisions about the use and selection of K values for different sets of conditions;

(6) Consideration of available data and approaches used for K values for marine systems and
further data for potential future inclusion;

(7) Preliminary developments of the content and structure of a global database of K4 values
for soil, freshwater and marine systems;



(8) Providing an example of a soil Ky database (for Cs and U), with end user functionaly that
would allow the refinement of K, values based on factors influencing radionuclide
sorption in the environment.

1.4. STRUCTURE

This publication consists of seven chapters, one Appendix and six Annexes. An overview on
the theoretical background on Ky concept is given in Chapter 2, including the methods for
deriving Ky values, geochemical processes controlling radionuclide interactions with solids,
sorption models. Chapter 3 focuses on reducing the variability associated with best estimates
of K4 values for soils and the development and analysis of improved datasets for Ky values in
soils, using Am and Cs as examples. Methods to provide improved information on Ky values
that are categorized according to the main factors that influence K4 values are also reported. A
substantial improvement of Ky datasets for the freshwater environment is reported in Chapter 4,
by including three conditions of measurement, namely sorption, desorption and in situ, and of
two environmental components, namely suspended sediments, and deposited sediments.
Chapter 5 considers relevant information on improved K, values in marine systems. Preliminary
developments of the structure and content for a K, database for soil, freshwater and marine
environments, and an example of the use of such a database for deriving soil Ky data for Cs is
presented in Chapter 6. Chapter 7 summarizes the conclusions of this publication. The
Appendix provides information on the key features of the proposed Ks database. A series of
five Annexes gives associated information supporting the main chapters, which cover:
examples of the use of Ky values in models and codes; the effect of microbial activity on the K4
of radiocarbon and radioiodine; an example of coupling between K, and kinetic approaches; the
relationship between K, and adsorption and desorption kinetics; and the impact of the accident
at the Fukushima Daiichi Nuclear Power Plant on the distribution of radiocaesium in coastal
waters.
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The parameter, Ky is often used to describe how radionuclides partition between solids and
water in terrestrial soils, freshwater sediments, and marine sediments. It is most commonly used
to predict how radionuclides distribute in porous and fractured media and surface water and,
specifically, how they are partitioned between water, suspended and bottom sediments in
freshwater and marine systems. Ky values are also used to predict the desorption of
radionuclides from various materials. As Ky values affect estimates of radionuclide content in
soil pore water, they may also affect estimates of radionuclide uptake via plant roots. A few
models (such as Symbiose [2.1, 2.2]) use K4 values to predict soil-plant transfer for a number
of radionuclides. As described in Annex I, the radionuclide activity concentration in the
aqueous phase of soils (i.e. soil pore waters) can be calculated from Ky values and soil activity
concentrations, which can then be used to predict activity concentrations in plants.

One challenging aim of the MODARIA WG4 activities was to enhance the statistical
description of Ky distributions for several radionuclides in different ecosystems to improve the
K4 information that was currently available in IAEA TRS 472 [2.3] for soil and freshwater
systems.

2.1. INTRODUCTION TO K4

Soil and sediments are major sinks for both natural and artificial radionuclides. The extent of
transfer of radionuclides from these important environmental compartments to both humans
and other organisms is a key determinant of their impact and has to be quantified in radiological
impact assessments. As elements in solution may be environmentally mobile, they are more
likely to be transported to other environmental compartments than if they were bound to soil or
sediment. Therefore, if radionuclides are not immobilized because they have a low affinity to
bind onto soil and/or sediments, then they will be potentially available to transfer along food
chains to both humans and other organisms. Conversely, high radionuclide affinity for binding
and retention in the upper layers of soils and surface sediment can lead not only to lower
environmental mobility, but also to enhanced external doses. Therefore, it is important to
adequately quantify the mechanisms controlling how a radionuclide is bound to solid phases in
soils in terrestrial environments and to sediments in aquatic systems, to enable reliable
estimation of both internal and external doses to humans and other organisms.



Under the broad term of sorption, there are different processes characterizing the binding of
dissolved radionuclide ions to solid surfaces. Models for the description of radionuclide
sorption are often based on empirical K values (also known as partition coefficients). The use
of K4 values constitutes the simplest sorption model available. It is commonly defined as the
ratio between the activity concentration of a radionuclide sorbed on a specified solid phase Csolid
(mass activity density referred to dry mass (DM)) and the radionuclide activity concentration
in a specified liquid phase Ciiquia (volumetric activity density) (K4, L/’kg DM) [2.4]:

Kd — Csolid (21)
liquid

Assumptions regarding Ky are discussed in following sections.

Whereas Ky is the simplest approach to assess the fraction of radionuclides associated with the
aqueous and solid phases, there are alternatives, such as the non-linear isotherm approach
(including Langmuir or Freundlich equations) [2.5], dynamic modelling (including the E-K
sorption model [2.6]), or mass-action based thermodynamic models (including the ion exchange
and surface complexation models [2.7]). These empirical and semimechanistic approaches
typically involve numerous measurements of relevant environmental variables used in the
models. However, the lack of relevant, site specific data to apply them may, in some cases, limit
their usefulness. Although the K, approach amalgamates many processes, it needs less data to
use than a more mechanistic approach. Consequently, the application of Ks values remains
widely used in models and codes because of its simplicity and straightforward implementation
into radiological impact assessment models (see also Annex I).

The variability of K4 values for a given radionuclide can extend over a few orders of magnitude,
depending upon the characteristics of the solid and liquid phases. Sensitivity analysis has
demonstrated that K values are one of the most important sources of uncertainty in radiological
impact assessments [2.8—2.10]. Therefore, K, variability has to be suitably addressed to reduce
uncertainty by considering any key properties that may govern radionuclide sorption onto solid
phases.

Several K, compilations have been reported in the literature. Some of them propose Ky best
estimates for a given radionuclide, with a partially reduced variability by grouping Ky values
based on a given environmental factor [2.3, 2.11, 2.12-2.17]. The current compilations usually
report separate Ky values for soils (and for soils of different textures or physicochemical
characteristics), freshwater and marine systems. K; values for many elements have previously
been reported, or derived, in IAEA publications. The most recent relevant publications are
TRS 422 [2.11] for marine systems and TRS 472 [2.3] for soils and freshwater systems.

The reporting and application of K described above has clear disadvantages, as it:

(1)  Only provides information on sorption for a small number of radionuclides;

(2) Does not adequately describe the variability in Ky values;

(3) Does not adequately account for the differences in reported K values derived from
various experimental methods used to measure Ky values.

Terrestrial, freshwater, and marine scientists tend only to report metadata associated with their
discipline. For example, marine scientists commonly report salinity, but rarely report sediment
properties associated with the Ky values. Conversely, terrestrial scientists provide several
properties of the sediment, while often omitting aqueous salinity values.



In the long term, it would be preferable to unify these data sets. Even though the relative
importance of certain environmental factors differs between terrestrial, freshwater and marine
systems, there are also many factors that justify the consideration of a common approach to
compiling data for the three types of environments. In MODARIA WG4, a process was initiated
to develop a coordinated approach towards the compilation and reporting of K4 values from the
three environmental systems in a manner which considers the complexity and variability of
these natural ecosystems. Such organization of the data will make it easier to search the
metadata associated with the Ky values.

2.1.1. Assumptions and constraints of the K, concept

While the basic concept of Ky is simple, the process of the partitioning of radionuclides between
solids and water is complex and many factors influence it. Ky, as defined in Eq. 2.1, represents
the radionuclide activity concentration ratio of the solid to liquid fractions. The K4 term assumes
the following [2.18, 2.19]:

(1) The system is totally reversible due to fast reaction kinetics (Reversible Sorption Law);

(2) Sorption is independent of the radionuclide activity concentration in the aqueous phase
(Linear Sorption Law);

(3) The system is at equilibrium (Equilibrium Law);

(4) The concentration of free or unoccupied surface sorption sites is much greater than the
concentration of bound radionuclide. Such an assumption is necessary because the model
assumes that the presence of a bound species does not influence the tendency for a
dissolved species to sorb.

Several of these assumptions, especially assumptions (2) and (4), are compromised in the most
common protocols used to measure Ky values. In relation to the first assumption, the elapsed
time since the incorporation of the radionuclide onto soils or sediments affects the
quantification of desorption Ks through an ageing effect (the processes by which radionuclides
become more strongly retained by sediments) related to sorption dynamics. Furthermore,
changes with time in radionuclide speciation in the solid phase may occur. Therefore, there may
be a significant impact of time on the sorption K, measured, especially after long contact times,
or on the desorption K, estimated for previously contaminated samples. The difference is a
source of variability for the Ky values of a radionuclide, and its significance, compared with
other sources of variability such as solid phase properties, needs to be examined where possible.
As will be discussed in more detail below, experimental methods used to measure K, values are
an additional source of variability.

2.1.2. Methods of deriving K, values

Various methodological approaches can be used to quantify Ky in the field or the laboratory.
The method used may be one of the main sources of Ky variability, as it may quantify different
‘types’ of K4 values. Therefore, the impact of the method to determine the K4 values needs to
be considered, where possible, when trying to derive a best estimate Ky value.

2.1.2.1. K derived from short term laboratory studies

The quantification of Ky from short term studies (typically of less than a few weeks), in which
the radionuclide has been recently added, can be used to derive values from conditions which
are closer to reversibility than K, determinations using other methods (described below).



Batch sorption tests are the most widely used approach to estimate Ky values for radionuclides
in soils, and they are also used for sediments, especially bottom sediments [2.20—-2.23]. In batch
tests, a known amount of unconsolidated or disaggregated, clean solid sample, is put into
contact with a volume of solution containing a radionuclide of interest. ‘Clean’ refers to an
initial radionuclide activity concentration in the solid sample, which is negligible compared
with the sorbed activity concentration after contact with the solution. Batch tests often use high
liquid-to-mass (L/M) ratios, and the resulting suspensions are shaken for short contact times.

Batch sorption tests are particularly useful for carrying out inexpensive, relatively simple Ky
measurements in which a single parameter can be varied while other parameters potentially
impacting Ky values are kept reasonably constant. Batch sorption tests are particularly
applicable in providing relative rankings of sorption affinity for a given radionuclide for
specified solid environmental materials [2.24]. They are also used to develop an understanding
of radionuclide binding processes to soil or sediment. Through their use, K4 values can be
derived from simple studies with a well mixed uniform soil or sediment, various control
samples, and additions of known quantities of radionuclides. They also have the added benefit
that the assumptions of ‘reversibility’ and ‘steady state’ of the K; measurements can be
demonstrated.

However, batch sorption tests may not precisely simulate sorption characteristics that would
naturally occur in geological media under undisturbed environmental conditions. The outcome
will depend on many factors, including the activity concentration and chemical form of the
radionuclide and the geochemical conditions (solid properties; pH and redox potential of the
contact solution; composition and ionic strength of the contact solution; biological conditions)
[2.24]. Therefore, short term sorption experiments are often conducted for different
hydrochemical and mineralogical combinations at various radionuclide activity concentrations
or various mass concentrations.

Quantification of Ky values may be affected by experimental conditions, such as temperature,
filtration of the resulting solution, contact time, and L/M ratios [2.23, 2.24]. Variability due to
changing experimental conditions is normally much lower than that arising from radionuclide
and solid phase characteristics. Experimental conditions are often defined by international
guidelines to facilitate and encourage good comparability of the results [2.21-2.23]. L/M ratios
applied in batch sorption tests are typically between 10:1 and 50:1 L/kg; these values are not
fully representative for soils in situ, although they can be more valid for freshwater and marine
sediments. Although equilibrium is reached rapidly for certain systems, such as through
processes of interlayer ion exchange reactions of clays, some sorption processes (i.e. those not
simply based on simple, ion exchange mechanisms) may need longer contact times to allow
equilibrium to be established.

Undertaking experiments at higher activity concentrations than those that could be expected in
the environment after a radioactive release is commonly avoided, as the Ky values may decrease
over a given threshold activity concentration. Relatively high mass concentrations may occur
in experiments when radionuclide sorption is simulated using stable isotopes of a radionuclide
(or of analogue elements). Therefore, it is better to predict sorption behaviour in environmental
compartments using values obtained within the lowest concentration range of a sorption
isotherm, approximating the radionuclide activity concentration in the study site.

A desorption Ky can be quantified to predict processes related to the remobilization of a
radionuclide from recently contaminated solid phases, [2.24]. The desorption K, value may be
higher under similar experimental conditions to those applied in a previous sorption test, due to
(1) the fraction of the radionuclide irreversibly sorbed, which no longer contributes to the solid—



solution equilibrium, or (ii) a slow desorption process so the solution concentration takes a long
time to equilibrate with the solid. Differences between sorption and desorption Ky values are
radionuclide dependent and are often lower than the inherent variability associated with the K4
values for a given combination of radionuclide and solid phase [2.24].

2.1.2.2. Desorption Kq values derived from tests with ‘long term incorporated’
radionuclides

Kqvalues may be quantified for samples in which the target radionuclide has been incorporated
into the solid phase for a long time by applying desorption experiments, such as leaching tests
[2.24]. The ‘long term incorporated’ concept is an ambiguous term that refers to a situation in
which the time elapsed since the incorporation of the radionuclide is adequately long to ensure
maximum irreversibility in the sorption process, thereby leading to a higher K, than that of short
term experiments with a recently added radionuclide. Depending on the radionuclide, the period
defining long term situations may vary from several months to several years.

A relevant, frequently used example is when a stable isotope originally present in the solid
phase (hereinafter termed as ‘indigenous element’) is taken as a surrogate for the behaviour of
a target radionuclide and used to derive Ky values [2.24]. In studies dealing with indigenous
elements, various experimental conditions are applied to quantify the element in the solid (e.g.
total digestion with hydrofluoric acid; acid extraction in milder conditions; radionuclide
extractable content) and in the liquid phases (e.g. soil solution, with a L/M ratio <I; water
soluble, with L/M ratios >5), leading to Ky values with high variability that are dependent on
the procedure being applied [2.25]. The Ky values derived from the total concentration in the
solid phase will be much higher than that derived from the extractable concentration, as it would
represent conditions of maximum irreversibility. Therefore, K4 values derived from indigenous
data will be classified in this publication as either ‘short term desorption’ or ‘long term
incorporated’, depending on the procedure followed to estimate the radionuclide activity
concentration in the solid phase (extractable or total activity concentration, respectively).

2.1.2.3. In situ apparent K

A few publications distinguish between distribution ratio and distribution coefficient [2.20].
The distribution ratio (Ry) or apparent distribution coefficient (here termed Kq) are terms used
to identify distribution coefficients that may not adhere to all the assumptions inherent in the
theoretical Ky definition (such as the assumption of equilibrium and/or wholly reversible and
instantaneous exchanges). In this publication, the term Ky is used for Ks values measured
in situ. It is particularly relevant for freshwater or in marine systems. For example, in the coastal
areas near the Fukushima Daiichi Nuclear Power Plant (FDNPP), which is an open system with
considerable temporal variation in radionuclide activity concentrations in water, true
equilibrium is not reached.

The apparent K4 values, derived from empirical measurements in situ, are estimated from
the ratio of measured concentrations of an element or radionuclide in a geological material
(e.g. asoil or sediment) and its corresponding contact solution (e.g. water column, groundwater)
[2.24].

The use of in situ Kaw is widespread, particularly for freshwater and marine systems [2.24].
In situ Kqn) values are most appropriate when the level of contamination in the solid phase is
high enough to disregard the variability in obtaining and measuring a representative sample of
the liquid phase, thereby easing analytical detection limitations. However, this approach may
lead to Ky values that include sorbed radionuclide that is not reversibly bound due to the time
elapsed since the radionuclide was incorporated into the solid phase, and thus not available for
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exchange with the liquid phase. Therefore, in situ values may be higher than those derived from
methods aiming at estimating reversible Ku.

Different approaches can be used to determine in situ Kiw), and each significantly affects the
representativeness of the derived values [2.24]. In aquatic systems, in situ Kaw) values are
usually determined for either bottom or for suspended sediments (SS) using different methods
to separate the solid and liquid phases. For suspended sediments, separation may be achieved
using sediment traps located in the waterflow, or by various gravitational, centrifugal, or
filtration/ultrafiltration methods. Recent data from Japan showed the impact of the
methodology used, as Ky, values determined for caesium at Fukushima with sediment traps
are generally lower than those obtained by filtration because these two methods do not generate
the same particle size sorting [2.26]. Thus, the quantification of in situ K4 depends on whether
dissolved or particulate forms of radionuclides in suspended or bottom sediments are being
considered.

2.1.24. Ka derived from (laboratory) mass transport experiments

K4 values can be derived from the diffusion based mass transport pattern of a radionuclide in
compacted solids, mainly in columns or in diffusion cells [2.24]. The approach considers the
retardation of the radionuclide due to interactions with porous materials. The migration of
radionuclides through solids under saturated and/or unsaturated conditions is simulated through
mass transport experiments. They allow evaluation of radionuclide migration rates, while
preserving the structure and compaction degree of soils. As a result, there is less solid particle
alteration than that which occurs in batch experiments, and mass transport experiments can
often produce more representative site specific results than the methods described above.

Mass transport experiments are usually carried out inside columns of sediment. A high pressure
apparatus is used for experimentation on intact and fissured solid with low permeability. The
associated equipment costs, time constraints, experimental complications, and variability of the
resultant data limit the applicability of this approach [2.27].

Comparisons of Ky values from batch and mass transport experiments are currently based on
scarce data and suggest contradictory information on whether the batch sorption methods over
or underestimates Ky values [2.28, 2.29]. To date, more lower Ky values have been reported that
have been derived from mass transport experiments in comparison to those derived from batch
experiments, mostly due to the experimental conditions adopted in the batch studies, such as
shaking and a higher L/M ratio [2.30].

Many fewer K, data have been derived from mass transport experiments than from batch tests.
For this reason, mass transport derived Kq values for soils and sediments are currently not
included in the MODARIA K, datasets. The inclusion of such data in the K, datasets is a
remaining challenge for the future.

2.2. GEOCHEMICAL PROCESSES CONTROLLING RADIONUCLIDE INTERACTION
WITH SOLIDS

2.2.1. Introduction

An understanding of the assumptions and limitations of using Ky values in transport and
radiological impact models is important for interpreting the derived results, adequately
representing the modelled system, and identifying possible shortcomings of the model
outcomes.
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For example, one of the assumptions in Ky measurement and use in transport modelling is that
of linearity (discussed in Chapter 3, Section 3.1.1), which states that the Ks remains constant,
irrespective of the activity concentration of the radionuclide in the system. This is typically not
an issue for radiological impact modellers because radionuclide activity concentrations are
normally low in the environment. However, this becomes a compromising assumption for
trivalent and tetravalent actinides near sources, such as facilities for disposal of highly
radioactive waste, where elevated activity concentrations commonly exceed the solubility of
the radionuclide, resulting in radionuclide partitioning in a non-linear manner.

K4 values are also used indirectly to estimate a wide range of different transport processes,
including:

(1) How rapidly the dissolved radionuclides move through porous or fractured media (i.e.
retardation factor, Ry);

(2) How rapidly radionuclides diffuse through porous media (i.e. effective diffusion
coefficient, D.);

(3) The transport of radionuclides that move up and down the soil column (i.e. rate constant,
A, which is related to Ry);

(4) Radionuclide partitioning in marine and stream systems between the aqueous/dissolved
and the suspended solid fractions;

(5) Uptake of available radionuclides by plants from the soil solution.

Kq values will vary for different environments as well as between radionuclides. Thus, the
modeler has to understand not only the mathematics associated with the K4 construct, but also
the biogeochemistry it is attempting to describe. To aid the end user in achieving this, the
following sections describe the different geochemical processes that control radionuclide—soil
interactions.

2.2.2. Geochemical radionuclide processes in terrestrial and aqueous systems
2.2.2.1.  Processes in the aqueous phase

Typically, data indicating the extent of contamination (the total concentration of several
dissolved substances) in an aqueous plume are provided to transport modellers, with little
information on radionuclides mobility and bioavailability or the forms in which these are
present in the plume. Contaminants can occur as soluble free, soluble complexed, adsorbed,
organically complexed, precipitated, or coprecipitated species [2.5]. Insights into the
geochemical processes involved in the formation of these species and their potential effects on
the transport of contaminants are briefly discussed below.

Groundwater samples may contain over 100 different soluble species [2.31]. These soluble
species commonly involve metal cations and organic or inorganic ligands. For example, the
aqueous species Pu(Cl)4 (aq) is composed of the central atom of Pu and the ligand CI (chloride).
Similarly, the HCOs™ complexes is composed of the central molecule CO3* (carbonate) and the
H' ligand. An inner-sphere complex is a compound in which the central group and ligand are
in direct contact. An outer-sphere complex is a compound in which one or more water molecules
exist between the central group and a ligand. Outer-sphere complexes are much less stable than
inner-sphere complexes because the former has much weaker bonds formed between the central
group and ligand.

Common groundwater anionic ligands include HCO3/COs%, CI', SO4* and humic substances
(i.e. natural organic materials) [2.5]. Dissolved PO,* is typically present at much lower

12



concentrations but its presence, even at low concentrations, may have a profound effect on the
speciation of radionuclides, especially multivalent cations, such as U and Pu. A general ranking
of the propensity of these anionic ligands to form complexes with many metals is as follows:
COs* > S04* > PO4> > CI [2.19]. However, this ranking assumes equal ligand concentrations,
which rarely happens in nature. Furthermore, some specific combination of radionuclides and
ligands form especially strong complexes due to their electron orbital configurations, such as
BaSO4 (ag), StSO4 (aq), and various uranium phosphate species [2.32, 2.33]. There can be many
dissolved, small chain humic substances present in groundwater and their complexation
properties with cationic radionuclides are not well understood but are probably important when
present in substantial amounts (>1 mg/L). For example, humic materials present in significant
concentrations in shallow aquifers can dominate the metal chemistry [2.34]. Some
organometallic ligand complexes can be quite stable and need either low or high pH conditions
to dissociate.

Most of the time, the solution concentration of the central molecule is lowered through
complexation (i.e. uncomplexed free species). Consequently, complexation may lower the
potential for sorption and increase its solubility, both of which can enhance mobility.
Conversely, some complexants, such as large molecular weight organic matter (OM) (e.g.
humic acids) readily bond to soils and will reduce mobility of the complexed metals [2.35].

2,222 Oxidation—reduction (redox) processes

According to Ref. [2.5], the chemical reaction which involves a complete transfer of electrons
from one species (the reductant) to another (the oxidant) is named an oxidation—reduction
(redox) reaction. The consequence of this process is that the oxidation state of the radionuclide
changes, which typically has considerable effects on K, values. For example, Tc in the oxidized
form, Tc(VII), has K, values of about 1 mL/g, whereas in the reduced form, Tc(IV) has a K4 of
about 1000 mL/g [2.36]. Similarly, Pu in the oxidized form Pu(V) may have a K4 of about
15 mL/g, whereas in the same soil, the reduced form Pu(IV) has a K4 value of about 6000 mL/g
[2.36]. Other radionuclides that show significant changes in Ky values, depending on their
oxidation state, include Np, Se and U. In general, radionuclide sorption increases as the oxidation
state of the radionuclide decreases (i.e. under reducing conditions). However, a notable exception
is radioiodine, as 103™ reduces to I [2.36, 2.37]. For both elements, the K values decrease by
about an order of magnitude, as they are reduced to their lower oxidation state. Table 2.1 lists
several redox sensitive metals and the valence states in which they may exist in the
soil/groundwater system.

The sequence in which inorganic elements become reduced is well established (Table 2.2).
When an oxidized system undergoes reduction, the order in which oxidized species become
reduced (at pH 7) is O2, NO3", Mn*", Fe**, SO4%, and organic matter. As the redox potential Eh
of the system drops below 0.6 V, enough electrons become available to reduce Oz to H2O [2.19].

TABLE 2.1 REDOX-SENSITIVE METALS AND THEIR MOST COMMON VALENCE STATES IN
SOIL/GROUNDWATER SYSTEMS [2.19]

Element Common Valence States Element Common Valence States
Americium +3 Neptunium +4 and +5
Antimony +3 and +5 Plutonium +3, +4, +5 and +6
Chromium +3 and +6 Selenium -2, +4, and +6

Tron +2 and +3 Technetium +4 and +7

Todine -1 and +5 Uranium +4 and +6
Manganese +2 and +3
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TABLE 2.2. SEQUENCE OF PRINCIPLE ELECTRON ACCEPTORS IN NEUTRAL pH AQUATIC
SYSTEMS [2.19]

Reduction Half-Reactions Range of Initial £/ Values (V)
0.502(g) +2¢" + 2H"=H20 0.6t0 0.4

NOs +2¢ +2H"=NO> + H20 0.5t00.2

MnOx(s) + 2e + 4H* = Mn?* + 2H20 0.41t00.2
FeOOH(s) + e+ 3H* = Fe** + 2H.0 0.3t00.1

S04 + 8¢+ 9H" = HS" + 4H20 0to -0.15

H*+e =0.5Hx(g) -0.15t0-0.22
(CH20)n = (n/2)CO2(g) + (n/2)CH4? -0.15t0-0.22

2 (CH20), is representative of natural OM.

In other words, below an Eh of 0.6 V, O2(aq) is not stable in pH neutral systems. Below Eh
0.6 V, Ox(g) is used in respiration by aerobic microorganisms. As the £/ decreases below 0.5 V,
electrons become available to reduce NO3™ to NO>™ and below about 0.4 V, electron activity
becomes sufficient to support the reduction of iron and manganese in solid phases. Only when
0O and NO;™ are depleted will iron reduction occur. In the case of iron and manganese,
decreasing Eh results in the dissolution of Mn(IV) and Fe(III) solid phases. The increase in the
dissolved concentrations of Fe(II) and Mn(II/III) is expected from the effect of lowered E#,
however a marked increase is usually detected in the concentrations of associated metals, such
as cadmium, chromium and lead, in the aqueous phase, and of ligands, such as HoPO4 [2.19].
Typically, the metals released, including iron and manganese, are soon readsorbed by solids
that are stable at lower E/ values (e.g. clay minerals or OM), and become exchangeable species.
As Eh becomes negative, sulphate reduction can take place. Metals and radionuclides can react
with bisulphide (HS") to form metal sulphides that are quite insoluble.

The oxidation state of non-radioactive soil constituents has a considerable impact on K, values.
The various redox couples have different tendencies to complex radionuclides. For example,
FeOOH(s) (iron oxide minerals) can immobilize many radionuclides, and once it undergoes
reduction to form Fe?", the bound radionuclides are released into the mobile aqueous phase
(Table 2.2). Similarly, as MnOx(s) solid mineral phases become reduced to a dissolved form of
Mn?*, the radionuclides bound to MnOa(s) are released into the aqueous phase. Therefore, the
effective Ky values decrease under reducing conditions, as opposed to oxidizing conditions, as
the Fe and Mn solid phases dissolve. Conversely, under reducing conditions, sulphides tend to
accumulate in the solid phase, and they promote the precipitation of many transition metals,
including Cr, Cd, Am, Cm, and Eu [2.24].

2.2.2.3. Consideration of the gaseous phase and soil microorganism processes in deriving
Kavalues for some radionuclides

Some elements, such as carbon, selenium and iodine, are re-emitted from soil to the atmosphere
in gaseous forms [2.38-2.42]. For example, iodine can be emitted, mainly as methyl iodide
(CH3l), through the action of soil bacteria [2.38]. The volatilization process affects Ky values,
as the gaseous phase of a radionuclide is not usually considered. If a proportion of a given
radionuclide in the soil solution is emitted into the air, the resulting K; value will be
overestimated.

The presence of microorganisms is a major factor influencing the volatilization of some
radionuclides and has been studied for radioisotopes such as '*C and I. Microorganisms have
been shown to contribute to the partitioning of C in soils [2.40]. When the action of soil
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microorganisms was inhibited, only a low fraction of the added '*C was released into the air,
whereas up to about 70% of the added '“C was released from untreated (uninhibited) samples.
An effect of microbial activity on iodide (I) partitioning in solid, liquid, and gaseous phases
has been shown in Japanese agricultural soils under varying temperatures in batch sorption
experiments [2.43, 2.44]. The limited amount of iodide partitioning to the gas and solid phases
at 4°C was attributed to diminished microbial activity at low temperature, resulting in reduced
iodide fixation by soil microorganisms and increased volatilization. This process had a
significant effect on the iodide K, values, with GM values increasing between temperatures of
4°C and 23°C in both paddy (from 22 to 67 L/kg) and upland soils (from 9 to 21 L/kg). The
mechanisms are probably related to soil organisms that are involved in the fixation of iodine
from soil solution onto soil particles [2.45]. Further details of these two cases are described in
Annex II.

2.2.24. Processes leading to the sorption of radionuclides in the solid/solution system

Sorption is a generic term, unrelated to mechanisms governing the partitioning of aqueous phase
constituents to a solid phase. Without extensive testing or the use of spectroscopic or
microscopic techniques, it is not possible to determine whether a radionuclide is adsorbed onto
the surface of a solid, absorbed into the solid structure, precipitated on the solid surface of the
solid, or partitioned into OM [2.24, 2.46].

In many natural systems, the extent of sorption is controlled by the electrostatic surface charge
of the mineral phase. For some minerals, such as aluminium, iron, and manganese oxyhydroxides
and OM, the surface charge varies with the pH. Variably charged surfaces are especially
important for sorbing radionuclides in semitropical and tropical regions, and in young soils that
originate from volcanic activity. In variably charged soils, the magnitude and polarity of the
net surface charge changes with several factors, including pH [2.19]. The negative charge of the
surface increases with increasing pH as an increasing number of hydroxides, OH", bind to the
surface. As the pH decreases, there is a general increase in positive charge as an increasing
number of protons, H', bind to the surface. The positive change provides an electrostatic
attraction to anions, a trait that is very weak or non-existent in permanently charged minerals
(which tend to be negatively charged [2.47]).

2.2.3. Adsorption and desorption processes

Adsorption is defined as the accumulation of matter at the interface between two phases, solid
and aqueous solution, respectively [2.48]. Adsorption is the uptake of dissolved radionuclides
onto the surface of the structure layers of the mineral. Adsorption and precipitation differ, as
the latter includes the development of a three dimensional molecular structure. The adsorbate is
matter that accumulates at the interface, in two dimensional molecular arrangements, and the
adsorbent is the solid surface on which the matter accumulates.

Adsorption onto clay particle surfaces can take place via two mechanisms [2.48]. The first
mechanism involves formation of an inner-sphere surface complex that is in direct contact with
the adsorbent surface and lies within the Stern Layer (Fig. 2.1) [2.47]. The second mechanism
creates an outer-sphere surface complex that has at least one water molecule between the cation
and the adsorbent surface. These ions reside in the Gouy Diffuse Layer extending from the
outer limit of the Stern Layer surface into the surrounding liquid (‘bulk water”).
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FIG. 2.1. Stern layer and Gouy diffuse layer in the water in contact with a negatively charged surface.

Anions also adsorb by inner- and outer-sphere surface complexation [2.18]. Anionic
radionuclides that are likely to form a greater proportion of outer-sphere bonds to mineral
surfaces include TcO4>, I, HCO5", CI', and SeOs*, whereas 105™ and SeO4> are more likely to
form inner-sphere bonds [2.18, 2.37].

Generally, an increased tendency of a free metal cation to form inner-sphere surface complexes
(correlated to a higher ionic potential of the cation) relates to an increased relative affinity of a
sorbent for that cation. Based on these considerations and laboratory observations, the relative
adsorption affinity of metals has been described, as follows [2.18]:

(a) Group IA elements: Cs* >Rb">K">Na" > Li"
(b)  Group IIA elements: Ba?" > Sr?* > Ca** > Mg?*
(c) Transition elements: Hg*" > Cd*" > Zn?"

(d) Influence of element valence: Fe*" > Fe?*

These rankings follow trends related to the periodic table. The relative adsorption affinity of
Group IA (a) and ITIA (b) elements increases with atomic weight. There is a general trend
amongst the transition elements (c) that higher atomic weight elements within a periodic group
tend to have greater relative adsorption affinity to charged surfaces. Finally, the greater the
valence of an element (d), the greater its relative adsorption affinity.

Ionic potential alone cannot explain the adsorption affinity for transition metal cations since
electron configuration also plays an important role in the complexation of these cations. Their
relative affinities tend to follow the Irving-Williams order: Cu?* > Ni*" > Co*" > Fe?" > Mn*".
The molecular basis for this trend is discussed in Ref. [2.49].

Ion exchange is a common adsorption reaction in soils, involving an exchange of an ionic species
between a solid phase and an aqueous solution in contact with the solid. Thus, a previously
sorbed ion of weaker affinity is exchanged on the soil and replaced with another ion with a
stronger affinity ion from the surrounding aqueous solution. Most metals in aqueous solution
adsorb primarily in response to electrostatic attraction due to their occurrence as charged ions,
for example, in the cation exchange reaction shown in Eq. (2.2):
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CaX(s) + Sr?* = SrX(s) + Ca®* (2.2)

The amount of Ca or Sr bound to exchange sites is termed CaX(s) and SrX(s). Sr** replaces
Ca?" at the exchange site, X. The equilibrium constant (K..) for the exchange reaction is defined
by Eq. (2.3):

__ {srx(s)}{ca?*}

Kex - {cax(s)}{sr2+}

(2.3)

There are numerous ion exchange models from which K4 can be derived (such as those described
by [2.31] and [2.19]). For example, in Eq. (2.2), because the concentration of calcium is
commonly much greater than the concentration of strontium in a system, the concentration of
Ca’* and CaX can be assumed to remain constant. This assumption permits setting K.« equal
to Ka:

(srx(s))
Ko = Kex = "ary (2.4)

2.2.4. Precipitation and dissolution processes

The precipitation reaction of dissolved species is a special case in which a solid is formed by
two or more aqueous species. Precipitation may be particularly important for multivalent
radionuclides (e.g. Pu(IV), U(IV), and Am(III)) in soil/groundwater systems [2.18].
Precipitation occurs when the dissolved radionuclide concentration exceeds a solubility limit,
that varies with radionuclide and the aqueous chemistry. For instance, the pH can greatly
influence the solubility limit of most radionuclides (an example is presented below).
Precipitation is an especially important process controlling radionuclide aqueous concentrations
near point sources, such as disposed radionuclide waste.

In solubility controlled models, it is assumed that a known solid is present, or rapidly forms, and
controls the concentration of the constituents (i.e. radionuclides) in the aqueous phase. These
are thermodynamic equilibrium models in which the time (i.e. kinetics) needed to dissolve or
completely precipitate the constituents is not considered. An empirical solubility release model?
can be generated from data resulted from empirical solubility experiments. A solubility limit is not
a constant value when the system is chemically dynamic but is determined by the product of the
thermodynamic concentrations (more specifically, ionic strength corrected activities) of species
that constitute the solid. If the chemistry of the system changes, especially in terms of pH and/or
redox state, then the concentrations of individual species often change. For example, if the
controlling solid for plutonium is the hydrous oxide Pu(OH)4, the solubility product, Ky, is the
plutonium concentration multiplied by the hydroxide activity taken to the fourth power, i.e.
[Pu][OH]* = K,,. If the pH decreases by one unit (i.e. the OH concentration decreases by a
factor of 10), then for K, to remain constant, the concentration of Pu has to increase by 10%,
Therefore, the solubility product is highly dependent on the chemistry of the aqueous phase and
needs to be calculated for each set of environmental conditions.

2 An empirical solubility release model is mathematically similar to the solubility construct but has no well-identified
thermodynamically controlling solid.
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2.2.5. Absorption processes

By definition, the process of radionuclide absorption results in extremely strong bonds being
formed with the solid phase, typically forming structural bonds with the solid phase. There are
three classical examples of radionuclide absorption. The first example is Cs" uptake into the
edge sites of illitic minerals (vermiculite/mica-type clays) [2.50]. This is the most extensively
studied reaction between radionuclides and mineral surfaces in the literature, primarily because
of its unique nature, its potential application in treating waste streams and in environmental
remediation, and its ease of measurement [2.51]. The second example of absorption is the long
term migration of divalent cations into zeolites [2.52]. The third example involves initial
coprecipitation of the radionuclide, followed by ageing in the subsurface, resulting in the
coprecipitate phase being buried beneath subsequent precipitation [2.53-2.56]. A few examples
include U being absorbed into iron oxyhydroxide phases [2.56], and Sr and Ba being absorbed
into carbonate phases [2.53, 2.54].

2.3. SORPTION MODELS

This section provides a brief description of some of the more common sorption models, of
which several are directly based on the K concept. It also describes the underlying assumptions
of the various models and provides references to more detailed information.

2.3.1. Parametric K; model

A parametric Ks model is derived from aqueous and solid phase independent variables as a
function of empirically derived multivariate relationships, often obtained from a series of
measurements made over a range of conditions. Parametric Ks models have the distinct
advantage of being more robust, as it becomes unnecessary to determine new Ky values for each
set of environmental conditions. Standard linear or non-linear regression, stepwise regression,
and adaptive learning networks (see Refs [2.17, 2.57]) are used through statistical methods to
derive quantitative predictor equations. Parametric K, equations are only appropriate for use to
calculate K, values for systems within the range of the independent variables that have been
included to create the equation. For example, the following parametric Ks model has been
developed for Ce based on the characteristics of a given radioactive waste disposal site
[2.57]:

lg K;(Ce) = 3.51 4+ 0.5440 (pH) — 0.0220 (sand) — 0.0220 (silt) —
0.0047 (clay x pH) (2.5)

where the units for Ks is L/kg, sand and silt are wt% (weight percentage), and the interaction
term of ‘clay x pH’ is unitless. This multiple regression equation indicates that /g K, (Ce) values
increase with pH and decrease with sand and silt concentrations. Equation (2.5) can be used to
estimate K4 (Ce) values at this potential disposal site as a function of pH, sand, silt, and clay
contents. As is true for all correlation type statistics, these types of parametric relationships do
not address causality and, therefore, provide no information on the mechanism by which the
radionuclide is partitioned between the solution and the solid phase.

2.3.2. Coupling K; and Kinetic approach

The K4 model describes equilibrium conditions, even though it is well known that sorption may
change with time. Models have been developed that include both equilibrium and kinetic
situations that take into consideration that the K; may gradually approach steady state. Such
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models, though important, are outside the scope of this publication because no effort is made
here to parameterize such models.

The processes of sorption are not instantaneous, and the time taken for equilibrated conditions
to be reached depends on the radionuclide and the environmental conditions. Consequently, the
modelling of complex conditions characterized by a succession of different conditions of
sorption needs at least some consideration of Ky values specific to each set of conditions, as
well as the kinetics of each process. Under such conditions, an alternative and operational
approach is to combine partition equilibrium and kinetic sorption approaches [2.4, 2.58-2.61].
Examples of such coupled models can be found in Annexes III and IV.

2.3.3. Isotherm sorption (empirical) models

A mathematical description of the experimental data that is not based on a particular theory or
mechanistic understanding defines an empirical model. For example, the K, Freundlich
isotherm and Langmuir isotherm are considered empirical models by this definition [2.31].

A ‘sorption isotherm’ can be derived from experiments that include a suite of different tests to
evaluate the effect of various parameters, such as pH, concentrations of competing ions, or
initial radionuclide activity concentrations, on the radionuclide activity concentration in
solution or sorbed, while other parameters are held constant (Fig. 2.2). For soils, radionuclide
sorption can deviate from a linear relationship between aqueous and soil bound radionuclide
activity concentration, especially when activity concentrations are elevated. At low
radionuclide activity concentrations, the ratio of sorption sites to radionuclide molecules is high
and, therefore, ideal for rapid sorption during which the presence of a sorbed solute will not
interfere with the subsequent sorption of other radionuclides. Once this ratio decreases below a
critical point, the surface bound radionuclides interfere with additional sorption and the sorption
isotherm becomes non-linear, often referred to as the Freundlich portion of the isotherm
(Fig. 2.2).

Csotia = Kr X Clijyia (2.6)
where:

Csoiia 18 the activity concentration of radionuclide sorbed per unit mass;
Cliguia 1s the equilibrium radionuclide activity concentration in solution;
Kr s the Freundlich adsorption constant;

N is a constant approximating site heterogeneity (unitless).

As the aqueous radionuclide activity concentration in an adsorption isotherm continues to
increase, all the sorption sites may become saturated, resulting in a plateau of the isotherm
referred to as the sorption site saturation point. Such an isotherm behaviour is commonly
referred to as a Langmuir model, as described by the following equation:

KL X AmX Cliquid

Corriy = 2.7
solid 1+ Ky, % Cliquid ( )

where:

K;  is the Langmuir adsorption constant related to the energy of adsorption;
Am  1s the maximum adsorption capacity of the solid.
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FIG. 2.2. Sorption isotherm (aqueous radionuclide activity concentration, Ciiguia (Cy), versus surface
bound radionuclide, Csoiia (4;)) identifying the linear range (Kg), non-linear range (Freundlich sorption),
the plateau region (Langmuir sorption), and the solubility concentration (Kp).

Alternatively, at high radionuclide activity concentrations, precipitation may occur, at which
point the aqueous radionuclide activity concentration does not increase as additional
radionuclides are added to the system and the sorption is no longer a linear process. This is
referred to as a solubility controlled system. Therefore, for the compilation of Ky values in the
MODARIA dataset, attempts were made to select only those data that were in the linear range
of the adsorption isotherm.

2.3.4. Surface complexation models

Surface complexation models (SCMs) are semimechanistic models that determine the chemical
and electrostatic forces involved in ion retention by minerals. Properties, such as radionuclide
activity concentration, competing ion concentration, variable surface charge on the adsorbent
and/or solute species solution distribution, are accounted for in SCMs. SCMs are more robust
than the Ks model for predicting how radionuclide sorption varies as a function of
changing aqueous chemistry; however, they need a great deal of additional site specific
information. Equally important, they necessitate a much greater knowledge of geochemistry
to implement. SCMs have been in use since the 1950s and have been reviewed in the literature
[2.31, 2.62-2.65].

Thermodynamic concepts, such as reactions described by mass action laws, material balance
equations, and surface charge are the basis of SCMs. They do not explicitly address kinetic
considerations. The three most used surface charge models are: the constant capacitance model,
the diffuse layer model, and the triple layer model (reviewed in Ref. [2.31]). Each of these
models assume that: (1) protons are the dominant potential determining ion’, meaning that
protons control surface charge; (2) all surfaces have a single type of binding site; (3) each site
can undergo two protonation reactions; and (4) there is a strict distinction between inner- and
outer-sphere complexes (see Fig. 2.1). A key application of SCMs is their contribution to
increased understanding of the chemistry at the aqueous and solid phase interface and their use
in describing data from complex multicomponent systems, for which the mathematical
formulation for an empirical model might not be obvious.
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Soil K4 values in soils commonly range over about five orders of magnitude. It is therefore
beneficial to narrow their range using ancillary information for factors that affect the K value
for each radionuclide. Reducing the range in K value can be achieved, for example, by
considering the properties of the solid and liquid phases and the experimental approach applied
for the quantification of Ks values. Deriving probabilistic K, from partial datasets grouped
according to key soil factors allows the derivation of best estimates Ky with a lower associated
variability.

This chapter provides approaches to quantify and understand variability of K values in soils by
using examples that illustrate how various ancillary factors that influence Ky values can be
grouped to provide input data with lower variability. Such an approach is useful for radiological
impact assessments, particularly for complex conditions when more realistic assessments are
needed. A detailed examination of the effect of the experimental approach applied for the
quantification of K, values on the variability of Ky values is presented in the context of Japanese
paddy field soils.

3.1. COMPARISON BETWEEN SHORT TERM SORPTION AND LONG TERM
DESORPTION K4 VALUES IN JAPANESE PADDY FIELD SOILS

Soil K4 data derived from indigenous elements can be included in the main datasets because
they can be considered as surrogates for the long term behaviour of the target radionuclides
[3.1]. However, for caesium, sorption Ky values derived from radiotracer experiments tend to
be lower than K, derived from the solid total concentration of the indigenous element. Such
differences in Ky values for elements other than caesium have rarely been studied or compared,
especially for the same soil samples [3.2]. Recent studies that partially address this deficiency
are briefly discussed below.

3.1.1. Element concentrations in soil and river sediment

Soil is formed from the weathering of rocks by water, microorganisms, and wind and the
incorporation of natural organic matter from the decomposition of plants and animals.
Figure 3.1 shows the GM of element concentrations (95% confidence range) in Japanese river
sediments (N = 3024), which have been shown to partially reflect the properties of contributing
weathered rock [3.3], and paddy field soils (N = 93) [3.4] collected throughout Japan. The ratios
of GM concentrations of paddy field soil to river sediment of each element (Rsoil sed) are shown
in Fig. 3.2.
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FIG. 3.1. Geometric means of concentrations (mg/kg DM) of elements in paddy field soils and river sediments collected throughout Japan. Bars show 95%
confidence range.
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FIG. 3.2. Ratios of element GM concentration in paddy field soils versus river sediments.



Almost all elements, except Al, Cd, P and U, had a lower or similar concentration in soils to
that in river sediments. P and U concentrations in paddy soils were higher due to the addition
of phosphorus fertilizer to Japanese paddy fields [3.5]. Uranium naturally coexists in phosphate
fertilizers. For Al, paddy soils absorb dissolved Al from irrigation water [3.6] and Japanese
soils tended not to release Al [3.7]; which can lead to accumulation of Al in paddy soils. The
same mechanism applies because of a high K, for Cd in suspended sediments (see Chapter 4).

Depleted elements (GM Rsoil sed < 0.8; which are below the dilution effect by soil organic
matter) include alkaline and alkaline earth elements such as Ba, Ca, Mg, Na, Rb and Sr as well
as Co, Mn and Mo. For other elements, the GM Rsoil sea Were close to 1, as the river water in
contact to sediments does not solubilize them. These elements are relatively immobile in the
environment, so Ky values derived from the total concentration of indigenous elements are
higher for these elements than those obtained by other methods.

Batch sorption tests in 32 paddy field soils have been carried out to obtain short term sorption
K using radiotracers, namely **Mn, ®*Ni, *Se, %Sr, and *’Cs [3.8, 3.9]. Another experiment
measuring indigenous elements in the same soils used total digestion with hydrofluoric acid of
the solid phase to measure water soluble amounts of elements from the soil solid phase
providing long term desorption Ky values. Geometric mean Ky values for the elements,
summarized in Table 3.1, indicate that the difference between the long term and short term Ky
values varies by 3—12 times. Long term Ky values are consistently higher than the short term
values for all five elements examined. Except for Sr and Se, short term and long term 1g Kq
values were well correlated (R>0.5; p<0.01). The results indicate that, by applying a
correction factor, short term Ky values could be estimated from indigenous based, long term Ky
values for Mn, Ni and Cs. The correction factors are 0.86 + 0.15 for Mn, 0.72 + 0.06 for Ni,
and 0.76 £+ 0.06 for Cs. For Sr and Se, the factors are 0.76 + 0.08 and 0.83 + 0.16, respectively,
but there is no significant correlation between indigenous elements and radiotracers for these
two elements.

TABLE 3.1. CORRELATION FACTOR VALUES FOR SHORT TERM (ST) AND LONG TERM
(LT) Ka VALUES (L/kg) OF Mn, Ni, Se, St AND Cs FOR JAPANESE PADDY FIELDS

Type of K4 R P-value GM GSD Min Max
ST **Mn 9.4 x 10? 5.1 1.7 x 102 1.4 x103
LT Mn 0.62 <0.001 2.8 x103 32 5.2 x10% 8.4 x10*
ST ®Ni 7.0 x 10% 1.8 2.0 x 102 3.1 %103
LT Ni 0.54 0.0015 8.7 x 103 2.1 1.9 x 103 5.0 x 10*
ST 75Se 2.5 x 10? 3.1 3.3 x 10! 1.6 x 10°
LT Se 0.43 0.014 7.6 x 10% 2.0 2.1 x10? 2.7 %103
ST 8Sr 4.0 x 10? 1.7 1.7 x 10? 1.8 x 10°
LT Sr 0.25 0.17 2.9 x 10° 2.0 8.1 x10? 1.1 x 10*
ST 1¥7Cs 2.6 x 103 2.4 5.5 x10% 1.7 x 10*
LT Cs 0.73 <0.001 3.0 x 10* 24 7.4 x10° 4.4 x10°

GM: geometric mean; GSD: geometric standard deviation.
R: Pearson correlation factor; P-value: statistical significance of the correlation.
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3.1.2. Differences between short term and long term K, values for Mn, Ni, Se, Sr
and Cs

It may be difficult to estimate short term Ky values from long term K, values without a
previously established relationship or correction factor. Such an approach has been suggested
for marine sediments [3.10], using a correction factor based on the exchangeable fraction which
gives ratios of exchangeable K/total K, exchangeable Ca/total Ca, 0.1M oxalic acid extractable
Al/total Al or 0.1M oxalic acid extractable Fe/total Fe. Of the four elements considered above
(Fig. 3.2), only Ca was depleted in paddy field soils compared with river sediments which may
be due to Ca in soil being relatively mobile compared with the other measured elements. The
mobile fraction can be part of the exchangeable fraction of the soil.

To explore this approach, a hypothesis was tested that exchangeable Ca can be used as an
indicator of the exchangeable fraction for other indigenous elements in soils. For each soil
sample, the ratio between exchangeable Ca and total Ca in each soil sample was used to estimate
the exchangeable fraction for other indigenous elements. The corresponding Ku value was
recalculated (as the corrected long term Ky), allowing conversion of the long term indigenous
Ky data into a value for short term Ky data.

The resulting data in Table 3.2 show that the exchangeable Ca/total Ca ranged from 0.05 to 1.0
(GM = 0.20). For all studied elements, by adopting the exchangeable Ca ratio, the differences
between short term and long term corrected Ks were 0.62—2.6 times lower than those before
correction (3—12 times). Long term corrected Ky was correlated to short term Ky values for Mn,
Se and Cs (p < 0.05) but with a low Pearson correlation factor (R = 0.37-0.62). For Ni and Sr,
long term corrected Ks were not correlated to the short term Ky (p > 0.05).

The results suggest that using exchangeable Ca as an indicator of the exchangeable fraction
may be useful for some elements but is not a reliable approach to apply for all elements. Further
studies are needed to identify suitable correction factors to convert indigenous long term data
for various radionuclide to estimated short term Ky values.

TABLE 3.2. CORRECTED LONG TERM (LT) K4 VALUES USING EXCHANGEABLE Ca/TOTAL
RATIOS IN SOIL AND SHORT TERM (ST) Kq VALUES (L/kg) OF Mn, Ni, Se, Sr AND Cs

Element R P-value Corrected long term Kq GM ratio
GM GSD Min. Max. ST Kd/corrected LT Ka
Mn 0.62 <0.001 5.8 x10% 3.5 8.9 x 10! 1.5 x 10* 1.09 £ 0.20
Ni 0.24 0.18 1.8 x 10° 3.0 3.0 x 10? 1.1 x 10* 0.89+0.13
Se 0.37 0.035 1.6 x 10? 2.7 1.5 % 10! 9.2 x 10? 1.13+0.27
Sr 0.18 0.33 6.0 x 10% 2.1 1.9 x 102 42 %103 0.95+0.12
Cs 0.54 0.001 6.1 x103 3.6 6.7 x 10% 1.1x10° 0.92+0.12

ST: short term; LT: long term.
GM: geometric mean; GSD: geometric standard deviation.
R: Pearson correlation factor; P-value: statistical significance of the correlation.
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3.2. TREATMENT OF K; VARIABILITY
3.2.1. Introduction

As noted above, there is no single K4 value for a given radionuclide as Ky values may vary over
as much as 5-6 orders of magnitude. Variability in Ky for a given radionuclide in an
environmental sample arises from the effect of the methodology applied for its determination
(e.g. sorption and desorption batch tests or in situ experiments) and the characteristics of the
solid and liquid phases that affect sorption mechanisms (e.g. pH, Eh, particle size, organic
matter content, water column/soil solution composition), which in turn may modify
radionuclide speciation. The relative importance of each factor contributing to the variability is
radionuclide dependent. Sources of variability are difficult to reduce because they are not
univariate or independent.

Cumulative distribution functions (CDFs) of a dataset can be used to give a description of the
distribution and variability of K4 values. CDF equations describe the values of a random
variable (i.e. a function mapping the probability of a variable — in this case of K4, over a range
of real values) and their associated cumulative frequency. This means that the probability of a
Kq value that is less than, or equal to, a given value can be continuously described by means of
this function. CDFs indicate the most probable K4 value, corresponding to the S0 percentile of
the CDF, and provide a range of potential values and their probability of occurrence [3.11].
Confidence intervals of K, values can also be derived from the CDF of a K; dataset by
calculating the associated percentile ranges (e.g. the 90% and 95% confidence intervals
corresponding to the ranges based on the 5%—95" and 2.5""-97.5" percentiles, respectively).

3.2.2. The cumulative distribution function statistical approach

CDFs are built using the statistical parameters of the underlying frequency distribution or
probability density function (PDF) that adequately represent the distribution of the individual
values of a certain dataset for the target variable. The Ky parameter is calculated as a ratio and
constrained to positive values. Its values are expected to follow a log-normal distribution [3.12];
this implies that the log-transformed K; values, or lg Ky, follows a Normal or Gaussian
distribution. Therefore, the corresponding PDF can be expressed as follows:

~ [(lg K- n )2]
1 202
p(ngd) =c_m 10 5 K;>0 3.1

where:

p is the probability of a given lg K, value;
w is the location parameter corresponding to the arithmetic mean of the lg K4 distribution;
o 1is the scale parameter corresponding to the standard deviation of the lIg K4 distribution.

For symmetrical lg K, distributions, the location parameter (1) can be considered as a best
estimate of the most probable lg Ku value, whereas the scale parameter (o) estimates the
dispersion amongst Ig K, values. Statistical parameters (i and ) can be quantified: (i) from the
arithmetic mean (and its standard deviation) of the experimental Ig K, values of a dataset; or
(i1) adjusting the cumulative distribution of a g K4 dataset to the theoretical CDF equation for
the normal distribution, as follows:

1 1 Kyi )
P(gK, <1gKa;) = Sigkypcigna, P (gKe) = 2+ terf BL Lk 50 (3)
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where:

P is the cumulative probability;
erf is an error function.

Figure 3.3 shows a graphical representation of the PDF and CDF of an ideal log-normally

distributed dataset.

The statistical parameters calculated, or derived, from a log-normally distributed dataset (i1,
and percentiles) are presented on a logarithmic scale, so that derived values are not directly
comparable with experimental data. Therefore, the corresponding antilog parameters are
preferred, and the GM and geometric standard deviation (GSD) are given instead of the pu and
o parameters, as well as confidence intervals (percentile ranges) of Ky values instead of those

of lg Ku:

FIG. 3.3. Probability Density Function (PDF) and Cumulative Distribution Function (CDF) of a

lg K4 dataset.

32

Cumulative Probability
< o e
+ (=3} s}

e
()

=

( /Z%\il (g Ié_ﬁ)z\

GSD (K,)= 10

) = 10° =antilog (o)

1 1
GM (K= (T Kgp)¥ = 10REF1860)= 0% anilog ()

x 10
T T T T T
PDF
1
L 1 4
1
1 kX
- = 5011\ 1 ".ﬂ -
1 %
IR g 1 2 95th i
!' 1 ‘%‘
sth g ! 9750
L 2508 1 I ! ‘%\% 4
oy ! ! ! | e
il ¥, Y L Y ¥ -
0 1 2 3 4 3 6
12K,
CDF
1 1
0 1 2 3 4 5 6



TABLE 3.3. ALTERNATIVE STATISTICAL DISTRIBUTIONS FOR PDF/CDF CONSTRUCTION

OF K; DATASET
Distribution PDF CDF Statistical parameters
Log-uniform 1 ( 0 ;lgKg <a a=minimum lIg K4
——; IgK; €[a,b .
{ (b—-a) gka €lab] (lg Kd — a) gk, € [ab] b = maximum Ig K«
0 ;lgKd ¢]a,b] ¢ ' Best estimate
; b<lg Ky _a+b
2
Log- 0 lgKy <a ( 0 s lgKy <a a =minimum lg K4
triangular 2(x—a) (x —a)? b = maximum Ig K4
——;a<lgK; <c | : <lgK, <
(b—a)(c—a) &fa { —a)(c— a)’ @=gla=c ¢ =mode Ig K4
2 —lgKy)? Best estimat
—— lgKy=c _\b—1gfq)" est estimate
(b—a) 8Ha (b—a)(b—) c<x<b _atb+c
2 (b—1gKy) ;b<lgk, 3
—2 STl L <lgK,<b =19 Ra
b-a)b—c) ' 8=
Exponential ~ Ae ™ ; K; >0 1—e™™;K;>0 A = arithmetical mean Ky

The CDF approach has limitations, as large datasets are needed to adequately derive the
statistical parameters necessary to construct reliable CDFs. For small K, datasets with few data,
the best statistical distribution to describe the dataset may not be log-normal, but an alternative
distribution, such as log-uniform, log-triangular, or exponential. Table 3.3 summarizes the
PDFs, CDFs and statistical parameters related to these alternative statistical distributions.

However, the log-normal distribution is generally the most appropriate for describing the
variability in Ky data, but initially this assumption has to be tested. Unequivocal attribution to
a log-normal distribution and subsequent construction of a PDF or a CDF will be only possible
when datasets with an adequate number of values (usually N > 10) are available [3.11, 3.13].

3.2.3. Construction of cumulative distribution functions from the K; datasets

CDFs can be built for an entire K, dataset, or for a part of it, after filtering data based on a
specific factor. Initially, an evaluation was carried out to determine whether the dataset
followed a log-normal distribution. The presence of possible outlier Ig K values in the datasets,
which may distort their distribution, was investigated by an exploratory box-and-whisker
analysis. The occurrence frequency is 1/N for each datum in a dataset of N different values.
However, the Ky datasets may have included several repetitions of the same value. To account
for this potential redundancy, the occurrence frequency was assumed to be equal to n/N, where
n is the number of Ky entries with the same value and N is the total number of Ky entries in the
dataset. For each log-transformed dataset, the experimental cumulative frequency distribution
was then constructed by sorting the Ig K data by increasing value. The Kolmogorov-Smirnov
statistical test was then applied to confirm whether K, datasets were log-normally distributed.
This was confirmed for all cases where N > 10. No CDFs were calculated for datasets where
N<10.

After testing the K4 frequency distribution, the p and ¢ parameters were derived by means of a
Robust Least Squares fitting of the cumulative frequency distributions to the Normal CDF
equation using the Least Absolute Residuals method. Subsequently, the GM, GSD and 5™ and
95 percentiles were calculated. Figure 3.4 summarizes the process followed.
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FIG. 3.4. Schematic process to construct CDFs and to derive statistical parameters from K, datasets.

As stated earlier, the construction of CDFs also facilitates the quantification of 90% or 95%
confidence intervals. Comparison between the values within the confidence interval values and
the minimum—maximum ranges help to evaluate K, variability. Confidence interval ranges that
are narrower than the minimum—maximum ranges indicate that: (i) there is a good fit of the
experimental data to the CDFs; (ii) the experimental data are well distributed over the full
interval of values; and (iii) extremely low or high values can be excluded without jeopardizing
the representativeness of the best estimate values, based on the 50™ percentile. In some cases,
the confidence interval ranges may be wider than minimum—maximum ranges. In such cases, it
is possible that there is a poor fit between the experimental data and the CDF due to the low
number of values included in the distribution.

3.3. CREATION OF A CRITICALLY REVIEWED SOIL K; DATASET TO DERIVE
PROBABILISTIC DISTRIBUTION COEFFICIENTS (K4) IN SOILS

3.3.1. Solid and liquid phases considered in the soil dataset

3.3.1.1. Solid phases

The different types of solid phases considered are briefly described as follows:

—  Soils and subsoils: Soil samples refer mostly to the soil profile within the unsaturated
zone, which typically have pore spaces that are not completely filled with water. The soil
zone supports plant growth and it is generally one to two metres thick, with living roots.
The porosity and permeability of the zone under the topsoil (subsoil) varies in thickness
in different areas; this zone is often referred to as the intermediate zone, as it is generally
higher than that in the underlying material.
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—  Gytyja: Gyttja is a rapidly accumulating, organic, muddy deposit, characteristic of
eutrophic lakes, and formed from the partial decay of peat [3.14]. The precise nature of
Gyttja varies depending on the specific decomposing organisms (e.g. small algae and/or
macrophytes), which contribute to the Gyttja.

— Till: Till is an “unstratified or crudely stratified glacial deposit, consisting of a stiff matrix
or fine rock fragments and old soil” [3.15] containing subangular stones of various sizes
and compositions. It forms a mantle with a thickness that is between <1 m and >100 m,
covering areas that carried an ice sheet or glaciers during the Pleistocene and Holocene
periods.

3.3.1.2.  Liquid phases

The liquid phase (L) within the dataset is defined as the aqueous phase, which is in contact with
the environmental sample (M), and the organic and inorganic substances dissolved in it.
Depending on the methodological approach, a distinction is made between the soil solution (in
situ and laboratory) and the contact solution at higher L/M ratios (laboratory).

3.3.2. Introduction to the published IAEA soil K, dataset compilations

TRS 472 [3.16] and the related TECDOC-1616 [3.17] summarize the main descriptors of a soil
Kqdataset compilation that was a major update of the previous compilation in TRS 364 [3.18].
Data are compiled from in situ and laboratory experiments and largely comprise soils
contaminated by radionuclides from various contamination sources and are mostly based on
references from 1990 onwards. Data from the former TRS 364 [3.18] and related reports [3.19],
reviewed papers and grey literature are included. In most cases, data from experiments using
materials other than soils (e.g. sediments, mined clays or Fe-Mn—Al oxides, rock materials) or
from stable isotopes are not considered. Data from isotopes of the same element are pooled.

The TRS 472 [3.16] compilation contains around 2900 records for 67 elements. The caesium
and strontium datasets have the greatest number of observations. Other datasets that have more
than 100 entries were for I, U, Co, K, Sb and Se.

The K4 values in TRS 472 [3.16] are grouped according to the OM content and sand and clay
fractions of the mineral matter (referred to as the ‘Texture—OM criterion’) as follows:

— For the mineral soils, three groups were created according to the percentage sand and clay
content:
(1) “Sand group’, containing a sand fraction of >65% and a clay fraction <18%;
(2) “Clay group’, containing a clay fraction of >35%;
(3) ‘Loam group’, comprising the remaining fraction.

— An ‘Organic group’ was defined for soils with OM content of >20%.

For a limited number of radionuclides, for which there were adequate data, the K values are
also grouped, according to specific factors based on soil properties that are responsible for the
interaction of the target radionuclide in soils (soil factors). The groupings therefore differ for
the different radionuclides as follows for:

(a) Radiocaesium — radiocaesium interception potential (RIP) [3.20] and concentration of K
(an analogue of radiocaesium) in the soil solution;
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(b) Radiostrontium — cationic exchange capacity and concentration of Ca and Mg (analogues
of radiostrontium) in the soil solution;

(c) Radioiodine — speciation data and water regime (which affect partitioning of radioiodine);

(d) Uranium and heavy metal radionuclides — pH (only for those heavy metals for which the
number of observations was large enough).

Geometric mean (GM) and geometric standard deviation (GSD) parameters, as well as
minimum and maximum values, were preferred to describe K; data. Box-and-whisker plots
were constructed to identify and exclude potential outliers and decrease data variability.

In TRS 472, a few conclusions are drawn from the soil Ky dataset [3.16] that suggest further
work is needed. Although a significant amount of new data was included in the TRS 472 dataset
[3.16], compared with the former TRS 364 dataset [3.18], there are still evident gaps in Ky
values for a substantial number of radionuclides and soil types. In some cases, the K, values
originated from a single reference. These deficiencies, in many cases, restrict the possibility of
proposing reliable best estimates. The derived GM and single values ought to be considered as
approximate estimates that are mostly suitable for screening purposes. For filling these gaps, it
is suggested that the data could be supplemented using analogue data, either from other
elements or from geological materials other than soils, a strategy that needs to be quantitatively
validated.

The large number of methodological approaches and experimental conditions used to quantify
Kq values (see Chapter 2, Section 2.1.2) are identified in TRS 472 as being partly responsible
for the observed variability in Ky for various radionuclide—soil type combinations, suggesting
that the measurement method could be considered as an additional factor when grouping Ky
data. The dataset was extended by including data from stable isotopes, but only using those K4
values derived using concentrations that were low enough to ensure linear sorption and the
absence of precipitation.

Multiple factors, associated with the type of radionuclide and various soil properties, determine
soil-radionuclide interactions. Thus, the quantification of Ky values for soil groups in TRS 472
is a satisfactory approach for establishing the K, estimated values for a number of radionuclides
that exhibit low variability. However, moving forward, in addition to texture and OM content,
additional relevant soil and radionuclide properties could now be compiled for an increased
number of radionuclides, compared with those included in TRS 472 [3.16], to facilitate a better
estimation of Ky values and to decrease their variability. This will lead to a more representative
set of Ky values being generated for use in screening level REIA alongside a list of factors for
consideration in more complex, site specific REIA.

3.3.3. Revision of criteria for the acceptance of data in K, in future IAEA compilations

The criteria applied in the K compilation in TRS 472 [3.16] to accept the K, data and ancillary
information have been critically reviewed and revised by the Working Group. To improve the
quality of Ky entries compiled in future datasets, the criteria applied to accept or reject Ky data
and ancillary information in TRS 472 [3.16] have been critically reviewed and revised by the
Working Group. The revised criteria to accept or reject Ky data, both from the former dataset
or from newly available publications, are as follows:

(1) Data not derived from experimental approaches (e.g. Ks values calculated from
parametric equations or from empirical regressions correlating soil properties and Ky
values) are not included in the dataset (or are removed from the TRS 472 dataset);
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(2) Data corresponding to best estimate values from former compilations or to pooled values
(e.g. arithmetic mean or geometric mean values) are removedfrom the TRS 472 dataset
and substituted, where possible, by the individual data from which they were calculated;

(3) Data previously gathered from solid materials considered as potential soil analogues (e.g.
surface sediments, till, gyttja and subsoil samples) are accepted, but are flagged so that
they can be considered separately from the soil data. Data from pure mineral phases or
rock materials are not accepted;

(4) Data for stable isotopes (e.g. from desorption tests of indigenous elements or derived from
the lowest concentration range of sorption isotherms) are accepted. In the latter case, only
those Ky values derived using concentrations that are low enough to ensure linear sorption
or the absence of precipitation are accepted, as they represent scenarios that are similar to
most radionuclide release scenarios;

(5) Only Ky data determined for samples in which the contamination of the target element
originates from soluble sources are accepted,

(6) Data gathered from soils or other accepted solid materials by applying experimental
conditions that are not representative of terrestrial ecosystems or contamination scenarios
(e.g. extremely high or low pH values) are rejected.

In addition to the revision of the data acceptance/rejection criteria, all entries from the former
dataset in TRS 472 or from newly available publications have now been flagged based on the
K4 measurement method, making it possible to distinguish between the following categories:
(I) sorption tests for short term incorporated radionuclides, (II) desorption tests for short term
incorporated radionuclides, (III) desorption for long term incorporated radionuclides, and (IV)
in situ data. Finally, no in situ data are available for the soil dataset. Ks values for the same
sample obtained under varying experimental conditions that were not considered as a grouping
factor (e.g. K4 data obtained at different solid—liquid ratios or contact times) will be pooled into
a single value corresponding to the GM of the individual values in the future.

3.3.4. Compilation of soil K; dataset within MODARIA

Under the MODARIA programme, soil K data were collected. Besides data published in peer
reviewed journals or accessible in reports, a large number of data were incorporated from
studies that were made available by scientists and/or research groups from the Swedish Nuclear
Fuel and Waste Management Company, (Sweden), Research Center for Radiation Protection
(Japan), University of Barcelona (Spain), Savannah River National Laboratory (US), Saanio
and Riekkola-Posiva (Finland) and Nuclear and Radiation Safety Center (China). These data
were reviewed to ensure that they met the acceptance criteria detailed in Section 3.3.3 above.
More than 5000 soil Ky values were compiled for 82 elements for soils, which is significantly
more than in TRS 472, as shown in Table 3.4 [3.16]. Approximately 2000 entries of K data
were also gathered from environmental solid materials other than soils, such as subsoils, gyttja
and till, for 75 elements. An increase in the number of soil K; values for elements such as Am,
Sm, Eu, Ni, Cs, Sr, U, Ru and Co is now available. Table 3.4 compares the Ky data compiled
during MODARIA for each element, alongside the information on the data entries available in
the TRS 472 dataset [3.16]. Table 3.4 shows that there are now soil K, values for more elements
than were compiled in TRS 472 (55 vs 36 elements).

37



TABLE 3.4. SUMMARY OF SOIL K; DATA

Element TRS 472 MODARIA Element TRS 472 MODARIA
[3.16] (this study) ? [3.16] (this study) @
Ac 4 4(2) Na 30 45 (26)
Ag 9 22 (30) Nb 11 23 (42)
Al —b 7(23) Nd — 8(9)
Am 62 109 (33) Ni 64 308 (48)
As 7 22 (28) Np 26 40 (31)
B — 7(17) Os — 6(3)
Ba 1 20 (29) P 6 19 (21)
Be 5 24 (17) Pa 4 4
Bi 6 18 (5) Pb 23 44 (38)
Br 4 17 (21) Pd 6 7(2)
C — — Pm 2 2
Ca 34 56 (26) Po — 49 (1)
Cd 61 75 (32) Pr — 8(9)
Ce 11 19 (19) Pt 1 16 (1)
Cf — — Pu 62 59 (5)
Cl 22 30 (35) Ra 51 103 (37)
Cm 18 18 Rb 4 12 (9)
Co 118 119 (153) Re — 7 (6)
Cr 31 38 (38) Rh 1 12
Cs 469 769 (123) Ru 15 21 (4)
Cu 11 26 (31) S — 7(17)
Dy 2 10 (9) Sb 152 165 (13)
Er — 709) Sc 2 8 (6)
Eu — 32 (12) Se 172 269 (59)
Fe 23 35 (36) Si 4 11 (17)
Ga 2 10 (9) Sm 4 50 (9)
Gd — 8(9) Sn 12 95 (13)
Ge — 709) Sr 255 645 (56)
H 1 1 Ta 5 11 (4)
Hf 6 13 (9) Tb 2 9(8)
Hg 1 7 (10) Tc 33 48 (55)
Ho 4 11 (9) Te 2 8(4)
1 250 571 (71) Th 46 54 (22)
In 2 2 Ti —d 6(4)
Ir 1 18 Tl — 8(7)
K 237 231 (27) Tm 1 8(7)
La 1 99 U 178 196 (63)
Li — 7 (16) A 2 17 (25)
Lu 1 8 (8) Y 7 18 (14)
Mg 30 53 (26) Yb — 8(9)
Mn 83 94 (32) Zn 92 123 (26)
Mo 9 26 (31) Zr 11 26 (26)
Notes:

2 Values in parentheses correspond to additional K, data gathered from solid environmental materials other than
soils.
b data not available.

3.3.5. Approach for providing best estimate soil K, values for Cs and Am based on
grouping data according to selected factors

Preliminary evaluation of the data compiled within MODARIA showed that K, values in soils
for most radionuclides are highly variable, which may compromise the reliability of the derived
best estimate value or CDF derived from the overall dataset for a given radionuclide. The aim
of enhancing the available data was to efficiently decrease and explain the K, variability and,
consequently, be able to derive Ky data with a lower associated variability for the purposes of
radiological impact assessment. Therefore, an approach has been developed, based on: (i) a
stepwise grouping of the Ky data according to various key factors governing the interaction of
the target element with soils; and (i1) the subsequent construction of CDFs, where possible.
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Examples of the derivation of best estimates for two elements (i.e. radiocaesium and
americium) are presented with the aim of better describing and reducing the variability of Ky
values. The analyses illustrate the potential benefits of the data treatment and the improved soil
dataset. The derivation of CDFs and the potential decrease in the variability of K4 for other
radionuclides, based on their interaction mechanisms, have not yet been undertaken.

The first case considered was radiocaesium, an element for which interactions in soils have
been extensively studied, thereby providing an extensive dataset. The compiled information in
the dataset includes Ks (Cs) values with associated soil properties potentially affecting Cs
sorption (and for which specific soil factors were already identified to be suitable for K4 (Cs)
data grouping in TRS 472 [3.16]).

Conversely, the second case considered was americium, for which the main soil properties
governing its interaction in soils have only recently been elucidated, and for which limited Kq
data were previously available. No specific soil factors were applied to group Ks (Am) data in
TRS 472 [3.16]. In all cases, statistical differences among derived partial datasets were tested
(Fisher’s least significant differences (FLSD) test for multiple means; 95% confidence level).

For partial datasets containing few entries (generally, N < 10), GM values were calculated
directly from experimental data to provide Ky best estimate values. For larger partial datasets,
the 50" percentile value along with the 5"-95™ percentile range were derived from the CDF,
which were used to quantify the best estimate (GM) values and the variability of the K datasets,
respectively.

In addition to examining and identifying the main soil factors relevant to Cs and Am sorption
in soils, the influence of methodological approaches applied in the quantification of Cs and Am
K4 data has been evaluated for the first time. The analysis of the influence of methodology made
it possible to evaluate whether partial datasets can be created based on methodology before
analysing other soil factors to reduce variability.

To reach this goal, a hierarchical analysis of two factors was carried out to create partial datasets
according to the experimental approach used to derive Ky data. The first factor applied was the
time elapsed since the target elements were sorbed to soils, thus distinguishing between short
term and long term situations. The second factor applied was the subdivision of each category
previously created (short term and long term) according to the type of experimental method
applied. In the case of Cs and Am, the analysis distinguished between K, values compiled from
sorption and desorption tests for the short term category, and data from desorption tests for the
long term partial datasets. The appropriate subdivision may differ for other elements.

The influence of the type of experimental method applied on the variability of K values in a
given dataset was evaluated using a multivariate process. Group mean centering (GMC) data
treatment was applied to reduce the effect of other factors (such as soil properties) on the
variability of K4. To do this:

(1) Kavalues were logarithmically transformed;

(2) Lg Ku values were grouped according to a given soil factor previously identified as
probably being relevant to the sorption of the target element (e.g. RIP, pH, K
concentration in soil solution, soil texture and OM content);

(3) Each entry was normalized with respect to the location parameter (p) (see Eq. (3.1) in
Section 3.2.2 above) of the partial dataset created based on a given soil factor.
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FIG. 3.5. Schematic representation of the strategy applied to evaluate the influence of the

experimental approaches on Ky data. In this example, group mean centering (GMC) was performed
for consideration of organic matter (OM) content and soil texture factors.

40




Statistical tests were then applied to the normalized partial datasets to determine whether
differences existed between them (FLSD test for multiple samples; 95% confidence level).
Figure 3.5 summarizes an example of how the methodology was applied to a K, dataset, taking
account of relevant factors, by performing a GMC for partial datasets based on the soil texture
and OM content.

A further comparison between Ky data for the target elements in soils and Ky data for a selected
group of other environmental materials (subsoils, tills, gyttjas) was also conducted to evaluate
whether these other materials can be considered as soil analogues to: (i) extend the conclusions
drawn for K, data in soils to other environmental materials; and (ii) explore the possibility of
complementing soil Ky datasets that have insufficient entries with K, data for other types of
environmental materials (to construct a reliable CDF). In addition, the use of chemical
analogues was also tested for Am.

3.3.5.1. K best estimate values and cumulative distribution functions for radiocaesium

The updated MODARIA Cs dataset contains 769 entries of Ky (Cs) values, along with related
soil characteristic data and information on the experimental approach applied for their
quantification. The K4 (Cs) data varies by up to five orders of magnitude, with a minimum—
maximum range of 4.0x10°—4.5x10° L/kg. Data for other environmental materials, such as
subsoils, surface sediments, till and gyttja, were also collected, allowing the development of a
dataset (N = 123) with the same structure as that of the soil dataset.

The large variability in Ky (Cs) within the MODARIA dataset denotes the strong influence of
the contrasting soil properties and/or the different experimental approaches applied to quantify
K4 (Cs) values. Therefore, a unique CDF and derived best estimate constructed using the overall
dataset is considered unsuitable for the purposes of radiological impact assessment, even for
screening scenarios, since it will be associated with a high uncertainty.

The soils were first grouped according to the same criteria that were previously adopted in
TRS 472 to create partial Ky (Cs) datasets with an ‘a priori’ lower associated variability than
the overall MODARIA dataset [3.16]. The grouping criteria were: (i) the ratio between the RIP
(discussed below in relation to Eq. (3.5)) of the soil and the potassium concentration in soil
solution (Kss) (the RIP/Kjs ratio is related to the mechanisms governing Cs interactions and is a
good predictor of the reversible Ky (Cs) [3.21, 3.22]); and (ii) Texture-OM. For this latter
criterion, the effect of the experimental approach on the quantification and variability of the
K4 (Cs) values was examined.

K. (Cs) grouped according to the RIP/K; criterion

The MODARIA dataset, after being filtered according to the RIP/Kss criterion, had a larger
number of Ky values (N = 328) than the dataset reported in TRS 472 (N = 257), with K4 (Cs)
values varying by five orders of magnitude (Range: 9.6x10°-4.5x10° L/kg). Table 3.5
summarizes the Ky (Cs) data obtained by applying the RIP/Kgs criterion. Figure 3.6 represents
the CDFs constructed for the four partial datasets derived using the RIP/Ks;s criterion.

The resulting MODARIA GM values are similar to those in TRS 472 [3.16]. They consistently
show that K, values increase with increases in RIP/Kss ratios. The derived partial datasets often
have a relatively low variability in Ky (Cs) of less than two orders of magnitude, as opposed to
the five orders of magnitude range for the overall dataset (see K, values comprised in the 5 —
95 percentile ranges).
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TABLE 3.5. K4 (Cs) (L/kg DM) FOR SOILS GROUPED ACCORDING TO RIP/Kss CRITERION

Partial dataset N GM GSD Min Max 5t 95t

RIP/Kss < 102 74 6.9 X 10! 2.7 9.6 X 10° 1.7 X 10° 2.6 X 10! 5.7 X 102
102 < RIP/Kss < 103 116 3.8 X 107 4.5 2.9 x 10! 2.9 X 10° 4.2 X 10! 44 X 10°
103 <RIP/Kss < 10* 83 1.6 X 10° 3.4 5.9 X 10! 9.2 X 103 2.9 X 102 1.9 X 104
RIP/Kg > 10* 55 1.0 X 104 4.1 7.3 X 107 3.8 X 10° 1.2 X 103 9.5 X 10*

N: Sample size; GM: Geometric Mean; GSD: Geometric Standard Deviation; Min: Minimum; Max: Maximum,;
5t 5t percentile; 95M: 95" percentile.
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FIG. 3.6. CDFs of K d/kg DM (Cs) for soils grouped according to RIP/K criterion.

In addition, the application of the RIP/Kj; criterion generated partial datasets with contrasting
K4 (Cs) distributions with little overlap (see the 5"-95™ region of the CDFs depicted in
Fig. 3.6). However, in this case, investigation of the GM Ky (Cs) is of a lesser importance, as
an end user who has relevant RIP and K data does not need to use the Ky (Cs) best estimates
because the RIP/Kjs ratio can be calculated instead.

Therefore, the CDFs and derived data from the RIP/Kss criterion are suitable for REIA if data
on the RIP of the soil considered and the K in soil solution are available. K4 (Cs) can readily be
predicted from RIP/Ks; ratios, as the two variables are highly correlated [3.22]. However, as
was already highlighted in TRS 472 [3.16], the major limitation of the RIP/Ks approach is that
the end user cannot predict a K4 (Cs) value for a soil which does not have a reported RIP value.
Instead, an equation facilitating the prediction of a RIP from soil properties can be used as soil
properties are commonly available to end users, or easier to determine, compared with the RIP
parameter itself. Soil clay and silt contents are sufficient for a rough prediction of RIP [3.22,
3.23]. Here, a multiple linear regression is provided, that has been created from the MODARIA
dataset and additional studies (N =225) [3.24-3.27], that describes around 70% of RIP
variability and reliably correlates RIP values with soil clay and silt contents (referred to total
soil weight), as follows:
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IgRIP = 1.24 (+0.17) + 0.76 (+0.13) Ig Clay + 0.68 (+0.12) Ig Silt (3.5)

where the units for R/P is mmol/kg and Clay and Silt are in wt% referred to as the soil, and ‘+’
values in parentheses provided for each term in the equation represents the confidence range
(95%) of the coefficient of each correlation term. Despite the reasonably good correlation, the
improvement of the previous equation to predict RIP values from clay mineralogy rather than
clay content remains a future challenge.

Influence of sorption dynamics and methodology approach on K, (Cs) data

According to the methodological factors established above and the available data, the Cs dataset
can be subdivided into two partial datasets containing: (i) data from short term sorption tests;
and (i1) data from desorption tests of long term incorporated Cs.

The FLSD test for multiple means (95% confidence level) performed to the GMC pretreated
dataset showed that K (Cs) data values originating from short term and long term incorporated
Cs were significantly different. This implies that different K; data could be used to derive Ky
best estimates, depending on the contamination scenario considered. Table 3.6 summarizes the
K4 (Cs) data obtained from the short term and long term partial datasets, and Fig. 3.7 shows a
graphical representation of the constructed CDFs.

TABLE 3.6. K, (Cs) (L/kg DM) FOR SOILS GROUPED ACCORDING TO THE METHODOLOGY
CRITERION

Partial dataset N GM GSD Min Max 5th 95th
Short term 601 1.6 X 103 6.6 4.3 3.8 X 10° 4.0 X 10! 2.2 X 10*
Long term 168 2.4 X 10* 4.2 1.1 X 10! 4.5 X 10° 1.6 X 103 1.5 X 10°

N: Sample size; GM: Geometric Mean; GSD: Geometric Standard Deviation; Min: Minimum; Max: Maximum,;
5t 5% percentile; 95%: 95 percentile.
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FIG. 3.7. CDFs for K4 (Cs) data in soils according to the methodology criterion.
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The K4 (Cs) data for long term incorporated Cs (GM and 5"-95™ percentile range values) were
one or more orders of magnitude higher than those for short term incorporated Cs. Therefore,
the long term CDF (depicted below) had clearly shifted to higher K; (Cs) values, compared with
the short term CDF. This difference can be attributed to changes in Cs sorption with time, as
long term incorporated Cs may have undergone an ageing process, which led to an increase in
Cs sorption irreversibility. From the exploratory analysis presented here, it is suggested that the
user selects either short term or long term Ky (Cs) best estimates, depending on the scenario to
be assessed.

K (Cs) grouped according to the OM+Texture criterion: redefinition of the OM% thresholds
to distinguish between organic and mineral soils

When the RIP/Kys data of the target soil are not available, best estimates of K4 (Cs) can be
derived for different soil types classified according to their (1) OM content, and (2) soil texture
or (3) OM content (OM+Texture). Because Cs behaviour in soils is controlled by the clay
fraction, unless its content is negligible, the criterion to define an ‘organic soil’ (i.e. the OM
content threshold) for K (Cs) within the OM+Texture criterion was re-evaluated before
attempting to create Ky (Cs) partial datasets using a hierarchical application of the experimental
approach and the OM+Texture grouping criteria. To do this, soils were first grouped according
to the experimental approach, distinguishing between K4 (Cs) data derived from short term and
long term situations, and these two partial datasets were then further split into ‘Mineral’ and
‘Organic’ partial datasets, based on the OM content of the soils. Subsequently, the Mineral
dataset was split into textural groups.

The K4 (Cs) GM values and related 5"-95™ intervals indicated that, for short term Ky values,
an OM threshold of 50% can be used because the variability in the K data within the Organic
and Mineral partial datasets is much lower than the 20% OM threshold. For K, data related to
long term incorporated Cs, the optimal OM threshold obtained was 90%, giving the lowest
variability in Ky data and the most significantly different GM values between the examined
partial datasets. As an additional confirmation to revise OM thresholds, similar GM values were
obtained for the short term and long term organic datasets, as the effect of interaction dynamics
on Ky (Cs) for organic soils is expected to be negligible. Table 3.7 summarizes the K (Cs) data
obtained using the optimized OM thresholds and compares these data with those derived using
the 20% OM threshold previously used for the OM+Texture criterion.

TABLE 3.7. COMPARISON OF K, (Cs) (L’kg DM) DATA GROUPED ACCORDING TO
PREVIOUS AND OPTIMIZED %OM THRESHOLDS

Short term Ka (Cs)

Partial dataset OM threshold N GM GSD Min Max 5t 95t
Organic 20% 60 1.8X10? 6.1 1.3%10! 7.2X104 2.0%X10! 4.1%X103
50% 38 8.9x10! 4.2 1.3%10! 1.9%X103 1.3%x10! 1.9%x103
Mineral 20% 345 2.7X103 43 1.0x10! 1.7X10° 1.3X10? 2.4X10%
50% 367 2.5%X103 4.5 1.0x10! 1.7%X10° 1.2X10? 2.4%10%
Long term Kq (Cs)
Partial dataset OM threshold N GM GSD Min Max 5th 95t
Organic 20% 20 2.0X103 7.4 7.3%10! 1.5X10° 1.1X10? 9.2Xx10%
90% 7 3.7X10? 2.4 7.3%10! 1.6X103 1.1X10? 1.6X103
Mineral 20% 148 2.8%X10% 2.6 2.3%X103 4.5%X10° 6.8%103 1.5%X10°
90% 161 2.5X10% 32 1.1x10? 4.5X10° 42X103 1.5X10°

N: Sample size; GM: Geometric Mean; GSD: Geometric Standard Deviation; Min: Minimum; Max: Maximum;
5t 5% percentile; 95™: 95t percentile.
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FIG. 3.8. CDFs of K (Cs) based on redefined OM+Texture criterion. (A). Short term. (B) Long term.

In all cases, GM for mineral soils were higher than for organic soils. The ‘Mineral’ datasets
were split into ‘Sand’, ‘Loam’ and ‘Clay’ textural groups. Although no statistically significant
differences existed between the Ky (Cs) data of the ‘Clay’ and ‘Loam’ partial datasets, K4 (Cs)
increased with the clay content (GMsand < GMrLoam < GMclay). Figure 3.8 shows CDFs
constructed from the partial organic and mineral texture datasets obtained by grouping the
MODARIA dataset into a short term and a long term dataset using the revised OM+texture
criterion).

This pattern is consistent with Cs sorption mechanisms, namely that Cs sorption is strongly
influenced by particle surface area to volume ratio, the greater binding affinities of clay
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minerals, and the relatively weak complexation of Cs to natural OM. The resulting partial
datasets have a much lower variability than those that had been generated only using the
classical OM+Texture criterion. They differ significantly according to the FLSD test for
multiple means (95% confidence level, except for the Ks (Cs) data compiled from the ‘Loam’
and ‘Clay’ texture partial datasets). In addition, for a given textural soil group, the long term
K4 (Cs) data are systematically higher (by about one order of magnitude) than the equivalent
short term data (numerical details are given in Table 3.8.

The above analysis indicates that soil texture can be a relevant factor in Ky (Cs) determination,
which, if accounted for, can further decrease variability in K4 (Cs), thereby providing better
input data for radiological impact assessments. In doing so, it is necessary to first decide
whether the conditions considered correspond to a short term radioactive release (for instance,
after a recent introduction of radioisotopes into the environment) or to a long term discharge
(such as in the context of safety and performance assessments of deep geological disposal
facilities, long term impact assessment, or assessment of impacts under steady state conditions).
Also, for each set of conditions, it is important to adequately distinguish between organic and
mineral soils using the newly established OM thresholds, since GM values for organic and
mineral soils may differ by up to two orders of magnitude.

K (Cs) data from environmental solid materials analogous to soils

The number of K4 (Cs) data for soils available in the literature was sufficiently large to
successfully apply different grouping criteria, which substantially decreased the initial
variability of the overall Ky (Cs) data from 4—5 orders of magnitude to 1-2 orders of magnitude.
Therefore, for Cs the use of data from other environmental solid materials was not needed to
derive reliable Ky (Cs) best estimates or to properly describe Ky (Cs) variability.

The interaction of Cs with other environmental solid materials, such as gyttja, tills or subsoils,
is also relevant for site specific studies that potentially may be of high radioecological interest
[3.28, 3.29]. Consequently, an evaluation was carried out to determine whether the Ky (Cs) data
may be suitable to assess the partitioning of Cs in such samples.

The Ka(Cs) values for surface sediment, subsoil, gyttja and till samples collected in the
MODARIA dataset were grouped, where possible, according to the experimental method and
the redefined OM+Texture criterion and were compared with the corresponding soil data.
Table 3.9 summarizes the groups that were created and the number of available data entries in
each case.

The FLSD test for multiple means (95% confidence level) generally revealed no significant
differences between the K, (Cs) data for soils and those for the other environmental solid
materials. The conclusions drawn from the analysis are to be treated with care, due to the limited
number of observations in the partial datasets created, but they suggest that the K (Cs) best
estimates for soils are also suitable for predicting the Cs sorption in other environmental solid
materials.
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TABLE 3.8. SUMMARY OF K, (Cs) DATA (L/kg DM) FOR DIFFERENT CONTAMINATION
SCENARIOS AND SOIL TYPES

Available information Ka (Cs) group GM GSD 5th 95th
None Overall 2.5%103 8.6 5.0x10! 6.3x10*
Elapsed time since Short term 1.6X103 6.6 4.0%X100  2.2x104
contamination Long term 2.4%104 42 1.6X103  1.5X10°
Organic (OM > 50%) 8.9%10! 42 13X100  1.9%103
Short term )
Elapsed time since Mineral (OM < 50%) 2.5%X103 45 12X102  2.4x104
contamination; %OM Lone Organic (OM > 90%) 3.7X10°0 2.4 1.1X102  1.6X10°
ong term
8 Mineral (OM < 90%) 2.5%104 3.2 42%X103  1.5X10°
Short Clay+Loam 3.9%103 3.3 59%x102  2.6X10*
Elapsed time since O qand 14%10° 52 5.6x100  1.1X10%
contamination; %OM; Clay+L 3.0%x104 26 8.0X103  2.2X10°
3 a oam . . . .
soil texture Long term Y
Sand 2.0x10% 2.7 3.7%X103  9.4x10%
. . RIP/Kss < 102 6.9%10! 2.7 2.6X100  5.7x102
Radiocaesium
Interception Potential 102 < RIP/Kss < 103 3.8%102 45 42%X100  4.4x103
A . . Short term
(RIP)’; potassium in 10° <RIP/Ks < 10* 1.6x103 34 2.9%102 1.9x104

soil solution (Ks) RIP/Kss > 10 1.0X10* 41  12x10°  9.5%10%

GM: Geometric Mean; GSD: Geometric Standard Deviation; 5%: 5™ percentile; 95%: 95% percentile.
" RIP can be estimated from Eq. (3.5).

TABLE 3.9. SUMMARY OF K, (Cs) ENTRIES AVAILABLE FOR ENVIRONMENTAL SOLID
MATERIALS OTHER THAN SOILS

Material Partial dataset N
Surface sediment Short term All textures 22
Sand 8
Subsoil Short term All textures 12
Sand 7
Gyttja Long term All textures 16
Clay 4

Sand 1

Organic 1

Till Short term All textures 28
Clay 1

Loam 1

e SANd 18 .

Long term All textures 17

Loam 9

Sand 8

Proposal of Kq (Cs) best estimates from the analysis of the MODARIA dataset

Analyses performed with the Ky (Cs) dataset have shown that sorption dynamics had a strong
impact on the Ky (Cs) values, which could be taken into consideration to generate more realistic
radiological impact assessments. In addition, they also show that soil properties affected the
K (Cs) values either directly via the mechanisms ruling Cs sorption in soils, such as soil RIP
and potassium concentration in soil solution, or indirectly via factors such as the soil OM and,
to a lesser extent, the soil texture.
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Consequently, the use of a single K; (Cs) best estimate and/or CDF has limited practical value
for modelling because of the large variability (five orders of magnitude). The approach
developed in MODARIA provides a viable alternative that can be utilized by modellers and end
users to select the CDF and best estimates from the values summarized in Table 3.8 to better
reflect the conditions of the scenario and the characteristics of the soil to be assessed.

Initially, it is important to distinguish whether the assessment is being carried out for a recent
radioactive release (short term scenario) or for a release that occurred long enough ago to
assume a long term scenario. Secondly, if the OM content of the target soil is available, the
CDF corresponding to the soil type (Organic or Mineral) can be used. If soil texture data are
also available, the CDF can be further refined based on the textural group. Finally, if the
radiological impact assessment is carried out for a short term scenario and the RIP and K, data
are available, the CDF of the corresponding RIP/Kjs group is preferable to any of the values
previously proposed. For those soils, no RIP value and OM < 20%, the RIP can be predicted
directly from the clay and silt contents of the soil using the regression provided in Eq. (3.5)
above.

3.3.5.2. K best estimate values and cumulative distribution functions for americium

The MODARIA Am dataset contains 109 entries of Ks (Am) values, an increase of 47 values
compared to TRS 472 [3.16]. The values range over four orders of magnitude, with a minimum—
maximum range of 2.7x10'-2.8x10° L/kg. In addition, 33 entries for other samples, such as
subsoils and surface sediments, are available.

New grouping criteria for K; (Am)

Recent studies have reported that Am sorption in soils is governed by pH, OM and specific
surface area (SSA)?, in addition to the strong effect of Am speciation [3.30, 3.31]. An increase
in pH leads to an increase in the negative charge of the soil sorption sites. As the dominant Am
species within a pH range of roughly 3-9 are cationic, a pH increase would lead to an increase
in Am sorption. At pH > 9, there is a much stronger tendency for processes other than sorption
to occur, including precipitation and/or coprecipitation with carbonate phases, and considerably
higher Ks(Am) values would be expected. Conversely, in soil-water systems with high
dissolved carbonate content, anionic carbonate complexes of Am are predominant, so
significantly lower Ks (Am) would be expected.

Furthermore, in soils with a high OM content, leading to a high concentration of dissolved
organic species in the soil solution, Am will form negatively charged humate complexes that
remain in solution, especially at pH values exceeding 6. Therefore, under such conditions, Am
is sorbed to a lesser extent compared with soils with a low OM. Complicating matters further,
at pH < 6, the OM itself may enhance Am sorption, as the negative humate complexes may sorb
at the positively charged mineral surfaces, thereby providing additional Am sorption sites.
Finally, Am sorption increases in soils with a higher SSA, which is a factor indirectly related
to the soil texture.

3 The specific surface area (SSA) is defined as the total surface area of a material per unit of mass (m*kg or m%/g)
or solid volume (m?*m? or 1/m).
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The high number of known variables affecting Am sorption implies that it may be difficult to
reduce the variability of Ks (Am) on the sole basis of pH, OM or specific surface area. Multiple
linear regressions calculated from the analysis of a range of different soils has recently been
developed (see Eqgs (3.13) and (3.14)) to roughly estimate the K4 (Am) values in soils, based on
properties related to the soil factors mentioned above [3.31], as follows:

lgK,(Am) = 2.2(+0.5) + 0.5 (£0.2) Ig BET + 0.25 (+0.08) pH; [r = 0.79]  (3.6)
lgK,(Am) = 5.0(£0.3) — 0.7(£0.2) IgDOC + 0.5(+0.2)1g CaCO5; [r = 0.79]  (3.7)

where BET is a measure of SSA (m%*/g DM); DOC represents the dissolved organic carbon
(mg/L), CaCOs represents the carbonate content in the soil solid phase (wt% referred as to the
soil), and the ‘+’ values in parentheses provided for each term in Eqs (3.6) and (3.7) represent
the confidence range of the coefficient of each correlation term.

To take into account the various factors discussed above that may affect Ks (Am) values in
soils, grouping criteria need to be developed that combine readily available, or easy to
determine, soil properties.

The SSA is often not available from routine soil characterization data, so it is not possible to
apply a grouping criterion based on this parameter. Nevertheless, since the soil SSA is related
to the presence of the finest soil particles (<200 um), the effect of the SSA factor could be
partially evaluated by considering a surrogate soil texture factor, as it is expected that
SSAclay > SSALoam > SSAsand. The inadequacy of the OM+Texture alone for grouping Ks (Am)
data to decrease its variability was observed in TRS 472 [3.14]. One reason that may explain
this observation is that an OM threshold of 20% was used to distinguish between minerals and
organic soils. Recent work has shown that, even for lower OM contents, the concentration of
dissolved organic compounds is sufficient to affect the Am speciation in solution and,
consequently, its interaction with the soil matrix [3.31]. Accordingly, the OM+Texture can be
redefined for Ks (Am) by establishing an OM threshold of 10% for a soil to be included within
the organic group.

Americium sorption in soils is highly dependent on the pH value. Therefore, a new grouping
criterion based on the pH factor has also been evaluated by partitioning the Am Ky values into
pH categories [3.30]. The pH ranges adopted were:

— pH 3-6: positively charged sorption sites, with expected lower Kz (Am) due to existence
of cationic Am species (primarily as Am>");

— pH 6-7.5: deprotonated sorption sites, which result in an increase in the sorption of
cationic Am species (mainly [Am(OH):]" and [AmCOs]");

— pH 7.5-9: increases in negatively charged sorption sites, with expected high Ks (Am). In
soil-water systems with a high content of dissolved carbonate, lower K, values may occur
due to the formation of the anionic [Am(CO3)2]" species;

—  pH > 9: much lower K; (Am) are anticipated since anionic and neutral Am species
(primarily as [Am(CO3);]* and [Am(OH);]) prevail, unless Am precipitation or
coprecipitation occurs.

As the effect of pH on Am sorption in organic soils is much more complex and more difficult
to systematize, a second grouping criterion based on the pH and OM (the pH+OM criterion)
was applied. This combined criterion is aimed at creating pH partial datasets for mineral
soils only.
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Since specific surface area influences the Am sorption in soils, an improvement in Ky (Am)
data grouping was assessed by further splitting the pH-mineral partial datasets containing Ky
data at pH <9 according to the soil texture (sand, loam and clay), resulting in partial datasets
containing Ks (Am) data only from a given soil texture. The reason for not splitting the mineral
pH > 9 partial dataset according to soil texture is that the resulting K; variability could be
mainly caused by the inclusion of K, data compiled for soil-water systems in which Am
precipitation occurs, a process that cannot be captured by soil texture.

Influence of methodology on K. (Am) data

The Ks(Am) data available in the MODARIA dataset originated from only sorption and
desorption tests in which Am was recently added and was, therefore, only representative for the
short term interaction of Am in soils. The statistical tests performed to the GMC pretreated
dataset indicated that no significant difference exists between Ky (Am) values obtained from
sorption versus desorption tests, suggesting that the variability in K4 (Am) values is mostly due
to the contrasting properties of the soils, and that potential effect of sorption dynamics on
K4 (Am) would play a minor role.

K4 (Am) grouped according to the redefined Texture-OM criterion

A total of 55 entries in the MODARIA dataset were suitable to apply the redefined OM+Texture
criterion, with an OM threshold of 10%. Table 3.10 summarizes the Ks (Am) data generated.
The application of a lower OM threshold led to partial datasets corresponding to Organic and
Mineral soils with more contrasting Ku distributions, enabling a better distinction between the
K4 data of these two groups of soils. The GMs derived from the Mineral dataset were slightly
higher than that of the Organic soils, and the GM values of the textural groups increased with
increasing soil clay content, which is consistent with expected Am sorption mechanisms in soils
and improves upon the values provided in TRS 472 [3.16].

The initial 4 orders of magnitude variability of the overall dataset decreased down to 2—3 orders
of magnitude depending on the partial dataset applied. The K4 (Am) values for the redefined
Organic group fell within only a 2 orders of magnitude range, thus reducing data variability for
this type of soils. Data variability remained high for mineral soils, as some of the factors
relevant to Am sorption, such as pH, are not included in the redefined OM+Texture criterion.

Application of the pH criterion to group K. (Am) data

Table 3.11 summarizes the K; (Am) data generated when the dataset (N = 87) was grouped
solely based on the pH criterion. The four partial datasets created according to the pH criterion
presented contrasting GM values showing that the Ks (Am) best estimates clearly increased
within the 3—9 pH range, and decreased at higher pH values, which agrees with expected Am
sorption mechanisms. The 5"-95" percentile ranges derived from partial datasets included
K4 (Am) values that were within around two orders of magnitude, except for soils with pH > 9,
which suggests that other interaction mechanisms need to be considered to assess the Ks (Am)
data in these soils as stated above.
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TABLE 3.10. Ks (Am) (L’kg DM) DATA GROUPED ACCORDING TO THE REDEFINED
TEXTURE-OM CRITERION

Partial dataset N GM GSD Min Max 5th 95t

Organic (OM > 10%) 10 5.1 X103 3.9 2.1 X 102 4.9 x 10* 2.1 X 102 4.9 x 10*

Mineral (OM < 10%) 45 8.8 X 103 6.2 6.7 X 10! 1.1 X 10° 2.8 X 102 9.1 X 10*
Clay 3 1.1 X 10 n.a. 2.8 X 10? 5.6 X 10* n.a. n.a.
Loam 25 1.2 X 10* 4.3 4.1 X 10? 1.1 X 10° 9.9 X 102 1.0 X 10°
Sand 13 4.8 X 10° 5.2 6.7 X 10! 3.7 X 10* 6.7 X 10! 3.7 X 10*

N: Sample size; GM: Geometric Mean; GSD: Geometric Standard Deviation; Min: Minimum; Max: Maximum;
5%: 5% percentile; 95": 95% percentile; n.a. not available.

TABLE 3.11. K, (Am) (L/kg DM) FOR SOILS GROUPED ACCORDING TO pH

Partial dataset N GM GSD Min Max 5t 95t

3<pH<6 34 3.2 X103 4.5 6.7 X 10! 5.2 X 10* 2.0 X 102 4.8 X 10
6<pH<75 23 7.3 X 103 5.3 6.7 X 10! 4.7 X 10* 1.8 X 102 3.6 X 10*
7.5<pH<9 21 1.1 X 104 5.8 9.1 X 10! 1.1 X 10° 1.3 X 103 1.0 X 10°
pH=9 9 4.8 X 10? 8.7 2.7 X 10! 2.2 X 10* 2.7 X 10! 2.2 X 10*

N: Sample size; GM: Geometric Mean; GSD: Geometric Standard Deviation; Min: Minimum; Max:
Maximum; 5%: 5% percentile; 95%: 95" percentile

Hierarchical application of soil factors related to Am sorption to group K. (Am) data

When excluding the K; (Am) data for organic soils (OM > 10%) from the partial datasets based
on pH (pH+OM criterion), the GM values derived for the CDFs of each Mineral-pH partial
dataset were not significantly different from those previously generated using the pH criterion
according to the FLSD test for multiple means (p > 0.05). This outcome confirms the role of
the pH in Am sorption in soils. However, the 5"-95% percentile regions of the CDFs constructed
from the Mineral-pH partial datasets did not overlap and the variability in K; was lower than
for the pH partial datasets. Therefore, if data on the pH and OM are available, the Ks (Am)
CDFs constructed for the different pH+Mineral categories, after excluding soils with
OM > 10% can be used.

When pH+textural partial datasets are created, only partial datasets corresponding to loamy
soils had sufficient data to reliably construct a CDF. Therefore, to apply the pH+OM+Texture
approach, either more data on Am sorption in soils or analogue data would need to be included
to fill the gaps and/or increase the relative number of entries in each dataset. The strategy of
using analogue data is considered in the following text.

Comparison between K, (Am) data in soils and K, data from analogue elements and/or
environmental samples

All entries in the MODARIA soil Ky dataset corresponding to: (i) K4 data for Am compiled for
environmental materials other than soils (subsoils and surface sediments); and (i1) Ks data for
trivalent lanthanides and actinides (La, Sm, Eu, Gd, Er, Lu and Cm) compiled either for soils
or other solid environmental materials (gyttjas, tills and subsoils) were pooled in the same
dataset (Am+analogue Ky dataset) after testing that there were no statistical differences among
element and material datasets created after grouping data based on a given soil factor. This
strategy drastically increased the number of entries in each partial dataset.
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Table 3.12 summarizes the information derived from the Am+analogue K dataset for Organic
and pH+Mineral datasets. After applying the FLSD test for multiple means, there were
significant differences between the GM values of the ‘Mineral’ and ‘Organic’ datasets
(p <0.05), especially due to the low variability of the ‘Organic’ dataset, with values ranging
within one order of magnitude (see Fig. 3.9). The derived OM+texture partial datasets also led
to GM that were statistically different, following the sequence GMsand < GMLoam < GMclay (s€€
Table 3.13).

The GM of the pH partial datasets created with the mineral soils were also statistically different
(FLSD test for multiple means; p < 0.05), with values systematically increasing with pH, and
then decreasing from pH 9 onwards. The CDFs had minor overlaps and 5795 ranges of two
orders of magnitude (see Fig. 3.10).

Proposed K; (Am) data based on analysis of the Am MODARIA dataset

The K4 (Am) values in soils in the MODARIA dataset varied by up to four orders of magnitude
because of the strong effect that a few soil properties have on K; (Am). Therefore, it is not
suggested to perform REIA with a single Ks(Am) best estimate and its associated CDF.
K4 (Am) best estimates and CDFs were derived with much lower variability when Ky values
were grouped based on soil properties relevant to the Am sorption in soils. Modellers and end
users may choose the most suitable CDFs from those summarized in Table 3.13 depending on
the data available for the soil and scenario under assessment.

Among those soil variables available in routine analyses, pH and OM content are the properties
that most strongly affect the Ks (Am) data. A single CDF can be suggested for organic soils
(OM > 10%), whereas for mineral soils (OM < 10%) it is necessary to take into consideration
texture and/or pH to further decrease data variability.

CDFs constructed for the different pH+mineral categories have also been provided, although
the lack of relevant data made it difficult to further subdivide the categories according to
textural groups. Therefore, a future challenge is to extend the detailed information for the
different textural soil groups and for all pH ranges.

The CDFs provided here to describe Ks (Am) in soils can also be applied to predict Ks (Am)
values for Gyttja, Till and subsoil samples, as well as K, data for other trivalent actinides (Cm)
and lanthanides (e.g. La, Eu, Sm, Gd, and Lu) in mineral and organic soils.

TABLE 3.12. Ky (L/’kg DM) OF Am + ANALOGUE DATASET GROUPED ACCORDING TO
OM AND pH CRITERION

Partial dataset N GM GSD Min Max 5th 95t

Organic 84 4.5%10° 2.7 2.1%10? 6.1x10% 1.3%x10° 1.5%x10*
Mineral 156 1.1x10% 5.7 6.7X10! 3.9%10° 3.5X10? 9.6 X 10%
3 <pH < 6 (Mineral) 54 2.1X103 5.4 6.7X10! 8.0X10* 2.5X10? 5.2%X10%
6 <pH < 7.5 (Mineral) 48 1.0X10% 5.2 6.7X10! 6.3X10* 1.9x10? 4.7x10*
7.5 <pH <9 (Mineral) 62 3.7x10% 4.6 2.2%10? 2.6X10° 1.3%x10° 1.1x10°
pH > 9 (Mineral) 12 3.8X103 10.4 2.7%10! 2.2%X10* 2.7%X10! 3.6Xx10%

N: Sample size; GM: Geometric Mean; GSD: Geometric Standard Deviation; Min: Minimum; Max:
Maximum; 5": 5" percentile; 95%: 95" percentile.
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FIG. 3.9. CDFs of Ki (Am) on the basis of redefined OM criterion.

TABLE 3.13. SUMMARY OF K, (L’kg DM) (Am) CDFs FOR DIFFERENT TYPES OF SOILS

AND pH (L/kg)

Available information Ka (Am) group GM GSD 5th 95t

None Overall 7.4X10° 4.8 47x10* 7.8 X10*

%OM Organic 4.5%10° 2.7 1.3x10° 1.5%x10*
Mineral 1.1x10% 5.7 3.5%10? 9.6x10*

%O0OM; Texture Clay 5.6x10% 5.7 2.8X10? 3.9%10°
Loam 1.9%x10% 34 2.7X103 9.1x10*
Sand 4.9%103 5.1 2.2X10? 3.7%X10*

pH 3<pH<6 3.0%X103 3.6 4.1X10? 3.9%x10*
6 <pH<7.5 9.8x10° 4.3 2.8X10? 6.1x10*
7.5<pH<9 3.7x10% 5.1 6.9x10? 1.4%X10°
pH>9 8.8X103 16 2.7X10! 2.2X10°

pH; %OM Mineral 3<pH<6 2.1X103 5.4 2.5X10? 5.2%104
Mineral 6<pH<7.5 1.0X10% 5.2 1.9%x10? 4.7%X10*
Mineral 7.5<pH<9 3.7x10% 4.6 1.3x10° 1.1X10°
Mineral pH>9 3.8x10° 10 2.7X10! 3.6%x10*

GM: Geometric Mean; GSD: Geometric Standard Deviation; Min: Minimum; Max: Maximum; 5%: 5%
percentile; 95%: 95" percentile.
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FIG. 3.10. CDFs of Ki (Am) based on pH+OM criterion.

3.3.6. Key findings from the analysis of the soil K; dataset

The compilation of soil K, values provided in TRS 472 [3.16] is generally summarized in large
tables with overall GM values for radionuclides. The K, values do not consider the scenario to
be assessed. The variation of K, with soil is often classified solely according to the texture,
which is not the main factor affecting K, variability for many radionuclides. Other soil factors
were only taken into account for a few cases leading to decreases in the variability of the K4
resulting in more reliable GM values. Also, the influence of the methodology used for the
quantification of the Ky (e.g. sorption and desorption experiments with recently or long term
incorporated radionuclide) is not considered in the soil dataset analyses in TRS 472 [3.16].

The description of soil Ky distributions with CDFs derived from the MODARIA datasets for
the examples of Cs and Am provided a statistical derivation of the K, best estimates (as the GM
is derived from the 50" percentile of the distribution) and a statistically based approach to
disregard extremely low and high Ks values by establishing percentile thresholds, thereby
excluding a percentage of the overall distribution (e.g. using 5" and 95™ percentiles). The
approach is a clear step forward with respect to previous analyses of the soil dataset in TRS 472
[3.16].

The large variability in Ky data could be decreased by grouping K4 values based on the applied
methodology and on the parameters that account for soil mechanisms governing radionuclide—
soil interaction. This is a better approach than using a single CDF and Ky best estimate without
consideration of the properties of a soil (e.g. pH; OM content; texture) or the conditions to be
assessed (e.g. short term vs. long term).

54



To do this, it is suggested that grouping criteria be established based on key factors governing
the target radionuclide interaction to create more homogenous partial datasets for which CDFs
and K, best estimates with a lower variability can subsequently be derived. As knowledge of
the mechanisms governing the interactions of radionuclides in soils improves and the number
of entries in datasets increases, a better analysis of the relevant factors affecting the Ky
variability will be possible. The K grouping criterion are likely to vary as mechanisms
governing interactions with soil also differ from one radionuclide to another.

Although soil Ky datasets are continuously updated, there are still evident gaps in K4 values for
many radionuclides and soil types. However, the use of data from environmental solid materials
other than soils can be used to fill gaps in some cases, and, conversely, data from soils can be
used to predict the sorption of radionuclides in environmental solid materials other than soils.

The information provided in this publication has shown the potential of what can be done to
improve soil K; compilations that can be used for assessments. In the future, the approach could
be extended to other radionuclides important for REIA, once the main factors that are needed
to create partial datasets have been elucidated for radionuclides with an adequately large
numbers of entries.

The substantial increase in soil Ky values for some elements made it possible to: (i) confirm the
sorption mechanisms governing the radionuclide interactions already identified in TRS 472
[3.16]; (i1) to validate, or otherwise, the effect of major soil factors, such as soil texture and OM
content, on Ky values; (iii) to examine the correlation between K, values and soil properties for
radionuclides that were not included in TRS 472 [3.16]; and (iv) to explore the use of chemical
analogues to fill the existing data gaps, as is the case of data from lanthanides and actinides,
which can be used to fill gaps relating to both chemical families of radionuclides.
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This chapter describes various properties of sediments in freshwater systems to provide a
framework for considering the applicability of the different Ks approaches. A summary of
previous compilations of freshwater Ky values is presented, along with the data that have been
compiled under the MODARIA programme. An updated dataset is provided for freshwater Ky
values, and the log-normal distributions obtained for the various elements, conditions for solid—
liquid exchange (sorption, desorption, in situ) and sediment type (suspended sediments and
deposited sediments) are presented. To reduce the variability of these distributions, conditional
log-normal distributions of K4 values are proposed, according to mass/volume ratio, dissolved
organic carbon and pH.

4.1. SEDIMENTS IN FRESHWATER SYSTEMS AND K; APPROACHES

The approach developed for soils in Chapter 3 has demonstrated that the Ks concept is not as
simple as it might appear, largely because of the associated assumptions of instantaneity and
reversibility. This chapter addresses other sources of misinterpretation linked to the concept of
solid and liquid phases for suspended sediments and deposited sediments and their relevance to
the different K approaches that can be applied to describe their behaviour in rivers.

4.1.1. Suspended sediments in aquatic systems

Suspended sediments (SS) are solid particles maintained in suspension in the water column,
which are part of the freshwater system located between the river or lakebed and the water
surface. Suspended sediments are more spread out and less dense than deposited sediments and
they may be sampled using a variety of methods, such as filtration, sediment traps located in
the flow, sedimentation and centrifugation. Each of these methods is characterized by a specific
cut-off of particle sizes. For example, for the filtration method, the cut-off size is usually
0.45 um, which means that all the particles smaller than 0.45 pm are assumed to be part of the
liquid phase. By this definition, colloids, which are very fine particles, with more reactive
surface properties compared to coarser particles, are part of the defined liquid phase [4.1, 4.2].

For suspended sediments, K is defined as the ratio between the radionuclide activity
concentration in the suspended sediments and in the filtered water of the water column (FWC):

C
KdSS|FWC = ﬁ 4.1)

where Cgs is the activity concentration of radionuclides in suspended sediments (Bq/kg DM);
and Cryy ¢ 1s the activity concentration of radionuclides in filtered water from the water column
(Bg/L).
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4.1.2. Deposited sediment in aquatic systems (oxic and anoxic layers)

Deposited sediments (DS) are mixtures of water and various particles accumulated on the
bottom of surface waters, such as rivers, lakes and oceans, by bed load transport and
sedimentation of suspended sediments. Some confusion arises about the applicability of K4 to
deposited sediments because the liquid phases can be either the pore water or the water column.
Consequently, the K4 approach is more ambiguous than for suspended sediments and different
operational definitions can be encountered, including:

c
KdDS|WC = CRL;C (4.2)

where Cp; is the activity concentration of radionuclides in deposited sediment (Bq/kg DM) and
Crwc is the raw activity concentration in the water column (dissolved + SS) (Bq/L).

c
KdDS|FWC = ﬁ (4.3)

where Cpg is the activity concentration in deposited sediment (Bq/kg DM) and Cryy ¢ 1s the
activity concentration in filtered water of the water column (Bg/L).

c
KdDS|PW = ﬁ (4.4)

where Cp is the activity concentration in deposited sediments (Bq/kg DM) and Cpyy is the
activity concentration in pore water within the deposited sediment (Bg/L).

The main properties of deposited sediments needs to be considered to determine the
applicability of these different operational definitions of K, values. The accumulation of
deposited sediments creates superimposed layers of mixtures of particles and water that are
subject to diagenetic processes that occur after their deposition [4.3]. Such diagenetic processes
include biochemical (e.g. bioturbation, degradation of OM) and physical processes (e.g.
sedimentation, self-consolidation, erosion). Porosity decreases with depth in deposited
sediments due to the above processes, which in turn reduces the exchange between the pore
water and the water column as a function of depth. Except for the superficial layer, deposited
sediments become anoxic because dissolved oxygen is consumed faster by bacteria than it is
replaced by diffusion. Deposited sediments can, therefore, be considered as two specific
successive layers (Fig. 4.1): (i) an oxygenated fine superficial layer (generally 1 to 2 cm depth)
in contact with the water column; and (ii) an anoxic layer, which is much less responsive to
changes in the chemical conditions of the overlying water.

For the oxic superficial layer, the estimation of Ks needs to take into account the equilibrium
conditions between the superficial layer of deposited sediments and the water column. Since
the particles of the superficial layer are progressively buried as a function of the sedimentation
rate, the Kapsirwc approach only needs to be applied if all the particles in this layer have been
accumulated over a time period when constant contamination of the water column can be
assumed [4.4]. Consequently, this K approach is not relevant for accidental or transitory
situations, as shown in Fig. 4.2, which illustrates the generic behaviour of the ratio between the
radionuclide activity concentration in superficial deposited sediments with that in the water
column for a pulse input of a pollutant element.
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FIG. 4.1. Main layers of deposited sediments.
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FIG. 4.2. Generic behaviour of the ratio, Kapsrwe, between the radionuclide activity concentration in
superficial dried deposited sediments (Cps) with that in the filtered water column (Crwc) for a pulse
input of a pollutant element (adapted from Ref. [4.4], with permission).

The water column and the deposited sediments are in equilibrium before the pulse input of the
pollutant occurs (I), and the ratio corresponds to Kyps|rwc. The ratio decreases strongly after
the pulse (II) occurs, because the water column contaminant concentration, Crpc, increases
more quickly than the contaminant concentrations in the bottom sediments, Cps, due to kinetic
limitations of the sedimentation rate, thereby resulting in the observed decrease in Kypgjrwe-
During pulse (III), the ratio gradually increases as a function of the sedimentation rate and will
only correspond to K;ps|pw if the passing time of the pulse is long enough to reach equilibrium
conditions [4.4]. Because of the decrease in the pollutant element concentration in the water
column at the end of pulse (IV) and its retention by the sediment, the ratio increases strongly.
Under these conditions the ratio does not corresponds to Kypgjpw¢. Thereafter (V), the ratio
decreases slowly to reach Kgpgjpwe (VD).
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Figure 4.2 illustrates that in situations when a pulse input of a pollutant occurs, modelling with
a constant Ky value representative of the ratio between the element concentration of deposited
sediments and the concentration in the water column is not appropriate. For such situations, and
consistent with the solid/liquid exchanges, the variation of the activity concentration of
deposited sediments involves several processes such as the sedimentation of suspended
particles, the interstitial diffusion, the bioturbation, etc.

For the case of a pulse of contamination, the porosity (nps) and the thickness (4ps) of the oxic
layer can be assumed to be constant over time. In this case, variation in the radionuclide activity
concentration of deposited sediments in the superficial oxic layer is mainly driven by the
sedimentation of contaminated suspended sediments:

dCps _ WSS*XSS*
dt ppsXhpsx(1-nps)

X (Css+ — Cps) — A X Cps (4.5)
where:

SS* is the mass of the range of suspended particles that contribute to sedimentation according
to the hydraulic conditions (kg/m?);

Css+ 1s the radionuclide activity concentration of the particles of the range of suspended
particles that contribute to sedimentation according to the hydraulic conditions (Bg/kg);

wgs+ is the sedimentation velocity (m/s);

Pps is the volume mass of dried deposited sediments (kg/m?);

nps 1s the porosity of the oxic superficial layer (no units);

hps 1s the thickness of the oxic superficial layer (m).

The SS* parameter captures the condition when not all suspended sediments are equally
effective at binding contaminants, that is, the Ky varies with particle size. Under steady state
conditions, when neglecting radioactive decay (A) so Css+ = Cps and, consequently:

KdDS|FWC = des*|FWC (4.6)

However, it is reasonable to expect that Kjss+jpwe < Kgssjpwc because the sedimentation
process results in a sorting of particle sizes. The particles within the deposited sediments are
coarser than those comprising the suspended sediments, which is important, as the Ks has been
reported to decrease when the particle sizes increases [4.5, 4.6].

For anoxic layers, only K;pgpw 1s relevant because these layers are not directly connected to
the water column. In practice, such a Ky is only valid if it has been quantified under the same
anoxic conditions as in the deposited sediments. The use of Kypgpw allows the determination
of the solid—liquid fractionation of radionuclides between dry particles and pore water, which
can be useful in assessing the bioavailability and transfer of radionuclides to benthic organisms.

4.2. INTRODUCTION TO PREVIOUS COMPILATIONS OF K4

Early reference values of freshwater Ky values were given in TRS 364 [4.7] and Safety Reports
Series (SRS) 19 [4.8]. In the framework of the IAEA EMRAS programme, an improved
compilation of Ky values for freshwater systems was developed [4.9, 4.10] and reported in
TRS 472 [4.11, 4.12]. The main advancement made during the EMRAS programme was to
refine the description of Ky in fresh water by providing operational PDFs. The compilation
considered 86 bibliographic references (mainly peer reviewed publications) published before
2004. Data for stable elements were not considered. TRS 472 [4.11] contains Ky values of
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15 elements in suspended sediments and superficial deposited sediments in rivers and lakes.
Among these 15 elements, eight (Ag, Am, Co, Cs, I, Mn, Pu and Sr) had sufficient data (defined
as having no less than ten data entries originating from no less than five different references) to
allow the calculation of conditional PDFs. These PDFs were conditioned to account for a
limited number of parameters, such as pH and contact time, and can be applied when some
parametric information is available for the site under consideration. For Ba, Be, Ce, Ra, Ru, Sb
and Th, the datasets were only sufficient to allow the determination of non-conditional PDFs?,
which are useful for initial or screening level assessments when no additional knowledge about
the site of interest is available.

The compilation of freshwater K, data generated during the EMRAS programme was classified
according to the chemical element. Each K, value was associated with several groups of
parameters connected with the source reference, location (river or lake name), type of sediment
(deposited or suspended), data acquisition protocol (ratio of solid mass to water volume (m/V),
contact time, sorption process and number of replicates), chemical conditions (pH, dissolved
and particulate carbon (DOC and POC), potassium and ammonium concentrations and ion
exchange capacity), and presentation of data (e.g. figure, table) [4.4]. The dataset for each
element was analysed assuming a log-normal distribution characterized by a geometric mean
(GM) and a geometric standard deviation (GSD). These statistical parameters were determined
by applying a two step procedure [4.9]: (1) a weighted bootstrap method to increase the weight
given to data that satisfy specific quality criteria; and (2) a fit of a log-normal function to the
weighted data using the likelihood method.

The data from TRS 472 [4.11] provide reference values and distributions for freshwater K, but
they do not distinguish between suspended and deposited sediments. For elements for which
the most information was available (Ag, Am, Co, Cs, I, Mn, Pu and Sr), TRS 472 [4.11]
provides conditional log-normal distributions (GM and GSD) and minimum and maximum Ky
values as a function of adsorption and desorption conditions and for in situ measurements. For
a second group of elements (Ba, Be, Ce, Ra, Ru, Sb and Th), non-conditional log-normal
distributions (GM and GSD) and minimum and maximum Ky values are provided. Finally, a
third group of ten elements (Cr, Fe, Zn, Zr, Tc, Pm, Eu, U, Np and Cm) is considered, for which
only mean, maximum and minimum Ky values are suggested based on a single publication
[4.13] or expert judgement.

The concept of in situ Ks was introduced in TRS 472 [4.11] because Ky values for sorption or
desorption are generally obtained in laboratories where these processes are identified and
controlled, whereas the specific prevailing circumstances are less well defined for data acquired
in situ. Because of this issue, K values derived from in sifu measurements are often termed as
‘apparent’ (see Chapter 2, Section 2.1.2.3).

4.2.1. The need to update K; compilations

The information provided in TRS 472 [4.11] is the outcome of an international consensus and
it is considered as a key source reference by modelers when site specific in situ Kq values are
not available. Such information is, therefore, an important support for assessment of
radionuclide transfer and needs to be regularly updated, especially because, in its present state,
it includes only a limited number of elements and there are several important data gaps that
need to be filled.

4 A conditional probability density function is linked to criteria such as: sorption conditions, components etc. A
non-conditional probability density function is not linked to any criteria.
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TABLE 4.1. LIST OF THE CHEMICAL ELEMENTS INCLUDED IN THE ERICA TOOL AND
THE SYMBIOSE PLATFORM AND ASSOCIATED QUALITY CRITERION FOR THEIR
REFERENCE K, !

Element Quality criterion Element Quality criterion Element Quality criterion
Ac 0 Fr 1 Pu 3
Ag 3 Gd 0 Ra 3
Am 3 H 1 Rb 0
As 1 Hg 1 Rh 1
At 1 I 3 Rn 0
Au 0 In 1 Ru 3
Ba 3 Ir 0 S 1
Be 3 La 0 Sb 3
Bi 1 Mn 3 Se 1
Br 0 Mo 1 Si 1
C 1 Na 1 Sn 1
Ca 1 Nb 1 Sr 3
Cd 0 Nd 0 Tc 1
Ce 3 Ni 1 Te 1
Cf 0 Np 2 Th 3
Cl 1 P 0 Tl 1
Cm 2 Pa 0 U 2
Co 3 Pb 1 w 0
Cr 1 Pd 0 Y 1
Cs 3 Pm 2 Zn 2
Eu 2 Po 1 Zr 2
Fe 2 Pr 1

! Adapted after Ref. [4.4], with permission.

To illustrate these omissions, Table 4.1 provides a list of the chemical elements included and
used in two assessment tools (as examples) for which the application of reference K4 values is
an integral component. The ERICA (Environmental Risk from Ionising Contaminants:
Assessment and Management) Tool [4.14] which is used to estimate internal and external doses
to organisms other than humans, and the SYMBIOSE platform [4.15, 4.16] used to assess
radionuclide transfers in the environment and corresponding doses to humans. The list in
Table 4.1 contains 64 chemical elements for which a quality criterion is indicated that was
specified according to the following guidance:

(1) Set to 3 when the freshwater K; dataset allowed the determination of conditional
distribution (=5 references and >10 K, values);

(2) Set to 2 when the dataset is just large enough to determine unconditional distributions
(<5 references and/or <10 K, values);

(3) Setto 1 when there is a single publication or only expert judgement;

(4) Set to 0 when there is no information available.

The distribution of the quality criterion for Ky values is summarized in Fig. 4.3.

Conditional distributions are available for only 23% of the listed radionuclides and 13% are
associated with unconditional distributions. The evaluation reveals a lack of data, as K values
for 42% of the elements considered in this publication are based on a single publication or
expert judgement, and there are no data for 23% of the elements considered. Therefore, 65% of
the K4 values for the elements considered are poorly justified or not supported, which highlights
the need to complete and improve Ky compilations. One aim of the MODARIA WG4 was to
contribute to filling some of these gaps, especially for those radionuclides for which the dose
contribution to humans or other organisms is potentially important.
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FIG. 4.3. Distribution of the assigned quality criterion for K, values for the chemical elements included
in the ERICA Tool and the SYMBIOSE platform.

4.2.2. Objectives for updating and supplementing the freshwater K, database

As shown above, there is a considerable need to enhance existing compilations of freshwater
K4 values. Therefore, the main objectives of MODARIA WG4 with respect to freshwater Ky
were:

(1) To collate and integrate new data into the previous dataset [4.11] and to revise the dataset
structure, where necessary, to create an updated MODARIA dataset;

(2) To harmonize the approach used to extract conditional and unconditioal PDFs from the
datasets;

(3) To provide PDFs for relevant subcategories for modelling freshwater systems, such as for
deposited and suspended sediments.

The aim of the resulting enhanced K; MODARIA datasets was to improve:

(1) Knowledge of general K, properties through comparison of the statistical freshwater Kq
distributions as functions of radionuclides and environmental components (which is not
feasible for individual values, as site specific parameters would need to be considered);

(2) Analysis of the variability in Ky values due to site specific conditions.

4.3. EXPANSION OF THE FRESHWATER K; DATASET

In 2014, the dataset used to determine values and distributions of K4 values, and published in
TRS 472 [4.11], for freshwater ecosystems was provided to MODARIA WG4. For Ag, Am,
Co, Cs, I, Mn, Pu and Sr, this dataset included more than 100 values per element. Subsequently,
the dataset was expanded by MODARIA WG4, and priority given to elements with few or no
data. The new Ky values were derived from peer reviewed publications for both radionuclides
and stable elements [4.4, 4.17]. Major stable element inputs were included from large datasets,
such as those published by the United States Geological Survey (USGS) for Colorado River’,
the Geochemical Atlas of Europe®, and water quality data from 26 Ribble and Wyre River basin
sites in Northwest England [4.3]. By incorporating these additional data, over 3300 K, values

5 http://puDS.usgs.gov/ds/614/contents/
® http://weppi.gtk.fi/publ/foregsatlas/
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have been compiled for 29 new elements (Al, As, B, Ca, Cd, Cu, Dy, Er, Gd, Hf, Hg, Ho, K,
La, Li, Mg, Mo, Na, Ni, Pb, Po, Pr, Rb, S, Se, Si, Sn, Ti, V). Additionally, a total of 1807 new
K4 values were added to the dataset for the 25 elements already included in TRS 472 [4.11]
(Ag, Am, Ba, Be, Ce, Cm, Co, Cr, Cs, Eu, Fe, I, Mn, Np, Pm, Pu, Ra, Ru, Sb, Sr, Tc, Th, U,
Zn, Zr). The final MODARIA Il freshwater K; database contains 8564 K; values for 54
elements.

In TRS 472 [4.11], there are 10 elements (Cm, Cr, Eu, Fe, Np, Pm, Tc, U, Zn and Zr) for which
the derivation of log-normal distributions is not possible due to the limited number of data. The
MODARIA dataset has provided adequate set of data to derive log-normal distributions for Cm,
Cr, Eu, Fe, U and Zn. For the other four elements (Np, Pm, Tc and Zr) there has been no change
to those values reported in TRS 472 [4.11] and TRS 364 [4.7].

In practice, when an REIA is carried out for pathway evaluation, the type of K approach needs
to be chosen with care. For example, has the considered K4 value been estimated specifically
for suspended sediments or deposited sediments? This kind of information is often not available
in typical reference publications (however, there are exceptions [4.18]) that tend to present
freshwater Ky values without distinguishing between these two components. Within
MODARIA, this issue has been addressed by analysing the MODARIA K, dataset in relation
to its applicability to suspended or deposited sediments as well as sorption—desorption
processes and field measurements, as used in TRS 472 [4.11].

For each chemical element, the datasets have been subdivided according to the environmental
component (suspended sediments and deposited sediments) and the methodology (sorption—
desorption laboratory studies or in situ measurements). Each dataset (radionuclides x
environmental components % laboratory or field) has been analysed according to the number
of values available. When the number of values available was less than 10, the information
provided is limited to a geometric mean, and minimum and maximum values, and the geometric
mean is an indicative value without any associated statistical distribution function. When the
number of values exceeded 10, the dataset is described by a log-normal distribution, which is
considered as the most appropriate distribution for Ks values [4.19].

Analysis of the 15 elements with log-normal distributions in TRS 472 [4.11] (Ag, Am, Ba, Be,
Ce, Co, Cs, I, Mn, Pu, Ra, Ru, Sb, Sr and Th) has been extended to distinguish between data
for suspended sediments and deposited sediments.

Table 4.2 presents GM and GSD values of freshwater K; for 54 chemical elements, which
constitutes a considerable enhancement compared with the information given in TRS 472
[4.11]. To identify and explain significant changes from the reference values previously
published, Table 4.2 provides, for comparison, the values published in the IAEA publications
TRS 364 [4.7], SRS 19 [4.8] and TRS 472 [4.11] and in a report of the United States
Environmental Protection Agency [4.18]. Reference [4.18] provides median Ky values for
several elements (Ag, As, Ba, Be, Cd, Co, Cr(IlI), Cr(IV), Cu, Hg, CH, Hg, Mo, Ni, Pb, Sb, Se,
Sn, T1, V, Zn, Cn, N). These K, values have been allocated to suspended sediments or deposited
sediments, but without consideration of the process of liquid—solid exchange.

Table 4.2 specifies the size of the dataset and the number of references available for each
chemical element, environmental component (suspended sediments and deposited sediments)
and type of solid—liquid exchange.
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TABLE 4.2. COMPARISONS OF MODARIA DISTRIBUTIONS FOR K. (L/kg) OF 53 CHEMICAL ELEMENTS AND PREVIOUS REFERENCE
SOURCES

Element C(;Iélp géint Condition GM GSD Min Max 5% 95% Nd Nr Indicative Reference
Ag DS Field n.a n.a n.a n.a n.a n.a 1 1 5.25%10? MODARIA
Ag SS Adsorption 8.30 x 10* 2.28 1.21 x 104 1.58 x 10° 2.14 x 10* 3.22 x 10° 81 7 n.r MODARIA
Ag SS Desorption 4.10 x 10° 1.73 5.97 x 10* 9.48 x 103 1.66 x 103 1.01 x 10° 41 2 n.r MODARIA
Ag SS Field 2.24 x 10° 2.98 3.59 x 10* 2.46 x 10° 3.70 x 10* 1.36 x 10° 56 3 n.r MODARIA
Ag SS+DS Adsorption 9.50 x 10* 2.30 2.20 x 10* 3.30 x 10° 2.41 x 10* 3.74 x 10° 91 n.a n.r [4.11]
Ag SS+DS Desorption 4.40 x 10° 2.70 1.90 x 10° 1.00 x 10° 8.59 x 10* 2.25 x 108 41 n.a n.r [4.11]
Ag DS n.a 3.98 x 10" n.a 1.26 x 10? 6.31 x 10° n.a n.a na na nr [4.18]
Ag SS n.a 7.94 x 10% n.a 2.51 x 10* 2.00 x 108 n.a n.a 15 n.a nr [4.18]
Al SS Adsorption 3.21 x 10° 1.78 7.86 x 10* 1.46 x 10° 1.24 x 103 8.33 x 10° 27 1 n.r MODARIA
Al SS Field 4.62 x 10° n.r 4.62 x 10° 2.75 x 108 n.r n.r 2 1 n.r MODARIA
Am DS Adsorption 2.20 x 10° 3.81 2.70 x 103 2.25 x 10° 2.44 x 10* 1.98 x 10° 88 4 n.r MODARIA
Am SS Field 7.94 x 10* 6.25 1.10 x 103 1.31 x 10° 3.90 x 103 1.62 x 10° 44 4 n.r MODARIA
Am SS+DS Adsorption 2.10 x 103 3.70 2.50 x 10* 1.90 x 106 2.44 x 10* 1.81 x 106 91 n.a n.r [4.11]
Am SS+DS Field 1.20 x 10° 5.70 6.9 x 10° 2.00 x 106 6.85 x 103 2.10 x 106 41 n.a n.r [4.11]
Am SS+DS n.a n.a n.a n.a n.a n.a n.a n.a 1 5.00x103 [4.8]
Am SS+DS na n.a n.a 9.00 x 10! 4.00 x 10* na n.a na 1 5.00x103 [4.7]
As DS Adsorption 3.79 x 102 1.47 1.76 x 10% 7.18 x 10? 2.00 x 102 7.18 x 10? 15 1 n.r MODARIA
As DS Field 3.78 x 103 391 6.50 x 10! 2.93 x 10* 4.01 x 10? 3.56 x 10* 37 8 n.r MODARIA
As SS Field 5.28 x 10* 3.49 1.83 x 103 9.59 x 10° 6.75 x 103 4.14 x 10° 158 9 n.r MODARIA
B SS Field 1.41 x 103 2.56 4.42 x 102 6.20 x 103 2.99 x 102 6.62 x 103 21 1 MODARIA
Ba DS Field 8.13 x 10° n.r 8.13 x 10° 1.05 x 104 n.r n.r 2 2 n.r MODARIA
Ba DS Adsorption 3.95 x 102 n.r 4.50 x 10! 5.50 x 102 n.r n.r 8 1 n.r MODARIA
Ba SS Adsorption 1.75 x 103 3.18 7.20 x 10? 5.74 x 10 2.61 x 102 1.17 x 104 11 2 n.r MODARIA
Ba SS Field 1.20 x 10° 3.17 8.48 x 102 7.84 x 10* 1.80 x 103 8.03 x 10* 95 7 n.r MODARIA
Ba SS+DS Various 2.00 x 103 3.60 2.5 x 102 1.60 x 10* 2.43 x 102 1.64 x 10* 48 5 n.r [4.11]
Ba SS n.a 1.00 x 10** n.a 1.94 x 10? 3.16 x 10* n.a n.a 14 n.a nr [4.18]
Be DS Field 3.54 x 10* 1.95 1.02 x 10* 2.25 x 103 1.18 x 10* 1.06 x 10° 13 1 n.r MODARIA
Be SS Adsorption 1.60 x 10° n.r 1.60 x 103 3.60 x 10° n.r n.r 2 1 n.r MODARIA
Be SS Field 3.87 x 10* 2.59 2.20 x 103 2.00 x 103 8.06 x 10° 1.85 x 103 29 6 n.r MODARIA
Be Various 4.20 x 10* 3.60 5.10 x 103 3.40 x 10° 5.11 x 10 3.45 x 10° 28 n.a n.r [4.11]
Be SS 1.26 x 10** n.a 6.31 x 10? 6.31 x 10° na n.a 17 n.a nr [4.18]

Ca DS Field 1.38 x 10? n.r 5.42 x 10! 1.47 x 103 n.r n.r 3 2 n.r MODARIA
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TABLE 4.2. (cont.)

Element C%Igpgéim Condition GM GSD Min Max 5% 95% Nd Nr Indicative Reference
Ca DS Field 1.38 x 10? n.r 5.42 x 10! 1.47 x 103 n.r n.r 3 2 n.r MODARIA
Ca SS Field 1.68 x 103 2.45 4.12 x 102 2.32 x 10* 3.83 x 102 7.38 x 103 57 5 n.r MODARIA
Cd DS Adsorption 5.24 x 103 7.40 5.78 x 10° 3.33 x 103 1.95 x 102 1.41 x 103 52 2 n.r MODARIA
Cd DS Field 4.00 x 103 8.63 7.69 x 10! 1.41 x 107 1.15 x 10% 1.38 x 10° 84 12 n.r MODARIA
Cd SS Field 1.34 x 103 7.83 1.65 x 103 6.91 x 107 4.53 x 10° 3.96 x 10° 208 13 n.r MODARIA
Cd DS n.a 3.98 x 103" n.a 3.16 x 10° 2.00 x 107 n.a n.a 21 n.a nr [4.18]
Cd SS n.a 5.01 x 10** n.a 6.31 x 10? 2.00 x 106 na n.a 67 n.a nr [4.18]
Ce SS Adsorption 2.68 x 10° 2.58 5.30 x 10* 2.10 x 10° 5.63 x 10* 1.28 x 10° 37 2 n.r MODARIA
Ce SS Field 2.58 x 10° 2.39 3.97 x 10* 3.76 x 10° 6.16 x 10* 1.08 x 10° 80 4 n.r MODARIA
Ce SS+DS Various 2.20 x 103 2.90 4.2 x10* 1.20 x 106 3.82 x 10% 1.27 x 106 15 3 n.r [4.11]
Ce SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 1.00 x 10* [4.8]
Ce SS+DS n.a n.a n.a 8.00 x 10° 1.00 x 103 n.a n.a na na 1.00 x 104 [4.7]
Cm DS Adsorption 1.64 x 103 6.81 1.00 x 104 2.25 x 108 7.00 x 103 3.86 x 10° 29 1 n.r MODARIA
Cm SS Field 1.01 x 10° n.a 5.25 x 10* 2.88 x 10° n.a n.a 4 1 n.r MODARIA
Cm SS+DS Various n.a n.a 1.00 x 10! 7.00 x 104 n.a na na na 5.00 x 10° [4.11]
Cm SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 5.00 x 103 [4.8]
Cm SS+DS n.a n.a n.a 1.00 x 10! 7.00 x 104 n.a n.a na na 5.00 x 10° [4.7]
Co DS Adsorption 1.59 x 10* 10.4 2.00 x 10! 5.43 x 10° 3.40 x 10? 7.48 x 10° 300 8 n.r MODARIA
Co DS Desorption 1.57 x 10* 65.0 6.76 x 10! 2.50 x 108 1.63 x 10! 1.50 x 107 34 3 n.r MODARIA
Co DS Field 2.04 x 102 343 2.00 x 10! 1.40 x 103 6.07 x 10° 6.83 x 10* 28 5 n.r MODARIA
Co SS Adsorption 7.29 x 10* 11.7 2.79 x 102 1.13 x 107 1.27 x 103 4.19 x 10° 262 17 n.r MODARIA
Co SS Desorption 1.10 x 10° 5.05 1.20 x 104 1.54 x 107 7.71 x 10* 1.58 x 107 40 2 n.r MODARIA
Co SS Field 3.93 x 10* 3.42 2.13 x 103 1.02 x 10° 5.19 x 10° 2.98 x 103 104 14 n.r MODARIA
Co SS+DS Adsorption 4.30 x 104 9.50 1.10 x 103 1.70 x 10° 1.06 x 103 1.74 x 10° 534 n.a n.r [4.11]
Co SS+DS Desorption 4.90 x 10° 4.90 3.50 x 10* 6.60 x 10° 3.59 x 10* 6.69 x 10° 74 n.a n.r [4.11]
Co SS+DS Field 4.40 x 104 3.90 4.90 x 103 3.90 x 10° 4.69 x 103 4.13 x 103 29 n.a n.r [4.11]
Co SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 5.00 x 103 [4.8]
Co SS+DS n.a n.a n.a 1.00 x 103 7.00 x 104 na na na na 5.00 x 103 [39]
Co DS n.a 2.00 x 103" n.a 7.94 x 10? 3.98 x 10° n.a n.a 3 n.a nr [4.18]
Co SS n.a 5.01 x 10** n.a 1.58 x 103 2.00 x 106 na na 29 n.a nr [4.18]
Cr DS Adsorption 3.31 x 103 88.4 4.73 x 10! 3.43 x 10° 2.08 x 10° 5.26 x 10° 31 2 n.r MODARIA
Cr DS Field 4.41 x 10° 11.2 1.00 x 102 1.05 x 10° 8.26 x 10! 2.35 x 103 73 12 n.r MODARIA

Cr SS Field 1.24 x 10° 4.00 1.23 x 10° 1.18 x 107 1.27 x 10* 5.30 x 10° 145 12 n.r MODARIA



TABLE 4.2. (cont.)

Element C%Igpgéim Condition GM GSD Min Max 5% 95% Nd Nr Indicative Reference
Cr n.a n.a n.a n.a n.a n.a n.a n.a n.a Low [4.11]
Cr n.a n.a n.a n.a n.a n.a n.a n.a n.a 1.00 x 104 [4.8]
Cr n.a n.a n.a 0.00 x 103 1.00 x 103 na na na na Low [4.7]
Cr(III) DS n.a 3.16 x 10** n.a n.a n.a n.a n.a na na nr [4.18]
Cr(III) SS n.a 1.26 x 10°* n.a 7.94 x 103 1.00 x 10° n.a n.a 25 n.a nr [4.18]
Cs DS Adsorption 4.97 x 103 9.74 9.92 x 10° 6.06 x 10* 1.18 x 10% 2.10 x 103 366 10 n.r MODARIA
Cs DS Desorption 1.35 x 10* 5.67 8.37 x 102 2.10 x 103 7.76 x 10? 2.33 x 103 55 3 n.r MODARIA
Cs DS Field 6.66 x 103 3.91 7.25 x 10? 2.47 x 103 7.06 x 10? 6.28 x 10* 55 7 n.r MODARIA
Cs SS Adsorption 1.71 x 10* 2.47 1.25 x 103 1.37 x 103 3.86 x 103 7.58 x 10* 203 15 n.r MODARIA
Cs SS Desorption 3.30 x 10* 2.50 436 x 10° 1.38 x 10° 7.30 x 10° 1.49 x 103 64 4 n.r MODARIA
Cs SS Field 1.35 x 103 2.67 2.34 x 103 2.70 x 108 2.64 x 10* 6.69 x 103 211 13 n.r MODARIA
Cs SS+DS Adsorption 9.50 x 10° 6.70 3.70 x 10? 1.90 x 103 4.16 x 102 2.17 x 103 569 n.a n.r [4.11]
Cs SS+DS Desorption 2.90 x 10* 2.40 6.90 x 10° 1.20 x 103 6.87 x 10° 1.22 x 103 119 n.a n.r [4.11]
Cs SS+DS Field 2.90 x 10* 5.90 1.60 x 103 5.20 x 10° 1.56 x 103 5.37 x 10° 219 n.a n.r [4.11]
Cs SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 1.00 x 103 [4.8]
Cs SS+DS n.a n.a n.a 5.00 x 10! 8.00 x 104 na na na na 1.00 x 10! [4.7]
Cu DS Adsorption 1.29 x 103 7.69 1.09 x 102 5.40 x 10* 4.25 x 10! 3.91 x 10* 20 2 n.r MODARIA
Cu DS Field 2.23 x 10* 2.29 4.34 x 10? 3.03 x 103 3.68 x 103 1.35 x 103 166 26 n.r MODARIA
Cu SS Adsorption 1.29 x 10* 3.89 1.76 x 103 1.02 x 103 1.38 x 103 1.20 x 10° 99 2 n.r MODARIA
Cu SS Field 6.01 x 10* 4.66 1.05 x 102 6.92 x 107 4.85 % 10° 7.68 x 103 304 20 n.r MODARIA
Cu DS n.a 1.58 x 10* n.a 5.01 x 10° 1.58 x 106 n.a n.a 12 n.a nr [4.18]
Cu SS n.a 5.01 x 10+ n.a 1.26 x 103 1.26 x 10° na na 70 n.a nr [4.18]
Dy DS Field 5.80 x 10° 2.53 4.07 x 10* 3.66 x 10° 1.26 x 103 2.66 x 10° 26 1 n.r MODARIA
Er DS Field 4.85 x 10° 2.24 4.28 x 10* 3.24 x 108 1.28 x 103 1.83 x 10° 26 1 n.r MODARIA
Eu DS Field 2.10 x 10° 2.18 2.69 x 10* 6.52 x 103 5.81 x 10* 7.57 x 10° 29 1 n.r MODARIA
Eu SS+DS na n.a n.a 2.00 x 10? 9.00 x 102 na na na na 5.00 x 102 [4.11]
Eu SS+DS n.a n.a n.a 2.00 x 102 9.00 x 102 n.a n.a na na 5.00 x 102 [4.7]
Fe DS Field 1.16 x 10* 15.2 1.05 x 10! 5.00 x 10° 1.32 x 102 1.03 x 10° 47 11 n.r MODARIA
Fe SS Adsorption 2.04 x 10° 1.79 5.07 x 10* 5.34 x 10° 7.83 x 10* 5.31 x 10° 27 1 MODARIA
Fe SS Field 2.46 x 10° 3.89 2.41 x 103 7.68 x 10° 2.64 x 10* 2.30 x 108 322 13 n.r MODARIA
Fe SS+DS Field n.a n.a 1.00 x 103 1.00 x 104 n.a n.a na na 5.00 x 103 [4.11]
Fe SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 5.00 x 10° [4.8]
Fe SS+DS na n.a n.a 1.00 x 103 1.00 x 10* na na na na 5.00 x 10° [4.7]
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TABLE 4.2. (cont.)

Element C%Igpgéim Condition GM GSD Min Max 5% 95% Nd Nr Indicative Reference
Gd DS Field 426 % 10° 3.16 3.51 x 10* 4.35 x 10° 6.43 x 10* 2.82 x 10° 29 1 n.r MODARIA
Hf DS Field 1.93 x 10° 1.77 3.77 x 10° 6.11 x 10° 7.56 x 10° 4.94 x 10° 26 1 n.r MODARIA
Hg DS Field 2.56 x 10! 4.44 5.85 x 10° 4.78 x 10? 2.21 x 10° 2.97 x 102 15 1 n.r MODARIA
Hg SS Field 1.28 x 10° 3.95 1.58 x 103 3.33 x 10° 1.34 x 10* 1.23 x 10° 532 8 n.r MODARIA
Ho DS Field 425 x 10° 1.97 3.98 x 104 1.16 x 10° 1.39 x 10° 1.30 x 10° 26 1 n.r MODARIA
I DS Adsorption 1.93 x 10! 17.4 7.47 x 102 4.00 x 10° 1.75 x 10! 2.12 x 103 89 5 n.r MODARIA
I SS Adsorption 3.62 x 103 4.17 1.70 x 102 1.05 x 10° 3.46 x 102 3.78 x 104 71 5 n.r MODARIA
I SS Field 3.32x 103 1.34 7.88 x 10? 4.64 x 10° 2.06 x 103 5.36 x 103 20 1 n.r MODARIA
I SS+DS Adsorption 4.40 x 103 14 5.90 x 10! 3.40 x 10° 5.73 x 10! 3.38 x 10° 124 na nr [4.11]

1 SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 1.00 x 10! [4.8]

I SS+DS n.a n.a n.a 0.00 x 10° 8.00 x 10! na n.a na na 1.00 x 10! [4.7]

K SS Field 2.53 x 103 2.19 3.05 x 10! 2.73 x 10* 6.95 x 102 9.21 x 103 106 2 n.r MODARIA
La DS Field 1.03 x 10° 2.49 3.72 x 10* 1.80 x 107 2.31 x 103 4.64 x 10° 32 2 n.r MODARIA
La SS Field 1.36 x 10° 1.69 7.01 x 104 4.09 x 10° 5.73 x 104 3.21 x 10° 21 1 n.r MODARIA
Li DS Field 7.60 x 103 2.08 9.32 x 10! 5.01 x 104 2.28 x 103 2.54 x 10* 32 1 n.r MODARIA
Mg DS Field 1.33 x 10? n.r 6.25 x 10! 3.04 x 10? n.r n.r 8 1 n.r MODARIA
Mg SS Field 3.16 x 103 3.97 8.45 x 10! 1.90 x 107 3.27 x 10? 3.06 x 10* 85 5 n.r MODARIA
Mn DS Adsorption 5.50 x 103 50.3 5.33 x 10! 1.64 x 10° 8.74 x 10° 3.46 x 10° 69 2 n.r MODARIA
Mn DS Desorption 5.94 x 103 nr 1.87 x 103 1.64 x 10° nr nr 6 1 nr MODARIA
Mn DS Field 9.74 x 103 11.0 3.41 x 102 3.42 x 10° 1.90 x 102 5.00 x 10° 57 9 n.r MODARIA
Mn SS Adsorption 1.37 x 10° 11.7 1.88 x 103 2.07 x 107 2.40 x 103 7.80 x 10° 155 15 n.r MODARIA
Mn SS Desorption 1.33 x 10° 6.33 2.70 x 10* 1.00 x 107 6.38 x 10* 2.76 x 107 40 2 n.r MODARIA
Mn SS Field 1.65 x 10° 7.12 1.62 x 103 2.20 x 108 6.52 x 103 4.16 x 10° 194 18 n.r MODARIA
Mn SS+DS Adsorption 1.30 x 10° 12.0 2.10 x 103 7.40 x 106 2.18 x 103 7.75 x 108 190 na nr [4.11]

Mn SS+DS Desorption 6.90 x 103 6.60 3.20 x 104 1.50 x 107 3.10 x 104 1.54 x 107 46 n.a n.r [4.11]

Mn SS+DS Field 7.90 x 10* 1.90 3.10 x 104 1.90 x 103 2.75 x 10* 2.27 x 10° 219  na nr [4.11]

Mn SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 1.00 x 103 [4.8]

Mn SS+DS n.a n.a n.a 1.00 x 10? 1.00 x 104 n.a n.a na na 1.00 x 103 [4.7]

Mo DS Field 7.27 x 10! nr 4.16 x 10! 2.69 x 10? nr nr 3 2 n.r MODARIA
Mo SS Field 6.07 x 103 3.09 8.08 x 10! 7.11 x 10° 9.48 x 10? 3.89 x 104 29 2 n.r MODARIA
Mo DS n.a 3.16 x 102" n.a n.a n.a n.a n.a n.a n.a n.r [4.18]

Na SS Field 1.53 x 10° 1.48 4.37 x 10? 4.29 x 10° 8.01 x 102 2.92 x 103 22 1 n.r MODARIA

Ni DS Field 1.03 x 10° 5.99 1.87 x 10! 5.67 x 104 5.41 x 10! 1.96 x 10* 39 10 n.r MODARIA



TABLE 4.2. (cont.)

Element C%Igpgéim Condition GM GSD Min Max 5% 95% Nd Nr Indicative Reference
Ni SS Field 3.11 x 10* 1.27 8.69 x 102 5.01 x 10° 3.80 x 103 2.55 x 103 86 10 n.r MODARIA
Ni DS n.a 1.00 x 10** n.a n.a n.a n.a n.a na na nr [4.18]
Ni SS n.a 3.98 x 10** n.a 3.16 x 103 5.01 x 10° na n.a 30 n.a nr [4.18]
Np SS+DS n.a n.a n.a 2.00 x 10! 1.00 x 10? n.a n.a na na 1.00 x 10! [4.11]
Np SS+DS na n.a n.a 2.00 x 10! 1.00 x 102 na n.a na na 1.00 x 10! [4.7]
Pb DS Field 9.01 x 103 27.5 2.00 x 10° 2.00 x 107 3.86 x 10! 2.10 x 10° 129 18 n.r MODARIA
Pb SS Adsorption 2.19 x 10° 1.87 3.05 x 10* 7.25 x 103 7.79 x 10* 6.16 x 103 27 1 n.r MODARIA
Pb SS Field 3.69 x 10° 2.85 1.14 x 104 8.87 x 107 6.57 x 10* 2.07 x 10° 362 26 n.r MODARIA
Pb DS n.a 1.26 x 10> n.a 1.00 x 102 1.00 x 107 na na 24 n.a nr [4.18]
Pb SS n.a 3.98 x 105" n.a 2.51 x 103 3.16 x 10° n.a n.a 48 n.a nr [4.18]
Pm n.a n.a n.a 1.00 x 103 1.00 x 10* n.a na na na 5.00 x 10° [4.11]
Pm n.a n.a n.a 1.00 x 103 1.00 x 104 n.a n.a na na 5.00 x 103 [4.7]
Po DS Field 1.02 x 103 5.35 2.21 x 10* 6.10 x 10° 6.45 x 103 1.61 x 10° 10 2 n.r MODARIA
Po SS Field 1.05 x 10° 5.68 1.79 x 103 2.58 x 107 5.99 x 103 1.83 x 10° 75 4 n.r MODARIA
Pr SS Field 1.21 x 103 1.77 5.37 x 10* 421 x 10° 4.73 x 10* 3.11 x 103 21 1 n.r MODARIA
Pu DS Adsorption 6.49 x 10* 2.78 9.30 x 103 4.20 x 10° 1.21 x 104 3.48 x 10° 33 3 n.r MODARIA
Pu DS Desorption 2.96 x 10° 2.05 3.07 x 10* 1.25 x 107 9.07 x 10* 9.65 x 103 41 4 n.r MODARIA
Pu SS Adsorption 6.04 x 10* n.r 6.00 x 103 3.00 x 106 n.r n.r 4 1 n.r MODARIA
Pu SS Field 1.47 x 103 13.9 2.00 x 102 1.60 x 107 1.94 x 103 1.11 x 107 79 6 n.r MODARIA
Pu SS+DS Adsorption 7.90 x 10* 2.20 2.10 x 10* 2.90 x 103 2.16 x 10* 2.89 x 103 37 n.a n.r [4.11]
Pu SS+DS Desorption 3.00 x 103 4.20 2.90 x 10* 3.20 x 10° 2.83 x 10% 3.18 x 10° 41 n.a n.r [4.11]
Pu SS+DS Field 2.40 x 103 6.60 1.10 x 104 5.20 x 10° 1.08 x 104 5.35 x 10° 79 n.a n.r [4.11]
Pu SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 1.00 x 103 [4.8]
Pu SS+DS n.a n.a n.a 1.00 x 102 1.00 x 107 n.a na na na 1.00 x 103 [4.7]
Ra DS Adsorption 8.18 x 10° 1.30 5.63 x 10° 2.42 x 10* 5.33 x 10° 1.26 x 104 10 1 n.r MODARIA
Ra DS Field 1.20 x 10° 23.9 8.24 x 10! 1.67 x 103 6.49 x 10° 2.22 x 103 15 4 n.r MODARIA
Ra SS Adsorption 1.18 x 10* n.r 6.30 x 103 2.42 x 10* n.r n.r 9 1 n.r MODARIA
Ra SS Field 5.21 x 103 2.76 1.13 x 10? 1.73 x 103 9.79 x 10? 2.77 x 10* 48 3 n.r MODARIA
Ra SS+DS Various 7.40 x 103 3.1 1.10 x 103 5.20 x 10* 1.15x 103 4.76 x 10* 75 n.a n.r [4.11]
Ra SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 5.00 x 10% [4.8]
Ra SS+DS n.a n.a n.a 1.00 x 10% 1.00 x 103 n.a n.a na na 5.00 x 102 [4.7]
Rb SS Field 7.33 x 103 1.92 2.12 x 103 2.38 x 10* 2.50 x 103 2.15 x 10* 21 1 n.r MODARIA
Ru DS Adsorption 5.28 x 10* 1.39 3.34 x 10* 7.90 x 10* 3.09 x 10* 9.03 x 10* 36 1 n.r MODARIA



L

TABLE 4.2. (cont.)

Element C%I;mgéim Condition GM GSD Min Max 5% 95% Nd Nr Indicative Reference
Ru SS Field 2.73 x 10* 1.67 4.00 x 10? 5.39 x 104 1.17 x 10* 6.36 x 10* 38 2 n.r MODARIA
Ru SS+DS Various 3.20 x 10* 1.9 1.10 x 10* 9.30 x 104 1.11 x 10* 9.20 x 104 74 n.a n.r [4.11]
Ru SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 5.00 x 102 [4.8]
S SS Field 1.33 x 103 1.55 7.25 x 10% 7.06 x 10° 6.44 x 10? 2.73 x 103 21 1 n.r MODARIA
Sb DS Field 1.20 x 10* n.r 1.09 x 10* 1.94 x 10* n.r n.r 3 1 n.r MODARIA
Sb SS Adsorption 6.75 x 103 2.73 8.00 x 102 4.00 x 10* 1.29 x 103 3.52 x 104 16 2 n.r MODARIA
Sb SS Field 8.14 x 103 2.64 3.40 x 10! 1.03 x 103 1.65 x 103 4.01 x 10* 44 8 n.r MODARIA
Sb SS+DS Various 5.00 x 103 3.90 5.50 x 10% 4.60 x 10* 5.33 x 10% 4.69 x 10* 23 n.a n.r [4.11]
Sb SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 5.00 x 10! [4.8]
Sb DS n.a 1.00 x 10* n.a 3.16 x 102 6.31 x 10* n.a n.a 3 n.a nr [4.18]
Se DS Field n.a n.a n.a n.a n.a n.a 1 1 7.08 x 103 MODARIA
Se SS Field 1.54 x 10* 2.19 5.41 x 103 6.65 x 10* 4.24 x 10° 5.61 x 104 22 1 n.r MODARIA
Se DS n.a 3.98 x 10*" n.a n.a n.a n.a n.a n.a n.a n.r [4.18]
Se SS n.a n.a n.a 1.26 x 103 5.01 x 10* n.a n.a na na nr [4.18]
Si SS Field 2.72 x 10* 2.20 2.42 x 103 4.93 x 10° 7.41 x 103 9.98 x 10* 187 2 n.r MODARIA
Sn SS Field 1.33 x 10° 1.59 3.72 x 104 3.41 x 10° 6.18 x 10* 2.86 x 10° 21 1 n.r MODARIA
Sn DS n.a 5.01 x 10% n.a n.a n.a n.a n.a n.a n.a n.r [4.18]
Sn SS n.a 3.98 x 10" n.a 7.94 x 10* 2.00 x 10° n.a n.a 3 n.a nr [4.18]
Sr DS Adsorption 5.01 x 10! 3.21 2.84 x 10° 1.34 x 103 7.34 x 10° 3.42 x 10? 185 7 n.r MODARIA
Sr DS Desorption 2.71 x 102 3.09 1.20 x 10! 2.06 x 103 4.25 x 10! 1.73 x 103 50 6 n.r MODARIA
Sr DS Field 8.24 x 102 3.21 8.00 x 10! 3.45 x 103 1.21 x 10? 5.62 x 103 26 5 n.r MODARIA
Sr SS Adsorption 1.90 x 103 2.75 1.11 x 102 1.99 x 10* 3.60 x 102 1.00 x 10* 69 2 n.r MODARIA
Sr SS Field 2.96 x 10° 3.79 1.11 x 10? 1.99 x 10* 3.31 x 10? 2.65 x 10* 39 5 n.r MODARIA
Sr SS+DS Adsorption 1.90 x 102 4.60 1.40 x 10! 2.20 x 103 1.54 x 10! 2.34 x 103 156 na n.r [4.11]
Sr SS+DS Desorption 6.20 x 102 2.10 1.90 x 102 2.10 x 103 1.83 x 102 2.10 x 103 34 n.a n.r [4.11]
Sr SS+DS Field 1.20 x 103 2.70 2.30 x 10? 6.30 x 10° 2.34 x 10? 6.15 x 10° 13 n.a n.r [4.11]
Sr SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 1.00 x 103 [4.8]
Sr SS+DS n.a n.a n.a 8.00 x 10° 4.00 x 103 n.a na na na 1.00 x 103 [4.7]
Tc SS+DS n.a n.a na 0.00 x 10° 1.00 x 10? n.a n.a na na 5.00 x 10° [4.11]
Tc SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 5.00 x 10° [4.8]
Tc SS+DS n.a n.a na 0.00 x 10° 1.00 x 102 n.a n.a na na 5.00 x 10° [4.7]
Th DS Adsorption 1.56 x 10° 47.8 1.15 x 10? 2.75 x 10° 2.69 x 10? 9.04 x 107 12 2 n.r MODARIA

Th DS Field 7.40 x 102 n.a 3.60 x 102 4.72 x 10° n.a n.a 9 3 n.r MODARIA
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TABLE 4.2. (cont.)

Element C%I;mgéim Condition GM GSD Min Max 5% 95% Nd Nr Indicative Reference
Th SS Field 1.52 x 103 2.90 1.13 x 104 1.60 x 10° 2.64 x 10* 8.76 x 10° 41 4 n.r MODARIA
Th SS+DS Various 1.90 x 103 21.0 1.20 x 103 2.70 x 107 1.27 x 103 2.84 x 107 63 n.a n.r [4.11]
Th SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 1.00 x 10* [4.8]

Th SS+DS n.a n.a n.a 1.00 x 103 1.00 x 106 n.a n.a na na 1.00 x 104 [4.7]

Ti DS Field n.a n.a n.a n.a n.a n.a 1 1 4.07 x 10* MODARIA
Ti SS Field 1.05 x 10° 1.35 2.41 x 10* 1.58 x 10° 6.42 x 10* 1.71 x 103 21 1 n.r MODARIA
U DS Adsorption 4.29 x 10° 30.0 1.93 x 10! 6.26 x 10* 1.59 x 10! 2.04 x 109 103 1 n.r MODARIA
U DS Field 3.50 x 103 40.1 9.10 x 10! 8.04 x 10* 8.07 x 10° 1.51 x 106 14 5 n.r MODARIA
U SS Adsorption 2.52 x 10* 2.07 3.27 x 103 1.03 x 103 7.58 x 103 8.40 x 10* 26 1 n.r MODARIA
U SS Field 1.19 x 10* 5.63 3.05 x 102 1.27 x 103 6.94 x 102 2.04 x 103 38 6 n.r MODARIA
6] SS+DS na n.a n.a 2.00 x 10! 1.00 x 103 na na na na 5.00 x 10! [4.11]

U SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 5.00 x 10! [4.8]

6] SS+DS na n.a n.a 2.00 x 10! 1.00 x 103 na n.a na na 5.00 x 10! [4.7]

v DS Field n.a n.a n.a n.a n.a n.a 1 1 3.71 x 104 MODARIA
A% SS Field 4.29x10* 1.40 1.19 x 104 8.46 x 10* 2.47 x 10* 7.44 x 10* 21 1 n.r MODARIA
Zn DS Adsorption 1.13 x 10* 10.6 5.02 x 10! 2.63 x 10° 2.33 x 102 5.44 x 10° 113 5 n.r MODARIA
Zn DS Field 2.09 x 10° 5.50 2.11 x 10° 2.66 x 103 1.27 x 102 3.45 x 10% 127 14 n.r MODARIA
Zn SS Adsorption 1.18 x 10* 3.69 1.68 x 103 8.58 x 10* 1.37 x 103 1.01 x 10° 20 1 n.r MODARIA
Zn SS Field 1.73 x 10° 4.86 3.00 x 10° 6.77 x 107 1.28 x 104 2.33 x 10° 213 17 n.r MODARIA
Zn SS+DS na n.a n.a 1.00 x 102 1.00 x 103 na na na na 5.00 x 102 [4.11]
Zn SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 5.00 x 102 [4.8]
Zn SS+DS na n.a n.a 1.00 x 10? 1.00 x 103 na na na na 5.00 x 102 [4.7]
Zn DS n.a 5.01 x 10> n.a 3.16 x 10! 1.58 x 106 n.a n.a 18 n.a nr [4.18]
Zn SS na 1.26 x 10> n.a 3.16 x 103 7.94 x 106 na na 75 n.a nr [4.18]
Zr SS+DS n.a n.a n.a 1.00 x 103 1.00 x 104 n.a n.a na na 1.00 x 103 [4.11]
Zr SS+DS n.a n.a n.a n.a n.a n.a n.a n.a n.a 1.00 x 103 [4.8]

Zr SS+DS n.a n.a n.a 1.00 x 103 1.00 x 104 n.a n.a na na 1.00 x 103 [4.7]

2SS: suspended sediments; DS: deposited sediments; (*) indicates median values. No (*) corresponds to GM;
Nd = number of data; Nr = number of references; n.a = not available; n.r = not relevant



4.3.1. Analyses of the updated freshwater K, dataset

For the elements for which there are sufficient data, this section presents four analyses of the
updated MODARIA WG4 freshwater K, database. Initially, the distributions of Kuss and Kaps
are compared to highlight the relevance of considering K, values specifically for suspended and
deposited sediments. The subsequent three analyses consider the conditional distributions of in
situ Kyss as a function of suspended loads (SS), dissolved organic carbon (DOC) and Kups as a
function of pH [4.17].

4.3.1.1. Comparisons between Kass and Kaps

To assess the relevance of separating Ky for suspended and deposited sediments, this section
compares the Ky distributions of these two components. Given the available data, this
comparison was possible for As, Be, Cd, Co, Cr, Cs, Cu, Fe, Hg, La, Mn, Ni, Pb, Po, Ra, Sr, U
and Zn in field conditions (Fig. 4.4) and for Co, Cs, Cu, I, Mn Sr and Zn in adsorption conditions
(Fig. 4.5).

Whatever the condition, GM(Kuss) is higher than GM(Kaps) as described before, except for Be,
La and Po in the case of in situ condition and Zn in the case of adsorption condition.

A recurrent difference between the K, distributions between suspended and deposited sediments
was therefore found, which is probably associated with the different properties of the particles
rather than with the speciation in the dissolved phase. For example, the mean particle size of
deposited sediments is generally higher than those of suspended sediments and, thus, tends to
have a lower metal sorption capacity. Deposited sediments are also characterized by lower
porosity than suspended sediments, leading to a lower exchange surface and, thus, decreasing
metal sorption process. Furthermore, the properties of the organic matter of deposited sediments
are different from those of suspended sediments due to the degradation of organic carbon during
early diagenesis [4.20, 4.21].

Except for Be in field conditions, the variability of Kips was higher than that of K4ss whatever
the element and the condition. Assuming that the particle size is one of the main parameters
that controls Ky in fresh water, this is a logical outcome because the variability and the range of
the particle size distribution was much higher for deposited sediments than for suspended
sediments.

These data analyses confirmed and highlighted differences between Kuss and Kaups, which
reinforces and justifies the need to consider deposited sediments and suspended sediments
separately in the freshwater environment when establishing reference K4 values.

4.3.1.2. Conditional log-normal distributions of in situ Kass as a function of suspended
sediments

In rivers, the ratio of solid mass to water volume (m/V) corresponds to SS, the load of suspended
sediments. This ratio is as important as Kuss in determining solid—liquid fractionation because
both contribute to defining the contribution of the particulate activity concentration to the total
activity concentration of the water column (Cyy, ), given by the following relationship [4.4]:

Cwe = Crwe + Kass XSS X Cpye 4.7)

where Crwc 1s the activity concentration in the filtered water of the water column.
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FIG. 4.4. GM and 5" and 95" percentiles of in situ Kuss (white) and Kaps (black).

FIG. 4.5. GM and 5" and 95" percentiles of adsorption Kuss (white) and Kaps (black).

For anthropogenic radionuclides, a generic decrease in Kyss is generally observed when the load
of suspended sediments increases [4.22—4.24]. This tendency is mainly explained by three
phenomena related to the radionuclide activity concentration in superficial dried deposited
sediments (Cps) with that in the filtered water column (Crwc).

(1) Particle size effect: The load and size of suspended sediments are roughly correlated as
they both tend to increase at the same time when the water flow increases [4.25, 4.26].
Although this behaviour has not always been observed [4.27], its main effect is to
decrease the mean specific surface of suspended matters and, mechanistically, to decrease
capacity to adsorb radionuclides and heavy metals.

(2) Mass/Volume effect: Various geochemical features of elements make up the crystal
structure of particles and the relative contribution of their non-exchangeable fractions
increases as the size of particles increases. Thereby, these fractions gradually contribute
more to the activity concentration of suspended sediments as the size of particles
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increases. Conversely, the relative amount of surface binding capacity decreases with
particle size. Consequently, an increase in SS leads to a decrease in Kuss if the
geochemical contribution is negligible compared with the anthropogenic discharges, and
to an increase in Kgss in the opposite situation [4.28].

(3) Colloidal pumping: The concentration of colloids increases in a similar manner to SS.
Very fine particle (<0.45 um) colloids are highly efficient in adsorbing radionuclides and
heavy metals and are poorly retained by filtration [4.29]. Consequently, an increase in
their concentration enriches the radionuclide and heavy metal concentrations of the
filtered water [4.30] which tends to reduce KdSS.

Thus, SS appears to be an important factor in explaining the variability of Kuss. For this reason,
this section presents conditional log-normal distributions of in situ Kuss as a function SS.
Because it is unlikely that environmental conditions for load and size distributions of suspended
sediments can be precisely reproduced in laboratory experiments, this analysis is limited to in
situ Kgss. The database allows such an analysis for 19 elements: Am, As, Ba, Be, Cd, Co, Cr,
Cs, Cu, Fe, Hg, Mg, Mn, Ni, Pb, Pu, Si, Sr, and Zn.

Changes in the conditional geometric means, GM(Kuss|ss), and geometric standard deviations,
GSD(Kuss|ss), as a function of SS are represented by the following power equations:

GM(Kyssss) = a X SSP (4.8)
GSD(deslss) =c X SSd (49)

where the parameters a (L/kg)°*! and c (L/kg) are scaling factors with values corresponding to
GM(Kassiss) and GSD(Kassiss) when SS = 1 mg/L. The exponents, b and d, describe the extent
of the deviation of the adsorption process from linearity [4.31]. Table 4.3 summarizes these
relationships with their p-values and determination coefficient (R?) which indicates the
proportion of the variances that can be explained by these equations.

All the relationships of GM(Kussiss) are statistically representative (p-value << 0.05) and
negative (b < 0). However, they are not significant for Co, Mn, Ni and Si for which R’ was
lower than 0.2. For Am, As, Ba, Be, Cd, Cr, Cs, Cu, Fe, Hg, Mg, Pb, Pu, Sr and Zn, the
sensitivity of the Kuss values in the field to SS explains more than 50% of the dataset variability.
For example, the total GSD(Kuss) of Cd and Cu for in situ suspended sediments that initially
equal 4.6 and 7.8 respectively (Table 4.2) was reduced to 2-3 and 2—4 by considering SS
(Fig. 4.6). As an example, Fig. 4.6 shows the trend for Cd, Cu, Hg and Pb.

Assuming that an element is relatively more impacted by SS the lower the slope b and the higher
the coefficient R, Fig. 4.7 indicates that the elements most sensitive to SS are Pu, Cs and Cd,
and the least sensitive are Mn, Co, Si and Ni. This is in agreement with Vesely et al. [4.32] who
observed small changes in Kgss values for Si, and with Pettine et al. [4.33] who did not find any
effect of SS on the Kass values of Mn and Co in the Po River in Italy.

Therefore, SS appears to be an operational and relevant parameter that can reduce the variability
of Kyss distributions by several orders of magnitude. Therefore, it needs to be measured during
sampling and evaluated during modelling. Although these results need enhancement and further
consideration, especially by improving the datasets, it can be argued that this type of approach
could be a promising approach that may reduce uncertainties for Kyss.
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TABLE 4.3. PARAMETERS a AND b AND ASSOCIATED R SQUARED (R2?) AND P-VALUE
FOR THE IN SITU RELATIONSHIPS GM (K4s515s) = a X SS? and GSD(Kysss5) = ¢ X SS%”

Element GM(Kass|ss) GSD(Kass|ss)
Equation R? (p-value) Equation R?
Am GM(Kass|ss) = 4.08 x 10° x SS072 0.89 (2.14 x 10°1%) GSD(Kass|ss) = 2.36 x SS*15 0.20
As GM(Kass|ss) = 1.64 x 103 x SS066 0.85 (6.34 x 10°15) GSD(Kass|ss) = 3.02 x SS0-08 0.03
Ba GM(Kassss) = 2.30 x 10% x SS045 0.90 (7.65 x 10734 GSD(Kussiss) = 1.00 x SSO18 0.33
Be GM(Kussss) = 7.05 x 10% x SS0-32 0.65 (2.08 x 107) GSD(Kuss|ss) = 2.09 x SSO13 0.31
Cd GM(Kassjss) = 8.51 x 103 x SS083 0.91 (3.00 x 104 GSD(Kuss|ss) = 2.74 x SS0-02 0.02
Co GM(Kussiss) = 4.74 x 10* x §S-0-16 0.14 (2.07 x 107) GSD(Kussiss) = 2.24 x §S004 0.01
Cr GM(Kass) = 4.30 x 103 x SS0:33 0.68 (1.53 x 10%) GSD(Kass|ss) = 2.07 x SS0-02 0.01
Cs GM(Kassjss) = 7.95 x 103 x SS09 0.94 (5.93 x 1037) GSD(Kussiss) = 1.74 x SS02! 0.49
Cu GM(Kassjss) = 1.38 x 105 x SS043 0.79 (1.71 x 107) GSD(Kuss|ss) = 2.73 x S§002 0.02
Fe GM(Kuss)ss) = 8.80 x 10° x SS063 0.87 (1.00 x 10-57) GSD(Kuss|ss) = 2.93 x §S0.06 0.06
Hg GM(Kussiss) = 4.88 x 10° x §S-038 0.89 (5.70 x 1071€0) | GSD(Kass|ss) = 2.68 x SS001 0.001
Mg GM(Kuassiss) = 1.25 x 10* x §S-067 0.76 (7.80 x 1071%) GSD(Kussiss) = 4.07 x SS001 0.66
Mn GM(Kussyss) = 4.65 x 10° x SS0-32 0.25 (3.74 x 10719 GSD(Kuss|ss) = 27.43 x §§02 0.55
Ni GM(Kussss) = 3.93 x 10%x SS-006 0.01 (5.13 x 107%) GSD(Kuss|ss) = 0.37 x SS074 0.73
Pb GM(Kussiss) = 8.49 x 10° x S04 0.66 (4.51 x 10%7) GSD(Kuss|ss) = 2.33 x SS0-03 0.03
Pu GM(Kuassiss) = 9.82 x 10° x SS-1-2 0.93 (1.58 x 10°1%) GSD(Kussiss) = 3.67 x SSO16 0.15
Si GM(Kussiss) = 2.30 x 10* x SS-0-13 0.05 (3.37 x 10 GSD(Kussiss) = 1.33 x SS038 0.27
Sr GM(Kussjss) = 3.31 x 10%x SS0-% 0.87 (9.86 x 10°13) GSD(Kussiss) = 1.27 x SSO13 0.09
Zn GM(Kussyss) = 4.60 x 103x S5 0.98 (1.65 x 10°) GSD(Kuss|ss) = 4.84 x S§012 0.5
* Adapted after Ref. [4.17], with permission.
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FIG. 4.6. In situ GM(Kssiss) (Red) and GSD(Kussiss) (Black) (adapted after [4.17], with permission).
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FIG. 4.7. R squared (R?) of the equation Kgssiss = a XSS b, as a function of the parameter b (adapted
after [4.17], with permission).

4.3.1.3. Conditional log-normal distributions of in situ Kass as a function of dissolved
organic carbon

Dissolved and particulate organic carbon has a very high affinity for numerous radionuclides
in aquatic systems [4.34]. Dissolved organic carbon (DOC) is a mixture of pedogenic (derived
from soil washout) and aquagenic (from material excreted by aquatic biota) compounds [4.35]
presenting a high capacity to complex metals and change their speciation, thus impacting their
behaviour and their solid—liquid partition. Metals, for example, can be bounded to dissolved
organic ligands and maintained for a longer time in these dissolved forms [4.36—4.39]. Thus,
inverse correlations between DOC and Ky can be expected for some elements.

The data compiled in the freshwater database allow the determination of conditional log-normal
distributions of in situ Kass as a function of DOC concentrations for fourteen elements: As, Cd,
Ce, Co, Cr, Cu, Fe, Hg, K, Mg, Mn, Pb, Si and Zn. These distributions are defined by the
changes as a function of DOC concentrations of the conditional geometric means,
GM(Kssipoc), and geometric standard deviations, GSD(Kussipoc), which are represented by the
following power equations:

GM(Kyssipoc) = a X DOCP (4.10)
GSD(Kassipoc) = ¢ X DOC? 4.11)

Where the parameters a (L/kg)®"! and ¢ (L/kg) are scaling factors with values corresponding to
GM(Kassipoc) and GSD(Kasspoc) when DOC = 1 mg/L. The exponents, b and d, describe the
extent of the deviation of the adsorption process from linearity [4.31]. Table 4.4 summarizes
these relationships with their p-values and determination coefficient (R?) which indicates the
proportion of the variances that can be explained by these equations.

All the DOC concentrations range between 2 and 10 mg/L, which is representative of fresh
waters but not of pore waters, where DOC can reach 50 mg/L [4.40]. The relationships of
GM(Kuassipoc) are all statistically representative (p-value << 0.05) and negative (b < 0) excepted
for Co (b =1.58). Thus, the sensitivity of in situ Kass to DOC explains more than 50% of the
dataset variability and is inversely related to DOC, as expected. As examples, Fig. 4.8 reports
the trend for As, Fe, Hg and Mn.

78



TABLE 4.4. PARAMETERS a AND b AND ASSOCIATED R SQUARED (R?) AND p-VALUE FOR
THE RELATIONSHIPS GM (K 4sspoc) = a X DOC® and GSD(Kysspoc) = ¢ X DOCE”

GM(Kassipoc) GSD(Kassipoc)
Element - -
Equation R? (p-value) Equation R?
As GM(Kassipoc) = 4.96 x 10° x DOC'**  0.95 (2.70 x 10*") | GSD(Kasspoc) = 6.5 x DOC03° 0.77
Cd GM(Kassipoc) = 8.00 x 107 x DOC-%3 0.88 (2.27 x 10) | GSD(Kassipoc) = 0.2 x DOC*?! 0.07
Ce GM(Kassipoc) = 1.18 x 10° x DOC*?  0.70 (1.25 x 10''7) | GSD(Kassipoc) = 3.0 x DOC*0 0.15
Co GM(Kassipoc) = 1.00 x 10* x DOC"8 0.65 (1.74 x 10) | GSD(Kassipoc) = 0.003 x DOC>%! 0.59
Cr GM(Kassipoc) = 5.04 x 107 x DOC3%  0.84 (2.25 x 107%) | GSD(Kassipoc) = 7471 x DOC3% 0.77
Cu GM(Kassipoc) = 2.68 x 107 x DOC3%  0.98 (1.50 x 107%) | GSD(Kasspoc) = 93.0 x DOC'73 0.49
Fe GM(Kassipoc) = 3.69 x 105 x DOC¢1 0.94 (9.73 x 10%) | GSD(Kasspoc) = 3.5 x DOC02¢ 0.42
Hg GM(Kassipoc) = 1.76 x 10° x DOC'#  0.96 (1.13 x 10°%) | GSD(Kassipoc) = 4.2 x DOC*18 0.26
K GM(Kassipoc) = 1.00 x 10* x DOC*7*  0.97 (4.11 x 10*) | GSD(Kassipoc) = 2.3 x DOC*% 0.07
Mg GM(Kassipoc) = 2.00 x 10* x DOC'">  0.97 (1.50 x 107%) | GSD(Kassipoc) = 3.8 x DOC03? 0.56
Mn GM(Kassipoc) = 9.27 x 107 x DOC3%?  0.94 (9.10 x 107) | GSD(Kassipoc) = 2.2 x DOC-0-% 0.08
Pb GM(Kassipoc) = 8.30 x 10° x DOC*38  0.95 (1.14 x 10?) | GSD(Kasspoc) = 2.7 x DOC014 0.43
Si GM(Kassipoc) = 8.00 x 10* x DOC*7  0.73 (2.21 x 102 | GSD(Kassipoc) = 0.8 x DOC’° 0.861
Zn GM(Kassipoc) = 5.47 x 10° x DOC-'# 0.90 (1.70 x 102"y | GSD(Kassipoc) = 4.5 x DOC'% 0.45
* Adapted after Ref. [4.17], with permission.
LOE+07 ~AS " 7 10 LOE+07 "Fe 10
3 LOE+06 : = 1.0E+06 - z
= LOE+05 T = LOE+0S 7
= 'M_-— . =
g 1.0E+04 g £ 1.0E+04 | 6 g
g s o 3 s
- 1.0E+03 ' § £ 10E+03 - §
S Loese2 fa© & LoE+02 ol » |3 ©
% F2 e 2
1LOE+01 1.0E+01
L.OE+00 0 1.0OE+00 0
0 2 4 6 8 10 0 2 i 6 8 10
DOC (mg/L) DOC (mg/1.)

LOEHOT 1 Hg 10 1.0E+07 Mn | 10
LOE+06 : 1.OE+06 | :
gl.l}ﬁ-t}ﬁ \h 7 f 1.0E+05 \* T -
3 1.0E404 . ? 3 108404 6 8
g S 5 o
£ 1OE+03 L4 & i 1OE+03 4 5
C LOE+02 M 3 S 1LoE+02 . 3

1.0E+01 ;i LOE+01 2
1 1
1.0E+00 + 0 1.0E+00 + 0
0 2 4 6 8 10 0 2 4 6 8 10
DOC (mg/L) DOC (mg/L)

FIG. 4.8. GM(Kussipoc) (Red) and GSD(Kusspoc) (Black) in the field (adapted after [4.17], with
permission,).
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FIG. 4.9. R squared (R?) of the equation Kassipoc = a % DOCP?, as a function of the parameter b
(adapted after [4.17], with permission).

For the elements tabulated in Table 4.4, Fig. 4.9 presents the determination coefficient R’ as a
function of the slope b.

By assuming that an element is relatively more impacted by DOC, the more negative the slope
b and the higher the coefficient R are, Fig. 4.9 indicates that the most sensitive elements to
DOC concentrations are Mn, Cu, Cd and Cr. This point has been previously demonstrated by
several studies for Cu (see Refs [4.41-4.43]). Apte et al. [4.44] demonstrated the significance
of Cu complexation by DOC by showing that dissolved Cu is predominantly present in the form
of organic complexes in the Fly River, and Barreto et al. [4.45] evaluated the formation of DOC
and Cd complexes in natural waters. These elements are, thus, easily associated to dissolve
organic matter which directly controls their solid—liquid partitioning.

Elements that are less sensitive to the DOC concentrations are Co and Si. In particular, Co is
the only element for which the slope b is positive for Si, the low impact of DOC concentrations
impact is in accordance with the work of Vesely et al. [4.32]. Furthermore, the in situ Kuss
distributions of Si and Co are independent of both parameters, SS and DOC.

As for SS, taking into account the DOC concentration leads to a significant reduction of the in
situ GSD(Kgss) values. For example, the total GSD(Kgss) for Mn changes from 7.1 (Table 4.4)
to 2 by taking DOC concentrations into account, which represents a decrease in variability of
more than four orders of magnitude.

4.3.14. Relationships between in situ Kass and pH

The in situ Kass values compiled in the database cover a range of pH values between 6.6 and
8.4, which highlights the low variability of pH in the water column of freshwater systems.
Moreover, the amount of in situ Kuss values which have associated pH values is insufficient to
determine conditional log-normal distributions so it was only possible to investigate the mean
tendencies without appropriate statistical representativeness. However, these tendencies
suggested that the pH does not significantly affect the in situ Kass values, at least for a pH range
from 6.4 to 9.3. For example, Fig. 4.10 presents the relevant data trends of Kussjp# for Cd and Cr.
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FIG. 4.10. Kussjpr for Cd and Cr under in situ conditions as a function of pH (adapted after [4.17], with
permission,).

4.3.1.5. Conditional log-normal distributions of Kaps as a function of pH

The compiled Kups data cover a larger range of pH values than for Kuss (4—8) and they are quite
numerous. The data coverage allowed the determination of conditional log-normal distributions
of Kups according to pH for Am, Co, Cs and Zn in case of adsorption conditions and for As, Cr,
Cu, Mn, Pb and Zn in case of in situ conditions. These distributions are defined by the changes
as a function of pH of the conditional geometric means, GM(Kass|pr), and geometric standard
deviations, GSD(Kuss|p#), which are represented by the following power equations:

GM (Kyssipn) = a X pHP (4.12)
GSD(Kysspr) = ¢ X pH® (4.13)
Where the parameters a (L/kg)®"! and ¢ (L/kg) are scaling factors with values corresponding to

GM(Kassjpr) and GSD(Kuassjpr) when pH = 1. The exponents, b and d, describe the extent of the
deviation of the adsorption process from linearity [4.31]. These relationships are summarized
in Table 4.5 with their p-values and their determination coefficient R’ which indicates the
proportion of the variance explained by these equations.

These relationships are all statistically representative (p-value < 0.05) and strongly significant
with determination coefficients (R?) between 0.79 and 0.97. All slopes (b) are positive which
demonstrates a systematic increase of Kups when the pH increases. This trend may be related to
an effect of the pH on the adsorption capacities of solid surfaces. Under acidic conditions,
metals form free ionic species and protons are fixed by the negatively charged surfaces,
inducing a reduction of their sorption capacities. Adsorption increases with increasing pH due
to the increase of negative surface charges [4.41] that facilitate the sorption of cations [4.32].

As an example, Fig. 4.11 presents the relationship of Kussprn for Co and Zn in the case of
adsorption conditions.

For the elements tabulated in Table 4.5, Fig. 4.12 presents the coefficient R’ as a function of
the slope b.

81



TABLE 4.5. PARAMETERS a AND b AND ASSOCIATED R SQUARED (R?) AND P-VALUE FOR THE
RELATIONSHIPS GM (Kysspn) = a X pH? and GSD(Kysspn) = ¢ X pH®

£l Process GM(Kapspr) GSD(Kdapsjpr)
ement exchange Equation R? (p-value) Equation R?
Am adsorption | GM(Kapsipr) = 8.25 % 107! x pHS76 G 920'3710_15) GSD(Kapsipr) = 10.87 x pH0-88 0.54
As insinu | GM(Kapspr) = 5.8 % 107 pH' 3 73211 05 | GSD(Ksyn) =160 x pH'® 004
Co adsorption | GM(Kpsyr) =2.00 % 108 x pHI 1+ o 110'351 gy | GSD(Kupspr) =4.00 < pHO® 002
Cr insite—| GM(Kapsyr) =100 % 109 pHe | 68'251 o7y | GSD(Kupsur) =2.52 < pHO 001
Cs adsorption | GM(Kapspr) = 2.12 x 103 x pH®%® @ 180.320'20) GSD(Kapsipr) = 5.39 x pH0?7 0.57
0.88
— - 2 7.72 - 0.17
Cu in situ GM(Kapsjprr = 2.13 x 10 x pH (9.67 x 1020) GSD(Kapsipr) = 1.45 x pH 0.04
Mn in situ GM(Kapsjprr) = 7.20 x 10! x pH*> s 42'2510_5) GSD(Kapsiprr) = 6.75 x pH*0 0.22
Pb insine| GM(Kapsyr) =120 % 10°pHP> ) 63'261 0%y | GSD(Kupsur) = 0.94 < pHOS' 0,15
adsorption | GM(Kapsjpr) = 3.00 x 10 x pH!0-32 a 310'3910_53) GSD(Kapsipr) = 3.41 x pHO17 0.13
Zn ’
0.97
— _ -4 9.61 - 0.45
in situ GM(Kaps)prr) = 8.00 x 10* x pH (4.54 x 1072) GSD(Kapsipr) = 4.69 x pH 0.04
" Adapted after [4.17], with permission.
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FIG. 4.11. GM(Kapspr) (red) and GSD(Kapsjpr) (black) in case of adsorption conditions (adapted after
[4.17], with permission).

FIG. 4.12. R squared (R?) of the equation Kapsppy = a X pHPY, as a function of the parameter b (white
for adsorption and gray for in situ) (adapted after [4.17], with permission).
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By assuming that an element is more impacted by pH when the slope b is lower and the
coefficient R’ is higher, Fig. 4.12 indicates that the elements most sensitive to pH are Co, Zn,
Pb and Cr whereas Kaps for Cs and As are the least sensitive to pH. This is in agreement with
previous publications for Pb, Co and Zn [4.32, 4.46-4.49], but not for Cr [4.50] which
highlights that these relationships need to be applied with caution and that the use of local data
remains the best choice.

The relationships for GM(Kapsjpn) significantly reduced the variability. For example, total
GSD(Ky) for Co decreased from 9.4 (Table 4.5) to 3.5 when pH was considered (Fig. 4.11),
which reduced the variability of its distribution by over five orders of magnitude.

4.4. CONCLUSIONS FROM ANALYSIS OF THE FRESHWATER K; DATASET

A brief overview of Ks compilations for freshwater systems showed that 65% of the K, values
for the chemical elements considered in TRS 472 [4.11] were based on a single value or had
not been based on measured data (see Fig. 4.3). In this context, the collaborative synthesis of
K4 data within MODARIA WG4 has considerably improved the datasets that were previously
used to determine freshwater K, values in TRS 472 [4.11]. Over 3300 K, values have been
compiled for 29 new elements including 1807 new K, values that were added to the dataset for
the 25 elements that were already included in TRS 472 [4.11]. By the end of MODARIA, the
freshwater Ky database contained 8564 K, values for 54 elements.

Inclusion and analysis of the impact of various environmental components provided a new and
improved level of information compared with previous IAEA reports. MODARIA WG4 has
reported log-normal distributions of Ky values as a function of three conditions of measurement,
namely sorption, desorption and in situ, and of two environmental components, namely
suspended sediments and deposited sediments. For a large majority of elements, derived in situ
Kq values for suspended sediments were two orders of magnitude higher than for deposited
sediments, mainly because particles in deposited sediments tend to be coarser than in suspended
sediments.

For the elements sufficiently informed by data, the database enabled determination of
conditional log-normal distributions of in situ K, of suspended particles as a function of
suspended loads and dissolved organic carbon and of K4 of deposited sediments as a function
of pH [4.17]. For most elements these conditional distributions reduced the variability of global
Kq distributions by several orders of magnitude. The conditional distributions are useful for
decreasing the uncertainties in the prediction of the mobility of elements in freshwater systems
when the Ky approach is applied and in situ data are not available.
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IAEA TRS 422 [5.1] is a primary source of coastal marine (ocean margin) and open ocean Ky
values for use in REIA in the marine environment. TRS 422 does not consider other factors that
could influence the variability of Ks in the marine environment and the use of the default values
provided is only recommended in the absence of site specific data. Therefore, additional sources
of marine datasets were reviewed with the intent of obtaining site specific K; values in
conjunction with ancillary data that could include factors that can influence the behaviour of
radionuclides in the environment.

A preliminary investigation of the IAEA’s MARIS database’ found that it contained sufficient
information that could be used to derive site specific in situ Kaa) (described in detail in
Chapter 2, Section 2.1.2.3). A summary of the Cs Ky) derived from the dataset in MARIS has
provided an important source of new Ky data and is described in this chapter.

Various recent studies on marine Ky values in Japan, before and after the accident at the FDNPP
in March 2011, are also summarized in this chapter and also in Annex V. After the accident at
the FDNPP, a large proportion of the atmospheric and liquid releases were deposited onto
Japanese coastal waters of the Pacific Ocean. The fate of radiocaesium in the marine
environment has been, and remains, of interest to the public and to fishing community in the
affected regions. The ability of suspended and deposited sediment to bind and retain
radiocaesium, thereby reducing radiocaesium activity concentrations in sea water and marine
organisms, is a key environmental process that needs to be understood and quantified.

5.1. PREVIOUSLY AVAILABLE INFORMATION ON MARINE K; DATA

This section describes some key features influencing Ky values in marine systems and gives a
summary of information from IAEA TRS 422 [5.1], which focuses on K, and CR
(Concentration Ratio) in the marine environment.

Overall, the physicochemistry of deep marine systems tends to be more uniform than that of
freshwater systems [5.2]. The properties of the coastal marine (or ocean margin) systems tend
to fall in between those of the open ocean and freshwater systems. Some of the key sediment
and water associated factors affecting radionuclide Ky values are salinity, pH, DOC, suspended

"IAEA’s MARIS database can be accessed at: https://maris.iaea.org/.
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load and sediment composition [5.3]. Salinity impacts K, values because it increases
concentrations of cations and anions that can compete with radionuclides for sorption sites on
the sediments. Salinity is at its highest in the deep sea and does not vary much between different
oceans, with a typical value of 3.6 g/kg [5.4]. In contrast, salinity decreases in coastal areas and
is much lower in freshwater systems. Similarly, pH values in the deep ocean generally vary
over a small range of 8.0 to 8.5, whereas in continental systems pH values commonly have a
much wider range of about 4 to 9. As DOC originates from the decomposition of
microorganisms, plants, and animals, measured values of DOC are relatively low in most
marine systems, especially the open ocean. There is also less heterogeneity in sediment
properties, such as particle size and mineralogical characteristics in open ocean systems
compared with freshwater systems, which tend to have much higher DOC levels than those of
marine systems. Marine coastal areas have higher DOC values than the open ocean due to inputs
from catchments. Various trends that indicate the influence of sedimentary particles and water
chemistry on Ky values are evident in coastal areas [5.5]:

(1) Similar to freshwater ecosystems, K4 values in marine coastal areas increase directly with
surface area to volume ratios of particles and inversely with particle size. This is because
finer grains have a higher surface area to volume ratios compared with coarser particles,
so there are more binding sites per unit mass for elements to bind to;

(2) Kuavalues increase with increasing organic content of particles.

Therefore, muddy or fine grained, organic rich sediments have higher K4 values than sandy,
organic poor sediments.

For water, the trends are that:

(1) Kavalues are usually higher in fresh water than in sea water (all other things being equal),
due to more competing ions in sea water;

(2) Ka values for radionuclides binding to marine sediments decrease as DOC concentrations
increase, due to the dissolved organic matter complexing the dissolved elements, reducing
the tendency for the elements to bind to particle surfaces — examples are given for Cu, Cd
and Pb in Refs [5.6, 5.7].

The redox status of marine sediments can vary greatly depending on the underlying geological
formation, height of overlying water, proximity to the coastline, currents, and inputs from
estuarine waters [5.8]. Redox conditions and changes in other characteristics, such as particle
size and colloidal complexes, are key factors that control Ky values of sediments. Such redox
changes can lead to radionuclide mobilization from sediment, releasing some radionuclides to
overlying waters, which may then become bioavailable to organisms in the water column. For
example, U and Tc become more mobile under oxidizing conditions, whereas iodine becomes
more mobile under reducing conditions [5.9, 5.10].

5.1.1. The derivation of K4 values in TRS 422

IAEA TRS 247 [5.2] originally provided K, values in the context of the past practices that were
carried out at that time, many of which involved the disposal of liquid and solid radioactive
waste in marine systems (dumping practices). Such disposal practices have largely ceased, or
considerably decreased, after 1983. However, in 1993, the Russian Federation has disclosed
information on sea disposal in the Kara Sea, Barents Sea and Sea of Japan [5.11], various seas
were contaminated by the accident at the Chornobyl NPP in 1986 and the importance of NORM
in the oceans from sources, such as phosphate processing, and offshore oil and gas installations,
has been recognized [5.12-5.15]. Subsequently, TRS 422 [5.1] provided sediment K, values
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for the open ocean and ocean margins, taking account of new data and retaining the
same generic methodology for Ky estimation as TRS 247 [5.2]. In TRS 422 [5.1], K4 values for
63 elements were reported.

There were three key assumptions underlying the assignment of K values in TRS 422 [5.1]:

(1) Radionuclide equilibrium is established between dissolved and particulate phases;
(2) Radionuclide exchange is wholly reversible between water and particles;
(3) Radionuclide exchange is instantaneous between water and particles.

However, these three simplifying assumptions for marine sediment K, data are rather simplistic
compared with the approach currently adopted for soils and fresh water, as outlined in
Chapters 3 and 4, respectively. For example, the following observations of radionuclide
geochemistry have been reported [5.16]:

(1) Adsorption is not fully reversible;

(2) Adsorption can be faster than desorption;

(3) Adsorption can involve biogenic processes;

(4) Solid partition involves some irreversible processes;

(5) Desorption involves dissolution of carrier phases;

(6) Reaching steady state depends on particle characteristics.

The K4 model assumes that equilibrium and wholly reversible exchange of elements exists
between dissolved and particulate phases (see Chapter 2, Section 2.1.1) but this is not the case
for most elements. In aquatic systems, part of the matrix of sediment particles is not
exchangeable between dissolved and particulate phases and cannot desorb into overlying and
or pore waters.

To account for partial desorption, the approach adopted in both TRS 247 [5.2] and TRS 422
[5.1] was that the non-exchangeable fraction of an element, which would not desorb, was not
considered in Ky calculations. This was accounted for by adopting correction factors. For each
element, the exchangeable fraction [E]exch Was estimated using one of three approaches, all of
which tend to overestimate the K, value:

(1) The ‘pelagic clay enrichment” method in relation to source rock was used to subtract the
mean concentration in shale from the concentration in the solid phase (e.g. suspended
solids or sediment) of the sample. Then the corrected concentrations in the solid phase
were divided by dissolved deposited water concentration (mean of Atlantic and Pacific).
The difference between shale and sediment concentrations of an element was assumed to
represent the exchangeable fraction of an element that was introduced to, and adsorbed
onto, sediment.

(2) Where no pelagic clay enrichment was indicated, the concentration of the exchangeable
fractions was assumed to be equal to 10% of the pelagic clay concentration for open water
and 20% for ocean margin. For open water Ky values, the elemental concentrations in
water (the denominator of the calculated K, value) were considered relative to marine
water chemistry (e.g. DOC), and for ocean margin Ky values, the concentrations per unit
mass of sea water were used.

(3) The exchangeable fraction of the solid phase of a given sample for Ca, Ba, Sr, Ra, and U
was assumed to be equal to the concentration in calcareous pelagic sediment.
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The K4 values recommended in TRS 422 [5.1] may be underestimated in some cases since they
were mainly determined based on the distribution of stable elements between bottom sediments
and the adjacent water layer. The approach used in TRS 422 [5.1] does not adequately reflect
in situ behaviour of radionuclides because it assumes that:

(1) The basic physical and chemical properties of radionuclides are similar to those of their
stable isotopes. However, this is not always the case. Furthermore, for radionuclides
discharged into the marine envrionment, it can take some time for these radionuclides to
reach equilibirum between the bottom sediments and adjacent water layer, especially in
the early phase after the release (see Section 5.2.2.1 below);

(2) The proportion of the exchangeable fraction is fixed at the same value for all elements in
TRS 422 [5.1], but recent results indicate that this assumption is not always valid (this
issue will be discussed in greater detail below in Section 5.2.1 below);

(3) The extent of radionuclide adsorption to deposited sediments and suspended sediments is
similar. The differences in these two sediment types have been discussed in Chapter 4,
Section 4.1.1 on freshwater K.

5.1.2. Impact of different factors on changes in water—sediment interaction of
radionuclides with time

In dose assessment models for humans and other organisms in marine systems, a single fixed
K4 value for each radionuclide is usually used to estimate transfer between sediment and water,
and subsequent radionuclide transfer to marine organisms. However, this does not accurately
reflect the variability of the partitioning of the radionuclide as a result of dynamic inputs into
the marine systems [5.17, 5.18].

To evaluate the impact of factors related to K; and marine sediments, losjpe [5.19] conducted
kinetic modelling using a compartment model of the transfer of radionuclides between water
and sediment. Sensitivity analyses carried out for *H, '*’Cs, 2**Pu, ?*! Am, and >**Cm were used
to identify the parameters controlling water—sediment interactions in a coastal zone.

For all radionuclides except *H, particle mixing dominated the transfer of radionuclides
between the bottom water and surface sediment compartments under the prevailing conditions
in the Norwegian Sea. However, similar calculations under different environmental conditions
produced different results. For example, different values for the suspended sediment load and
sedimentation rates affected the outcome. Therefore, use of appropriate parameter values for
these processes is important to improve future estimation of the fate of radionuclides in marine
environments. Complexities were encountered when modelling water—sediment interactions;
for instance, the activity concentrations of radionuclides in bottom water and sediment can vary
strongly with time.

Thus, provision of site specific parameter values not only for K4, but also for sedimentation
rates and mixing rates, are important to estimate radionuclide activity concentrations in
sediments and water. Additional information is necessary to provide more appropriate K, values,
and a revision of Ky information given in TRS 422 [5.1] might be warranted.
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5.2. MARINE K; DATA FROM THE COASTAL AREAS OF JAPAN

5.2.1. Consideration of the impact of the exchangeable phase of elements in sediment
on marine Ky

TRS 422 [5.1] assumes that the exchangeable fraction of elements in the marine environment
represents 10% of the total fraction for the open ocean and 20% for the ocean margin. Therefore,
to calculate the relevant K, of a radionuclide, the use of Eq. (5.1) is given for the ocean margin
in TRS 422 [5.1]:

Concentration per unit mass of sediment (%) X 0.2

Kq(L/kg) = (5.1)

Concentration per unit mass of seawater (%)

In Eq. (5.1), it was assumed that “for all elements except carbon, 20% of the total concentration
of the elements in pelitic coastal sediments (clays and silts) represents the exchangeable phase
components of the elements.” [5.1]

To evaluate the validity of the equation, the ratios of the exchangeable fractions of global fallout
137Cs and *°Sr in the sediment were estimated using K« values calculated using both global
fallout data and stable Cs and Sr data from Japanese coastal areas [5.20].

Concentration data for global fallout of '*’Cs and *’Sr in coastal sediment and sea water were
collected between 1984 and 2010 (see details in Section 5.2.2). In this analysis, the factor of
0.2 (i.e. 20%) was not applied, as these are not stable elements. Instead, Ku) values were simply
calculated as the concentration ratios between sediment (Bq/kg DM) and sea water (Bq/L).

Stable Cs and Sr data for sediment and sea water samples in Japanese coastal regions collected
in 2007-2012 were used to generate sediment—sea water Ky values (full results are reported
in Section 5.2.2). The calculated stable marine K4 values in Japanese coastal regions agreed
well with the recommended ocean margin K4« values given in TRS 422 [5.1], but this was not
the case for the radioisotopes (Fig. 5.1).

Ref [5.21] reported mean K values for #Sr (35 and 135 L/kg) and '**Cs (145 and195 L/kg)
for bottom sediments at two different sites. In another study, Kuq values of 1.8 L/kg for 33Sr
and 140—400 L/kg for '**Cs were reported [5.22]. Other Kuw values for *°Sr and *’Cs for
bottom sediments reported in Japan were similar to these values. The K value of *°Sr in global
fallout was one order of magnitude higher than that for stable Sr. Conversely, the '*’Cs value
in global fallout was one order of magnitude lower than that for stable Cs (Fig. 5.1).

The variability of the K4n) values for Sr and Cs in sandy and muddy sediments have been
compared over the range of exchangeable phase values between 1.0 (wholly exchangeable) and
0.1 (10% exchangeable) (Fig. 5.1). Kuw) values for sandy and muddy sediments have been
plotted together with those calculated using all the data combined to determine whether there
were differences in K4 values of Sr and Cs for different sediment types. The sediment portion
that was finer than 63 um was classified as silt + clay, and the remaining portion that was larger
than 63 um was classified as sand. A ratio of (silt + clay)/(sand + silt + clay) was used to
categorize sediments into muddy (>0.5) and sandy (<0.5).
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see Section 5.2.2.2).

Figure 5.2 (a) shows the impact for stable Sr Ky of changing the exchangeable fraction factor
compared with the recommended value for Sr from TRS 422 [5.1] and the 5-95% confidence
range of K, for °°Sr in global fallout. If all stable Sr in sediment is considered wholly
exchangeable (i.e. using 1.0 as the factor), then Ky values for stable Sr fell within the 5-95%
confidence range of °°Sr in global fallout for all types of sediment (i.e. there were no statistical
differences between the sediment types). Thus, applying a factor of 0.2 for Sr would not be
appropriate, as the exchangeable fraction of Sr is expected to be higher, and probably close to
1.0, for this Japanese coastal area. In the marine environment, the exchangeable stable Sr
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fraction in sediment may vary by region. For example, it was reported that 9-18% of stable Sr
was exchangeable within the Mississippi River mixing zone, USA [5.23] and 43-89% was
exchangeable in Daya Bay, China [5.24]. However, a direct comparison may not be appropriate
as the methods used to determine the exchangeable fractions in these studies were different
from that used in Japan.

Figure 5.2 (b) shows the impact for stable Cs Ky values of applying the exchangeable fraction
factor. The outcome was different from that for Sr. When an exchangeable fraction factor of
1.0 was applied, the K4« value for stable Cs was about two orders of magnitude higher than the
GM of the Ky for '¥’Cs in global fallout. When an exchangeable fraction factor of 0.2 was
applied, it was still higher than '*’Cs in global fallout; only values for sandy soil fell within the
5-95% confidence range of '*’Cs in global fallout. Thus, the exchangeable fraction for Cs could
have been overestimated when 0.2 was applied. All the data fell within the range of '*’Cs in
global fallout when 0.1 or less was used as an exchangeable fraction factor.

To explore this issue, '*’Cs was added to a soil collected in Japan, which was then left in contact
with sea water for 10 days [5.25]. Within one day, 11% of *’Cs leached from the soil, and
thereafter, the extractability did not change for 10 days. The exchangeable '*’Cs fraction in two
types of Japanese soils, contaminated after the accident at the FDNPP, in contact with sea water
was reported to be less than 1% after a few days [5.26]. These data suggested that 1*’Cs in soil
from the terrestrial environment could be extracted with sea water rapidly; however, after a
longer contact time, the '3’Cs became less exchangeable. Although these results were for soil,
they suggest that an exchangeable fraction factor of less than 0.1 for Cs may be appropriate in
marine sediments.

These analyses showed that the exchangeable phase differed between elements in Japan.
Similar data have been reported elsewhere [5.23, 5.24]. These data suggest that applying a fixed
exchangeable fraction factor to all elements could be inaccurate. However, for the Japanese
study, the K4 values estimated in this manner fell within an order of magnitude of observations
for Japanese coastal areas, which likely falls within natural variability. Further work is needed
to provide information on the element dependent exchangeable phase for different radioisotopes
in marine sediments to provide more appropriate K4 values for use in dose assessment models.

5.2.2. Studies on K, in marine areas of Japan before and after the accident at the
Fukushima Daiichi Nuclear Power Plant (FDNPP)

Before the accident at the FDNPP, radionuclide monitoring had been carried out since 1984 in
the coastal waters adjacent to NPPs all over Japan, including the FDNPP. The monitoring data
are available in Japanese in the annual report of the Nuclear Regulation Authority (NRA). The
data can be also freely downloaded from the environmental radiation database; some of these
data have also been published [5.27-5.29].

The average K4 value for 1*’Cs, based on all the records since 1984 in the coastal waters near
Fukushima, was 620 + 150 L/kg. However, a reliable K4 value was not available because
systematic monitoring of marine water was not conducted before 1984. The most recent
pre-accident 5 year average *’Cs activity concentration (2006-2010) was 1.6 + 0.2 mBg/L in
sea water [5.30] and 0.87 = 0.41 Bg/kg DM in sediment [5.31], resulting in a Ky, of 544 L/kg
DM. The larger variability of the '*’Cs data in sediment reflects the wide range of grain size
distribution in the sediments.
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5.2.2.1. A Kuua dataset for stable elements in coastal areas of Japan

Coastal areas with considerable spatial and temporal variation in the salinity of water (e.g.
estuaries) were not explicitly considered in TRS 422 [5.1]. There is a need for specific
consideration of K4 values in the waters of coastal regions, as they may differ from those in
other aquatic areas due to the influence of salinity and potential influx of fresh water from
catchments.

This subsection presents Ku) values for areas with relatively lower salinity levels (21-34 units)
compared with that in the ocean margin (of around 34-35 units).

In a dataset compiled by Takata et al. [5.32], data derived using inductively coupled
plasma mass spectrometry have been included for 86 sediment (0—5 cm) and sea water samples
(1-10 m above the seafloor) collected from the same point at the same time from 19 coastal
sites in Japan from 2007 to 2012. Associated data are available for: the near bottom sea water
—including properties such as pH and salinity, and for sediments, with associated data available
on the silt and organic carbon contents [5.32]. Sediments were subdivided into muddy and
sandy sediments, as described in Section 5.2.1 above.

The K4 was calculated for all the elements considered, assuming an exchangeable fraction of
0.2 (as specified in TRS 422 [5.1]), so the effect of chemical form for different elements was
not considered. The dataset includes Kin) values for 36 stable elements, summarized in
Table 5.1. There were no significant differences (t-test, p < 0.05) between the GM of the Kuw)
values determined for coastal areas, and TRS 422 [5.1] recommended values for the ocean
margin; the current GM values for coastal areas were typically within an order of magnitude of
the Ky values in TRS 422 [5.1]. Not all elements listed in Table 5.1 have recommended values
in TRS 422 [5.1]; the additional elements measured were Mg, Al, K, V, Cu, Rb, Mo, La, Nd,
Ho, Er, and Lu.

Most elements had a maximum/minimum Ky ratio of less than 100 (Table 5.1), with the
exceptions of Al, Mn, Fe, Se, Cs and Th which had a maximum/minimum Ky ratio of >100.
Such variability in K4 values occurs because these coastal sites are influenced by various
influxes from rivers which leads to considerable spatial and dynamic variation in both physical
and chemical factors that can influence K4@). There may also be effects of the chemical form
for some elements (e.g. Al, which may be incorporated into aluminosilicates), and differing
exchangeability than the assumed value of 20% (e.g. Fe). Box-plots (first and third quartiles)
for K4 for coastal areas of Japan are given in Fig. 5.3.

TABLE 5.1. SUMMARIZED K,,) DATA FOR COASTAL AREAS OF JAPAN (L/kg) [5.5]

Element N GM GSD Minimum Maximum 5% 95%

Na 86 4.4 x1071 1.1 2.2 x107! 1.1 x10° 2.8 x 10! 8.5x 10!
Mg 86 1.9 x 10° 1.2 5.3 x 10! 4.3 x10° 9.0 x 10! 3.6 x 10°
Al 86 2.5 %107 1.5 9.5 x10° 1.6 x 108 6.9 x 10° 8.4 x 107
K 86 8.1 x 10° 1.1 3.9 x10° 2.2 x10! 4.8 x10° 1.3 x 10!
Ca 86 8.5 x 10° 1.3 1.6 x 10° 2.3 x10! 2.6 x10° 2.0 x 10!
A\ 86 1.6 x 10* 1.2 4.4 %103 4.1 x 104 8.6 x 10° 2.9 x 10*
Mn 86 6.6 x 10* 1.8 2.4 %103 1.5 x10° 5.5x10° 4.0 x10°
Fe 86 1.9 x 107 1.5 1.6 x 10° 1.6 x 108 4.1 x 108 9.1 x 107
Co 86 1.6 x 103 1.4 1.5 x10% 1.1 x10° 4.0 x 10* 5.0 x10°
Ni 86 2.1 x104 1.4 3.8 x10° 1.0 x 10° 6.1 x 103 7.1 x 104
Cu 86 1.9 x 10* 1.4 1.8 x 103 1.3x10° 5.9 x 103 6.3 x 104
Se 46 2.3 x103 1.7 8.8 x 10! 1.1 x10* 3.3 x 10? 9.3 x103



TABLE 5.1 (cont.)

Element N GM GSD Minimum Maximum 5% 95%

Rb 86 8.4 x 10! 1.3 1.4 x 10! 2.5 %102 3.0 x 10! 1.9 x 102
Sr 86 3.8 x10° 1.2 1.0 x 10° 1.2 x 10! 1.7 x 10° 8.6 x 10°
Y 86 1.3 x10° 1.2 3.2x10% 3.1 x10° 7.1 x 104 2.5%x10°
Mo 86 3.0 x 10! 1.3 7.9 x 10° 2.0 x 10? 1.1 x 10! 1.1 x 102
Cd 73 1.6 x 103 1.4 2.0 x 10% 9.3x103 3.7 x 10? 6.3 x10°
I 62 2.1 x 10! 1.5 3.9 x10° 2.8 x 10% 5.9 x10° 8.9 x 10!
Cs 83 2.9 %103 1.4 5.4 x 10? 1.0 x 103 1.2 x103 6.3 x10°
La 86 5.1x10° 1.3 1.5x10° 2.6 x 10° 2.0 x 103 1.4 x 108
Ce 86 1.8 x 106 1.3 3.5x10° 5.9 x10° 6.5 x10° 4.9 x 106
Pr 86 6.4 x 10° 1.2 1.9 x10° 2.0 x 106 2.6 x 103 1.4 x 108
Nd 86 5.6 x10° 1.2 1.5x10° 1.8 x 10° 2.3 %103 1.2 x10°
Sm 86 5.0 x10° 1.2 1.3x10° 1.6 x 10° 2.3 %103 1.0 x 106
Eu 86 52 %103 1.2 1.3x10° 1.5 x 10° 2.2 %103 1.1 x10°
Gd 86 3.3x10° 1.2 8.0 x 10* 1.0 x 10° 1.6 x 103 7.0 x 103
Tb 86 3.6 x 10° 1.3 6.9 x 10* 1.2 x 108 1.6 x 103 8.8 x 10°
Dy 86 2.7 %103 1.2 6.3 x10* 6.6 x 10° 1.5 x 103 5.1x10°
Ho 86 2.3 x10° 1.2 53 x10* 6.7 x 10° 1.3 x 103 3.9 x10°
Er 86 2.2 x10° 1.2 5.7 x10* 4.7 x10° 1.3 x 103 3.7 x10°
Tm 86 2.2 %103 1.2 53 x10* 8.9 x 10° 1.2x10° 42 %103
Yb 86 2.3 %103 1.2 7.6 x 10* 53 x10° 1.1x10° 4.5 %103
Lu 86 1.9 x 103 1.2 4.2 x10% 5.4 x10° 8.9 x 104 4.0 x 103
Pb 86 1.8 x10° 1.5 1.8 x 10* 1.2 x10° 3.4 x 104 8.4 x 103
Th 51 4.3 x 10° 1.6 6.8 x 10* 6.7 x 107 8.0 x 10° 2.4 %107
U 73 1.0 x 102 1.2 3.9 x 10! 2.8 x 102 4.4 x 10! 1.9 x 102

Bold elements denote that the maximum/minimum ratios are larger than 100.
N: Sample size; GM: Geometric Mean; GSD: Geometric Standard Deviation; Min: Minimum; Max: Maximum; 5%: 5%
percentile; 95% percentile.
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FIG. 5.3. Box plots (first and third quartiles) for Ky for coastal areas of Japan represent the median,
the interquartile range, and whiskers (black lines: 5th—95th percentiles, red lines: the minimum and
maximum values,; blue line: GM for each element).
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5.2.2.2. Kaw values for radionuclides in Japanese coastal areas

To generate additional Ky values to compare with TRS 422 [5.1], the NRA’s Environmental
Radiation Database [5.33] was mined to create a dataset compiling radionuclide concentrations
in sediment and sea water samples that had been collected at the same sampling site, and within
1 day of each other. The sampling sites in Japan were coastal and marginal seas that were similar
to those considered to derive the data for ocean margins in TRS 422 [5.1]. Therefore, the
selected data from Japan were comparable to K4 values that had been derived from stable
element data for ocean margin in TRS 422 [5.1].

Analysis of the NRA data [5.33] allowed the derivation of radionuclide—specific in situ Ka)
values for ®°Co, *°Sr, '%Ru, '*’Cs, '**Ce, natural U ("*U) and 2**24Pu (Table 5.2). All datasets
had a log-normal distribution (Fig. 5.4). The GM of K4 values for 2°*?*°Py in Japanese coastal
areas were similar to the recommended value in TRS 422 [5.1], and to those reported elsewhere
[5.21, 5.34], as were those for ™U. In contrast, the K44 GM values for ®Co, '%Ru, '*’Cs and
144Ce were one to three orders of magnitude lower in Japan compared with those reported in
TRS 422 [5.1]. The K4y GM for *°Sr was an order of magnitude higher than the TRS 422 value.

Differences between Ky values in TRS 422 [5.1] (based on stable element data) and values for
radionuclides may be due to differences in the proportion of the stable element or radionuclide
that is in the exchangeable fraction. In the absence of information on the physicochemical
attributes corresponding to the Ky values, it is difficult to comment further on the difference
between the Japanese data described here and the values reported in TRS 422 [5.1].

5.2.2.3.  Measurements in marine systems in Japan associated with the accident at the
Fukushima Daiichi Nuclear Power Plant

After the accident at the FDNPP, the total amount of '*’Cs released directly into the ocean
(direct liquid release and atmospheric deposition) was estimated to be (16-19) x 10'° Bq [5.35,
5.36]. As the accidental releases dispersed, there were rapid changes in Kqw) values in the
marine coastal environment [5.37]. According to the data from Ref. [5.38], the initial Ky
values, based on !*’Cs activity concentrations in surface sediments and bottom water, varied
from ~1000 to 200 000 L/kg DM. Honda et al [5.39] reported values of 2004400 L/kg DM,
with an average value of 2100 L/kg DM. Since early 2013, the K4« data indicate a slowly
decreasing trend over time for the observation stations used by the Marine Ecology Research
Institute (MERI) [5.38]. The slow decline may be because '*’Cs activity concentrations in
sediment remain significantly higher than those that occurred before the accident [5.31, 5.40],
whereas the '*’Cs activity concentration in sea water had been approaching the pre-accident
level [5.30, 5.32]. Similar data have also been reported after the accident at the Chornobyl
Nuclear Power Plant (Chornobyl NPP) [5.34].

Further details regarding changes in radiocaesium in sediment and water before and after the
accident at the FDNPP are provided in Annex V and IAEA-TECDOC-1927 [5.41].
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FIG. 5.4. Distributions of Kaw values for seven radionuclides generated from field measurements in
Japanese coastal areas (calculated using data from NRA’s Environmental Radiation Database [5.33]).

TABLE 5.2. SUMMARY OF COASTAL K. VALUES FOR SEVEN RADIONUCLIDES IN THE
JAPANESE COASTAL ENVIRONMENT (K, L/kg DM) !

Recommended value in

Nuclide N? GM GSD Min Max 5% 95% TRS 422 [5.1]
(ocean margin)
Co-60 43 22x10° 3.0 44x102 2.8x10* 25x10> 2.0x10* 3 %103
Sr-90 309 9.1x10' 1.9 6.0x10° 6.1 x10> 2.6x10' 3.3x10? 8 x 10°
Ru-106 51 3.6x10*> 1.8 8.6x10' 22x10° 1.1x10*> 12x10° 4 x10*
Cs-137 709 3.2x10*> 25 13x10' 22x10° 52x10" 2.0x103 4x103
Ce-144 228 2.4x10° 33 63x10' 35x10* 22x10*> 2.6x10* 3 x 10°
natyy 69 3.5x10*> 14 15x10> 6.8x10> 1.8x10> 6.8 x10? 1x103
Pu-239+240 345 9.6x10* 2.0 1.9x10* 49x10° 23x10* 4.0x10° 1x10°

! Calculated using selected data from NRA’s environmental radiation database [5.33].
2 N: Sample size; GM: Geometric Mean; GSD: Geometric Standard Deviation; Min: Minimum; Max: Maximum;
5%: 5% percentile; 95" percentile.

5.2.24. Time trends of Kaw) for >’ Cs under non-equilibrium conditions after the accident
at the Fukushima Daiichi Nuclear Power Plant

Part of the radiocaesium released to the sea after the accident at the FDNPP has accumulated in
marine organisms. The radiocaesium in sea water and sediment will lead to both internal and
external doses to marine organisms, and potential exposure to seafood consumers [5.42]. After
the accident at the FDNPP, radiocaesium activity concentrations in sea water changed rapidly
over the first few months. Therefore, the ratio between radiocaesium activity concentrations in
sediment versus those in water also changed with time, as contaminated sea water was
transported over the deposited sediments and was then replaced with less contaminated sea
water. In such a dynamic situation, there was no steady state between the radiocaesium activity
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concentrations in sea water and sediments in the 2—3 years after the release. Because Ky assumes
steady state conditions for radionuclide partitioning between sediment and sea water, the term
K 1s more appropriate to describe differences with time in the ratios of radiocaesium activity
concentrations in sediments versus sea water after the accident at the FDNPP.

The Ka) values observed adjacent to the Fukushima Prefecture were generally higher than
values that had been previously observed for global fallout [5.37]. Radiocaesium was rapidly
sorbed by sediment from sea water [5.43]. Thereafter, radiocaesium in sediment that had
originated from contaminated sea water after the accident at the FDNPP was not readily leached
by the sea water. Consequently, radionuclide activity concentrations in sediments were much
higher than in sea water even during the first few months after the accident, so K4 values were
also relatively high. Figure 5.5 depicts the '*’Cs release to sea water and '*’Cs activity
concentration data for sea water and sediment at station T-4, ca. 20 km south from the FDNPP
(TEPCO’s monitoring data [5.38] were used to derive this figure). Other sampling areas showed
a similar tendency.

Improved models are needed to explain why the Ky values for radiocaesium were higher than
those of '*’Cs in global fallout for future estimations of radiocaesium fate in the marine
environment after an accidental release. In response, a new model using sorption and desorption
rates between sea water and sediment, considering two compartments in sea water with short
and long sorption—desorption half-lives in marine systems, has been developed [5.37].
Figure 5.6 shows the model structure, with short and long half-life fractions in sea water.
Figure 5.7 shows performance analysis data for the T-1 station, located ca. 1 km north from the
FDNPP. The estimated data derived using the dynamic compartment model for '*’Cs were in
good agreement with measured data.

Using measured parameter values from T-1 station, the model simulated activity concentrations
of ¥7Cs in sea water and sediment at other sites. The estimated values for five stations near the
FDNPP sites (not shown) were compared with the measured data collected at all stations [5.37].
Most parameter values in the model were determined by fitting; however, more data are needed
to derive representative sorption and desorption rates. Further improvement of marine models
is needed to understand and quantify the fate of radiocaesium in the marine environment for
complex situations, such as in areas adjacent to the FDNPP following the accident. The model
results show that the use of K4« 1s appropriate in the early stages after a large release of
radionuclides into a water body for a simple estimation of radiocaesium activity concentrations
in sediment or sea water over a short time period.
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FIG. 5.7. Modelling of ’Cs activity concentrations in sea water (As,) and sediment (Asq) and the
calculated Kaw value at station T-1. Measured (or observed) and estimated results are described as
‘obs’ and ‘est’, respectively.

5.3. DETERMINATION OF K4 USING THE TAEA’S MARIS DATABASE — A BALTIC
SEA CASE STUDY

TRS 422 [5.1] established the importance of using site specific Kq values for radiological impact
assessment models. In addition, one of the outcomes of the IAEA’s MODARIA I programme
(2012-2015) was identification of the need for more marine Ky data for use in radiological
impact assessments. The [AEA’s MODARIA Il programme (2016—2019) has sought to address
this gap through the compilation of existing marine K, data from scientific publications and
other K, data sources of site specific Ky values for inclusion in an updated Ks dataset for the
marine environment. As part of this review, online and offline data repositories were reviewed
to determine whether they could be used to derive K4« values for the marine environment;
these included the PANGAEA data publisher [5.44], US Data.gov [5.45], EDMED [5.46], ICES
[5.47], REMOTRANS [5.48], and the IAEA’s MARine Information System (MARIS)® [5.49].
After reviewing the datasets within these repositories, only data from the JAEA’s MARIS
dataset were identified as having the potential to derive Ky values.

The IAEA’s MARIS database contains over 500 000 radioactivity measurements from the
marine environment worldwide. A case study was conducted on data from MARIS to determine
whether it could be utilized to derive apparent Ky values. The measurement data chosen for
the case study were for '*’Cs in the Baltic Sea and covered the period 1984-2010. The results
are presented below and compared with the recommended Cs Ky value from TRS 422 [5.1].

8 JAEA’s MARIS database can be accessed at: https://maris.iaea.org/.

101



5.3.1. The MARIS Database

The TAEA’s MARIS database is an online, open access database containing radioactivity
measurements in sea water, biota, deposited sediments and suspended sediments. The data in
MARIS have been extracted from the [AEA’s in-house GLObal Marine Radioactivity Database
(GLOMARD) [5.50] that collates data from various data providers, including HELCOM (Baltic
Sea Area), OSPAR (North-East Atlantic), MEXT (Japan), and NRA (Japan). As of March 2023,
the MARIS database contains more than 800 000 radioactivity measurements, representing 60
different radionuclides in the marine environment.

5.3.1.1.  Data selected for the case study

To test whether the data available in MARIS could be used to derive Ky values for use in
radiological impact assessments, a subset of the data from MARIS was selected that:

(1) Had sufficient data to derive a large number of Ky values to allow for appropriate
statistical analysis;

(2) Is of interest to users performing radiological data assessments in the future;

(3) Had to contain sufficient ancillary data to ensure the K. values could be derived and
used into the future for further data analysis.

Based on these criteria, '*’Cs data in sea water, bed sediment and suspended sediment
measurements from the Baltic Sea between 1984-2010 were selected for further analysis
(Fig 5.8).
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FIG. 5.8. Baltic Sea Region in MARIS highlighting location of measurements used in this case study
(https://maris.iaca.org/).
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TABLE 5.3. DATA EXTRACTED FROM MARIS FOR THIS CASE STUDY

Common Information Additional Seawater Data Additional Sediment Data
Sampling Date Salinity Sediment Type

Location (GPS coordinates) Temperature Organic Content

Total Depth Oxic/Anoxic

Sampling Depth

Radionuclide

Activity

Uncertainty

This dataset was provided to MARIS repository by the Baltic Marine Environment Protection
Commission (HELCOM) from the HELCOM Monitoring Of Radioactive Substances (MORS)
database [5.51] and contains a large volume of data on radioactivity measurements in sea water,
deposited sediments and suspended sediments. The Baltic Sea region is of significant interest
for radiological impact assessments due to the enhanced radiocaesium activity concentrations
in the Baltic Sea and surrounding regions arising from radioactive fallout from the accident at
the Chornobyl NPP in 1986. The dataset also contains location data to allow the derivation of
K values.

The specific data information extracted from the MARIS repository to derive the K4« values
are outlined in Table 5.3 and grouped into common information and additional data. The '*’Cs
dataset from the Baltic Sea case study, covering the period 1984—2010, contains 7500 sea water
sediment, 6600 deposited sediment and 66 suspended sediment data entries.

5.3.1.2.  Derivation of K values from MARIS dataset for the Baltic Sea

Site specific K4y values are those derived from empirical measurements in the field and differ
from those obtained in laboratories that use sorption and desorption experiments. These site
specific values are also time dependent and, as such, show large variability in the environment.
The site specific field derived K4 values are also referred to as apparent Ky values (see also
Chapter 2, Section 2.1.2.3). The site specific Kaw) values were derived from the MARIS dataset
using the following formula:

_ Csea (Bq/kg DM)
Ka@) = Cseawater (Ba/L) (52)

where:

Kaw 1s the apparent site specific Ks (L/’kg DM);
Csea 1s the sediment activity concentration (Bq/kg DM);
Cseawarer 18 the sea water activity concentration (Bg/L).

K values were derived for specific sampling locations using the following criteria:

(1) The sediment and sea water samples were sampled at the same monitoring location. The
sea water and sediment activity concentration measurements were matched based on the
GPS coordinates of the measurements;

(2) The sediment and sea water samples were measured at the same time; a tolerance of plus
or minus one day was given to take into account the challenges of marine sampling;
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(3) Sea water activity measurements for samples closest to the deposited were chosen for
deriving the Kuw), for locations where a depth profile of the sea water activity
concentrations was available;

(4) Sample locations that had a sea water or sediment activity concentrations reported as
below limits of detection were excluded.

Taking the above criteria into consideration, over 6000 Ky« values for '*’Cs in the Baltic Sea
were derived, covering the period from 1984 to 2010. The majority of the sediment
measurements made in the Baltic Sea were on deposited sediments allowing derivation of a
total of 6589 Ky values. Only 46 K@) values were derived for suspended sediments.

5.3.1.3.  Deposited sediments

The median value of the Ky for *’Cs is 1000 (L/kg), with most of the results falling within
one order of magnitude ranging from 500 to 5000 (L/kg) (Fig. 5.9).

The variability of the site specific Kuw) values is shown in a box and whisker plot (Fig. 5.10).
After the removal of statistical outliers, the Ky values vary from 2 to 7318 (L/kg), with a range
of 194 to 3046 between the first and third quartile.

These values are broadly in agreement with the recommended Cs Ky value in TRS 422 of 4000
L/kg, with a maximum and minimum Ky value in TRS 422 assumed to be within one order of
magnitude of the recommended value.

The influence of the accident at the Chornobyl NPP on the Ky values is clearly observed from
the yearly temporal variation from 1984 to 2010 (Fig. 5.11).

The Kaw values decreased by an order of magnitude in the year following the accident at the
Chornobyl NPP in 1986. The median Cs K4 value in 1985 is 2200 L/kg and this decreased to
250 L/kg in 1986, with a gradual increase in Kqu) over the following ten to fifteen years. The
K@ values only returned to pre-Chernobyl levels approximately 15 years later. The large
decrease in Ky values is due to an increase in *’Cs sea water activity concentrations due to
fallout from the accident at the Chornobyl NPP.
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FIG. 5.9. Histogram of Cs K values in the Baltic Sea.
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FIG. 5.11. Temporal variation of Cs median Kaw) values in the Baltic Sea from 1984-2010. The error
bars denote the 1st and 3rd quartiles of the Cs Ky values.
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5.3.14. Suspended sediments

The Cs Ky, values derived from the suspended sediment data for the Baltic Sea has a median
value of 10 000 L/kg. This median value is based on a reduced dataset (N = 46), reported over
the period 1984-1990 (Fig. 5.12).

The suspended sediment data used to derive the Cs Ky values for the Baltic Sea include the
period of the accident at the Chornobyl NPP. However, the accident at the Chornobyl NPP had
only a short time impact on the Ky values. The Ky increased to a value greater than
100 000 L/kg on the 8 May 1986, but in just over one month it returned to the same order of
magnitude reported prior to the accident. This observation can be attributed to rapid adsorption
of Cs onto suspended sediments following the accident whereas for deposited sediment the
uptake of Cs was much slower as the time taken for partitioning between the water layer and
bottom sediments was much greater (Fig. 5.13).

5.3.2. Conclusions from the MARIS case study for the Baltic Sea

The work from the MARIS case study indicated that the Cs Ky, for deposited sediments were
broadly in agreement with the recommended value from TRS 422. Moreover, it was also
possible to derive Kq@) values from other data in the MARIS database, if the selection criteria
were met (see Section 5.3.1.2 above). The accident at the Chornobyl NPP decreased the Cs Ky
values by an order of magnitude in the Baltic Sea due to a short term increase in '*’Cs in sea
water activity concentrations. As a result of the increase in '*’Cs activity concentrations in sea
water, it took approximately 15 years for the Cs Ky to return to values reported prior to the
accident at the Chornobyl NPP.

The Cs Ky values derived from suspended sediment data are an order of magnitude higher
than that derived for the deposited sediments and the TRS 422 recommended value for Cs.
Furthermore, the impact of the accident at the Chornobyl NPP on the Cs Ky derived from
suspended sediments was short lived.

This analysis also demonstrates that MARIS data can be used to derive Cs Ky, for the marine
environment. However, in analysing MARIS data, some issues were identified that would need
to be addressed before additional data extraction and analysis could be conducted. In reviewing
and analysing data from MARIS many duplicate entries were identified in the time period of
interest for this case study. These duplicate entries need to be removed to ensure that any Kaw)
distributions derived from the data are not skewed by duplicate data. Closer analysis of
deposited sediment data in MARIS for a specific sampling location and time showed that
multiple 3’Cs activity concentrations can be associated with it. For this study, the average
activity concentration of all these measurements were used to determine the Cs Ky value.
These multiple activity concentration values are most likely to arise from soil core profile
measurements being conducted at these specific locations, however, there is a lack of sufficient
data in MARIS to distinguish between these soil core depth profiles. To assist end users in the
derivation of Cs Ky values from these locations, it would be useful if the depth of the soil core
measurement was available in MARIS.
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FIG. 5.13. Cs Kaw values of suspended sediment in the Baltic Sea (1984—1990) (The Kaw) value of
> 100 000 L/kg from the 8th May 1986 is omitted from the figure).

5.4. PRELIMINARY CONCLUSIONS FROM MARINE STUDIES ON Ky

Important sediment and water related properties affecting marine radionuclide Ky values
include salinity, pH, DOC, suspended load, and sediment composition. However, marine Ku)
values are generally considered to be less variable than those for freshwater environments [5.2].
This assumption has been tested using data for stable element Ky values in Japanese coastal
sediment calculated by assuming that 20% of the total element is exchangeable (as assumed in
TRS 422 [5.1] for the ocean margin). By using this approach, new K4« values for Mg, Al, K,
V, Cu, Rb, Mo, La, Nd, Ho, Er, and Lu were generated, which had not previously been reported
in TRS 422 [5.1]. The GM values derived for the elements were similar to those that were
compiled in TRS 422 [5.1] where a comparison could be made, and maximum / minimum Ky,
ratios for most elements were less than 100.
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Recent studies in Japan [5.20], have shown that the proportion of the exchangeable phase
differed between '*’Cs and stable Cs, as well as between *°Sr and stable Sr, although the
differences in the values were small. This observation, together with other data on soils and
fresh water, suggests that, for some elements, the application of a fixed (single) exchangeable
fraction to all elements is not an optimal approach. Collection of further data is needed to
determine how relevant factors affect the variation for different elements in marine Ky().

A preliminary investigation of the data contained in the IAEA MARIS database demonstrated
that these data are suitable for the derivation of Kuw) values. The MARIS dataset not only
contains sediment and sea water activity concentration data that are used to derive K4 values,
but also other ancillary data such as salinity, specific surface area of sediments and pH that and
therefore has the potential to be used to refine K; values in the marine environment.
Furthermore, the MARIS database includes location coordinates for the measurements used to
derive the K4 values which could be used to further generate Ky values for use in REIA
[5.52]. Other marine datasets were investigated for their possible use in deriving K4 values, but
these were not found to be appropriate.
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6.1. DEVELOPMENT OF A PROPOSED DATABASE STRUCTURE

As outlined in the preceding sections, a significant amount of K, values has been collated prior
to, and during MODARIA programmes (see Chapters 3—5). Extensive research has highlighted
that K; values are dependent upon a significant number of factors, which are radionuclide
dependent and that can affect the K values in the soil, freshwater and marine environment
compartments. The factors include, for example, pH, organic matter and texture for soils,
suspended load and dissolved organic carbon for freshwater systems, and organic content and
specific surface area for the marine environment. The K4 values and their supplementary data
are typically stored in multiple locations such as scientific publications, personal spreadsheets
or paper based records. For many of these sources it is difficult to access the component data
used to derive the Ky values which hampers interpretation of these K4 datasets. The end users
of the K, data, such as those conducting REIA, may need to carry out their assessments over
one or more environmental compartments and, therefore, Ks data may need to be refined based
on the environmental conditions in these compartments.

The structure and content of a prototype database has been developed during the MODARIA
programme that would constitute a single repository for collating and preserving all Ks data in
a standard format with standardized functionality for accessing and refining Ks values based on
the end user needs. The database could be used to store K values for soil, freshwater and marine
environmental compartments. It could also include supplementary data that could be used to
refine the K, values, according to various environmental characteristics, for use in radiological
impact assessments. The database is not yet currently available for public use. However, the
structures and concepts outlined in this chapter provide an initial overview of such a database.

This chapter outlines the proposed structure of the data and the Ky parameters to be stored within
a database for soil, freshwater and marine environments and provides an example of how such
a database could be used in conjunction with the commercially available Tableau software’ to
refine soil Cs K4 values based on soil characteristics and site specific in situ Kaw) values in the
marine environment for use in REIA.

% https://www .tableau.com/products
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6.1.1. End user needs

To develop any database it is important to consult with potential end users to ensure that the
database developed is fit for purpose. To determine the end user needs of a K, database, a
questionnaire was circulated to all MODARIA II programme participants to gauge the level of
interest in the development of a database and to get an overview of the perspectives and current
challenges of potential end users.

The following questions were presented to MODARIA 11 participants:

(1) What do you use Ky data for, and how — what type of assessment?

(2) What sources of information do you use for deciding on Ky values?

(3) How useful would you find the development of a K; database with an interactive front
end, given your use of K4 ?

(4) Please give a short example on how/when would you use a Ky interactive database.

There were 25 responses to the questionnaire from MODARIA II participants, including a
group response from the WG7 on the Assessment of the Fate and Transport of Radionuclides
Released in the Marine Environment.

The majority of respondents indicated that they used K4 values as part of safety assessments for
storage or geological disposal of spent nuclear fuel. K, values are also used for modelling the
routine and accidental discharges from licensed sites of nuclear facilities, biosphere modelling,
environmental impact assessments, remediation activities, and managing NORM waste.

The K4 values typically used in their assessments are mainly from IAEA publications such as
IAEA TRS 422 [6.1] and TRS 472 [6.2], and other technical publications such as IAEA
TECDOC 1375 [6.3] and TECDOC 1380 [6.4]. Other sources of information include scientific
literature, site specific measurements, data from laboratory studies, or the use of other chemical
analogues if data for specific elements or radionuclides are not available.

Most of the respondents stated that the development of a K, database would be very useful for
them, as it would provide a single source of data. However, such a dataset would only be
effective if:

(1) It included information on other factors that can influence Ky values, to allow for
refinement of these values.

(2) References for Ky values were included for verification purposes and to enable end users
to further investigate the K, values if needed.

(3) The Ky values could be expressed in terms of both arithmetic mean and/or geometric mean
with a distribution function.

These factors were considered and included in the development of the structure of the proposed
database, to ensure the database could be used effectively by the end users in their assessments.
Sufficient K, values and data were identified to be included to enable refinement of the values
based on the relevant factors influencing the behaviour of K, for different radionuclides in the
environmental compartments of interest.

6.1.2. The proposed K; database structure

The proposed Ku database structure was primarily based on the existing dataset structures
developed for both soil and freshwater compartments. At the time of development, a standard
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structure did not exist for the K; values in the marine environment. However, the IAEA’s
MARIS database (see Chapter 5, Section 5.3.1) was identified as a possible repository of marine
K4 values. The structure of the MARIS database provides a useful framework for determining
the fields and tables that could be needed for the compilation of marine data. A standard data
structure for all compartments was developed in Microsoft Access consisting of nine tables
used to store both the Ky values and the ancillary data. The tables, fields, structure of the
proposed database, their relationships, and a brief description of the key fields are outlined in
Appendix I. A wide range of variables are included within the dataset for the three types of
environment. Only some of the fields outlined in each table will be relevant for each of the
environmental compartments. Therefore, only certain key fields in each table would be set to
mandatory fields, which the user would need to provide. The majority of fields are optional for
the user.

6.2. CURRENT STATUS OF THE PROTOTYPE Ks DATABASE

The K4 database structure outlined in Section 6.1.2 was tested using caesium Ky data for soil,
freshwater and marine compartments. The data was imported using Microsoft Access after
reconfiguration and harmonization of the existing caesium Microsoft Excel datasets for soil,
freshwater and marine environments. A summary of the imported data sets is outlined in
Table 6.1.

6.3. EXTRACTION AND REFINEMENT OF K; DATA FROM THE PROTOTYPE
DATABASE

End users of a K, database need a simple, intuitive approach for the extraction and refinement
of data for use in assessments. An effective tool was sought to fulfil this in conjunction with
the end user needs outlined in Section 6.1.1. The commercially available Tableau data
visualization software!'® was chosen as a suitable tool as it is also capable of data analysis that
can be utilized to refine datasets relatively easily from the prototype K4 database.

Two examples of the application of Tableau are provided below. One example describes of the
refinement of the Cs Ky dataset and the estimation of the radiocaesium interception potential
(RIP) for soil. The other example considers marine Cs Ky values based on site specific in situ
K data.

TABLE 6.1. SUMMARY OF Cs K; ENTRIES AND ANCILLARY DATA IMPORTED TO THE Ky
DATABASE

Cs Ky entries to the data Soil (S) Fresh water (FW) Marine (M)
table

Cs Kd (SHFW+M) 769 981 282
Solid data (FW+M) n.a. 981 282
Liquid data (FW+M) n.a. 981 282
Location data n.a. 82 138
References 31 46 10

n.a.: not applicable.

19 Tableau, Oriol Toll Public Profile, (2020).
https://public.tableau.com/profile/oriol.toll6623#!/vizhome/SoilDatabase/Compartment
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6.3.1. Example of refinement of soil Cs K; and estimation of the radiocaesium
interception potential using the Tableau application

The visualization and analytical capabilities of the Tableau application can be readily
demonstrated using the soil Ky dataset. Tableau can be used to derive a best estimate of Cs Ky
and to display its variability through the refinement of several soil properties that influence K.

For example, within Tableau, the end user can be prompted to select an element. Upon selecting
the Cs K4 option, the end user is presented with a dashboard. The dashboard can be used to
estimate the Cs Ky and its related uncertainty through the refinement of four different filters
covering time and soil properties:

(1) Short term or long term: This filter distinguishes between short term and long term
experimental approaches for the determination of Ky Short term conditions would
correspond to a short term radionuclide release, whereas long term conditions would be
applicable to long term discharges such as those evaluated in safety assessments of deep
geological disposal facilities.

(2) Organic matter: The end user can refine the Ky values for a particular range of organic
matter content (%) of the soil being considered.

(3) Mineral or Organic: If the organic matter content of the soil is >50% for short term data
or >90% for long term data the soil is classified as ‘Organic’, otherwise it is ‘“Mineral’.

(4) Texture: Mineral soils only can be refined by selecting either sand (sand >65% and clay
<18% with respect to the mineral matter) or clay + loam.

Through the refinement of the above soil properties, the Tableau software generates and plots
a cumulative distribution function (CDF) based on the approach outlined in Chapter 3,
Section 3.2.3 and as described in a recent study [6.5]. The following data can also be generated
and reported:

(1) The geometric mean (GM) of the refined dataset, which is calculated from the 50th
percentile of the CDF;

(2) The geometric standard deviation (GSD) calculated from the CDF;

(3) The minimum and maximum Ky values in the refined dataset;

(4) 5th and 95th percentile values of the CDF in the refined dataset;

(5) The number of K4 values in the refined dataset.

The Kq soil data for Cs in the dataset can also be used to predict RIP based on the clay and silt
contents in a soil sample. The end user is given two options to predict RIP, either through the
cumulative distribution function outlined in Chapter 3, Section 3.2.3 or through the multivariate
linear regression equation outlined in Section 3.3.5 (Eq. (3.5) [6.5]).

To determine the RIP through the cumulative distribution function, the end user can vary the
clay (%) and soil (%) using sliding toolbars, which subsequently regenerates the cumulative
distribution function. Tableau then calculates RIP parameters such as GM, GSD, minimum and
maximum values based on the regenerated cumulative distribution function. Alternatively, the
end user can calculate RIP by inputting specific values for clay (%) and soil (%) and generating
the RIP using the linear model.
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6.3.2. Example of refinement of marine K, values using the prototype database

Site specific Ky data are also important for end users in REIA, especially for environmental
compartments that are not in a state of equilibrium. A lack of equilibrium may occur in both
marine and coastal environments after short term inputs; for example, the Baltic Sea, as a result
of fallout from the accident at the Chornobyl NPP, and the coastline of Japan after the accident
at the FDNPP. It can also occur because marine environments are not closed systems and Ky
can vary as a result of different inputs and losses to the system over time. The marine K, dataset
within the prototype K4 database could be utilized in conjunction with the Tableau software to
derive Cs Kun) values for the Baltic Sea and around the coast of Japan using the data
visualization functionality of the software!!.

All 282 marine K4 values in the prototype Ks database have location data, including GPS
coordinates and location codes, associated with the K4 values that can be used to refine the
data based on the in situ sampling locations. If the prototype K4 database is linked to the Tableau
application, the marine K4, is visualized on satellite image as shown in Fig. 6.1.

The user can select the location(s) of interest using the selection tools on the dashboard, and the
Kaw dataset is then refined based on the user selection. For example, a user can select the
measurement locations on the Japanese coastline and compare these data to the K4 derived
from measurements made in the Baltic Sea as seen in Table 6.2.

FIG. 6.1. A visualization of site specific Kqq) values mapped in the Baltic Sea and around Japan using
Tableau mapping functionality.

! Tableau, Paul McGinnity Public Profile, (2020).
https://public.tableau.com/s/profile/paul.mcginnity6639#!/vizhome/MarineK ddatasatellite/Maplocations
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TABLE 6.2. REFINEMENT OF Cs Ky, BASED ON MEASUREMENT LOCATION

Location N GM GSD Min Max
Baltic Sea 207 25x10° 4.37 28 62x 10°
Japan 70 2.8x103 2.14 540 102x 103

6.3.3. Preliminary outcomes of using the Tableau application with the prototype K,
database

The Tableau application can be utilized to visualize, refine and analyse K, data to better estimate
K for the different environmental compartments. By coupling the prototype K+ database to the
Tableau software, end users could interact relatively easily with the K, database to generate the
K4 values needed for assessments. As demonstrated in the example above, the outcome would
be an estimation of Ky values through the refinement of soil properties and the use of maps to
obtain Ky values for the marine environment [6.6].

Although the K, database contains Ky data for soil, freshwater and marine environmental
compartments, the refinement of the Ky values will differ for the three environments. Therefore,
the dashboards in a tool such as Tableau used to refine K, data for each of the compartments
will need to be different, based on the factors influencing the behaviour of elements in the
different compartments and specific end user needs for use in assessments.

6.4. THE WAY FORWARD

The structure and content of a prototype database has been developed to store Ks values and all
other relevant data for soil, freshwater and marine environments. A prototype database has been
created using Microsoft Access and successfully tested using Cs datasets from the soil,
freshwater and marine environmental compartments. The analysis suggests that the K, datasets
for the three environments can be stored in a single repository in a standard format.

The commercially available Tableau software could be configured so that end users of the data
can obtain the Ky values they need for all environmental compartments based on their own
specific needs for REIA. However, additional work would be needed to ensure the prototype
K4 database is further developed into an integrated system.

The database structure has been tested using Cs datasets, but data for all elements in all three
compartments are not yet available to populate an entire database. A significant amount of work
was conducted to harmonize the data structure across the three compartments and an import
template was developed for adding Ky data to the database. The Ky data for all elements would
need to be compiled in the import template and be critically reviewed before importing them
into the database, to ensure the quality of the dataset. Import functionality would need to be
configured to ensure the data can be easily uploaded once new data become available.

Further development of end user functionality in Tableau would be needed. The feedback
received from potential end users has indicated that the development of the K database would
be applicable and useful for REIA. High level requests from these potential users have been
compiled. Development of specific end user functionality is needed based on specific end user
needs and the characteristics that can influence K; in the soil, freshwater and marine
compartments. The use of the K, database in conjunction with transport and assessment models,
such as CROM, SYMBIOSE and RESRAD (Annex I), also needs to be considered.

Finally, future development and configuration of the database can only occur if a suitable
database host is available and sufficient maintenance and development can be supported.
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Kq 1s used within radiological impact assessment models, since it is the simplest
parameterization that can be practically used to describe how dissolved radionuclides interact
with solids in terrestrial, freshwater and marine systems. The most common uses of Ky are to
predict how radionuclides move through porous and fractured media and radionuclide
partitioning between water and suspended particles in freshwater and marine systems. Kq values
are also used to predict the desorption of radionuclides from various materials (i.e. to predict
the amount and rate that radionuclides desorb from contaminated materials). Another use of Ky
values is to predict the tendency of radionuclides to be taken up by plants.

K is an important parameter for all aquatic and some terrestrial models, although it represents
a simplification of the underlying processes occurring under field conditions. It is necessary,
therefore, to understand how these simplifications may influence model outcomes. For
example, if a radionuclide is not reversibly bound to a soil (e.g. for high-Ky radionuclides), the
reversibility assumption commonly made by hydrologists may not be valid and may influence
interpretation of the resultant calculations. However, for screening purposes, it may be
pragmatic to apply Ks values in a conservative manner to identify whether transfer pathways
are important or not.

An improved K4 dataset for soils and freshwater sediments have been compiled that includes
chemical, physical, mineralogical and other ancillary properties associated with the K4 values,
as well as information on the methodology used to determine the K4 values, to assist the end
user in selecting appropriate Ky values, particularly in cases where complex modelling
approaches are needed. The freshwater dataset has been updated from that reported in TRS 472
[7.1] and has been critically reviewed. An improved dataset for Ks values in soils has been
compiled, using Am and Cs as examples. This soil K; dataset (for Am and Cs) illustrates the
improvement of the selection and derivation of soil Kd values for given situations using a new
approach based on secondary soil properties and an improved statistical treatment of the data.

A systematic approach for selecting high quality data for inclusion in Ky datasets has been
developed. Data that did not include sufficient information about the methodology or conditions
of the aqueous and solid phase were generally rejected. Furthermore, measurements made under
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extreme environmental conditions that are not common in natural systems (e.g. extreme pH,
salinity, or highly elevated radionuclide activity concentrations) were also rejected. This
process has greatly improved the quality and value of the datasets for use by the international
community.

There are several radionuclides for which there are few, or no, reliable K values. In cases where
such radionuclides could be relevant in a radiological impact assessment, missing data needs to
be estimated, typically using chemical analogues (elements that are not identical but may
geochemically behave like other elements for which data are available), or data from other
similar environmental solid materials analogous to soils and sediments. To facilitate this,
datasets have been constructed that include and generate analogous data.

Kq values often vary greatly, creating uncertainty in estimations of radionuclide activity
concentrations in particles versus water and corresponding radiological exposure. However,
such variability can be greatly reduced by grouping K, data based on identified key
characteristics of the solid and liquid phases that influence radionuclide sorption. For soils K4,
(see Chapter 3) these key factors were identified in two case studies (radiocaesium and
americium) through statistical analysis of available datasets and knowledge of the mechanisms
governing interactions. The developed approach now supports the generation of distribution
functions for K4 for some radionuclide solid matrix combinations, thereby allowing sensitivity
analyses, as not only best estimate K, values (such as GM) are provided, but also quantitative
estimations of their variability.

While site specific K4 values are generally the preferred choice of modelers, such values are
often not available and make it difficult to extrapolate data between different sets of conditions.
Therefore, an informed selection of the most relevant values is needed, as well as a better
understanding of the processes affecting variability in Ky values. For the marine system, first
steps have been taken using the same approach that has been applied in freshwater systems.

For the marine system, further work is needed to update and critically review the K4) dataset.
For example, a critical review of the existing marine K4 data is needed to ensure that the way
they were measured is appropriate for modelling of transport and radiological impact
assessment, and that it accounts for ‘reversible’ sorption. Many of these data comprise
radionuclide concentration measurements comparing filtered and unfiltered aqueous marine
samples. An issue is that a fraction of the radionuclide assumed to be in the ‘exchangeable’
form would be held within the structure of the particles, and therefore, would not be
‘exchangeable’ with the aqueous phase. Furthermore, some marine Ky, values were converted
to ‘exchangeable K;’ through the use of a constant factor (0.2) in TRS 422 [7.2]. Recent data
have shown that the application of this constant factor is not consistent with measured values
for specific radionuclides. Anthropogenic isotopes may also provide useful Ky values.

K4 values vary greatly, and so it is important to understand the variability associated with
ancillary data. Variability in K can be greatly reduced by identifying key factors relating to the
solid and liquid phases that influence radionuclide sorption. Enhanced identification is needed
of such key factors through statistical analysis of the dataset for more radionuclides than those
used in the present publication to be able to apply such an approach in REIA. The methodology
of K4 determination (e.g. desorption, sorption, in situ) has also been identified as a key factor
that needs to be known to decrease K variability. This factor was not considered for all datasets
in TRS 472 [7.1] and its consideration has been a major step forward in the work of
MODARIA WGA4.
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Given the large variation in Ky data, it is important to not only provide estimates of its variability
and uncertainty, but also distribution functions of Ky for a given radionuclide solid matrix
combination (if sufficient data are available). Such distributions, as well as sensitivity analyses,
would help to determine the influence of various parameters on Ky. Density functions are a
useful tool not only to describe Ky distributions, but also to reduce variability through the
exclusion of data that fall beyond appropriate percentile thresholds.

The next step could be to progress from independent datasets to an integrated, smart database.
Suitable systems of accessing and interrogating the datasets could then be devised to derive K4
values, along with appropriate information on variability.

The use of the Tableau data visualization software has demonstrated that it can, in principle, be
used to refine Ky values and distributions, based on appropriate solid and liquid parameters.
Tableau has also been used to derive Kye) in the marine environment based on empirical
measurements of radionuclide concentrations in sea water and sediments. Therefore, the use of
Tableau merits future consideration when developing suitable Ky database systems.

Future plans and remaining challenges have been identified and involve the following key tasks:

(1) Identify key gaps in Ky data, and continue building the integrated K, database for the soil
and freshwater environments, especially for radionuclides relevant for consideration in
radiological impact assessment. Also explore the use of analogue data to fill identified

gaps;

(2) Extend the Tableau approach to other radionuclides, such as Am, Cs or Ra, to help end
users derive their own Ky best estimates values according to the scenarios to be assessed;

(3) Identify other potential key factors to decrease variability in Ky and to facilitate Ky
selection for a larger number of radionuclides, through statistical analyses and improved
knowledge of the mechanisms governing radionuclide interactions;

(4) Investigate the possibility of extracting appropriate data from the IAEA MARIS database
to derive Ky, for the marine environment;

(5) Interact directly with K, data end users to expand the use and improve the applicability
of the newly developed datasets;

(6) Compile datasets into a global K, database appropriate for soils, freshwater, and marine
systems for REIA, including the modelling of the impact of large accidental releases, such
as the accident at the FDNPS).
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APPENDIX I. PROTOTYPE K« DATABASE TABLES AND FIELDS

This Appendix provides information on the database tables and fields in the prototype Ku
database. The database has been developed in Microsoft Access and the proposed database
structure is outlined in Fig. I.1.

I.1. THE K; TABLE

The K4 Table (Table I.1) contains the Ky values in the ‘RAW_VALUE’ field (L/kg DM). The
key information needed for all Ky values stored is the ‘COMPARTMENT’, ‘ELEMENT’, the
type of ‘KD VALUE’ and the ‘DATA_TYPE’ and these are all mandatory fields in the Ky
table.

The ‘COMPARTMENT’ defines the environmental compartment of interest and is either the
soil, freshwater or marine environment. The database currently has the capacity to store data
for 84 elements and these are listed in the ‘ELEMENT"’ table. The Ky types are defined in the
‘KD _DEFINITION’ Table in the database and are described in Table 1.2.

The K, data type describes the source of the Ky value, this can be data from a table with or
without replicate values or data from a figure with or without an indication of the dispersion of
the Ky value. These are defined in the KD DATA TYPE (Table 1.2).

The remaining fields in the Ky table are:

— SOLID _ID — This links to the ‘SOLID Table’ (Table 1.3);

— LIQUID ID — This links to the ‘LIQUID Table’ (Table 1.4);

—  RADIONUCLIDE — The radionuclide used to determine the K, value (if available) and
this is linked to the ‘ISOTOPE Table’ (Table 1.5), that currently contains 21 isotopes;

— REFERENCE - This is linked to the ‘REFERENCE Table’ (Table 1.6) that outlines the
source of the K, value inputted to the database;

—  METHODOLOGY - This outlines the methodology used to derive the Ky value. The
various methodologies that could be included are sorption, desorption, adsorption and in
Situ;

— DEVICE - this field can be used to specify the device used to determine the K, value if
it is known;

— EXPERIMENTAL APPROACH - outlines whether the experimental approach taken is
long term or short term sorption or desorption, which is particularly important for soil K4
values;

—  LOCATION - This links to the ‘Location table’ (Table 1.7).
These fields are optional, and some are linked to other tables in the database but may not be

needed for certain environmental compartments. A more detailed description of the database
tables and their fields are outlined below.
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FIG. L 1. Prototype K, database tables, fields, structure and relationships.
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I.2. THE ‘SOLID TABLE’

The ‘SOLID table’ (Table 1.3) in the K4 database contains information on the soils, geological
materials analogue to soils, river and marine sediments (both bottom and suspended) used to
determine the K, values in the database. The table contains 36 fields, the majority of which are
optional, to capture all the important factors in the solid matrices that could influence the
variability of Ky in the soil, freshwater and marine environmental compartments.

These fields take into consideration various properties of solids and liquids that include:

(1)  Soil properties;

(2) Physicochemical properties;

(3) Total contents of chemical species;

(4) The exchangeable fraction of these chemical species.

The soil property fields define the soil texture and the composition of the soil as percentages of
clay, silt, sand and organic matter content (OM% or LOI1%). The physicochemical properties
of interest include, among others, the pH, the cation exchange capacity, exchangeable cations
and the RIP.

I.3. THE ‘LIQUID TABLE’

The ‘LIQUID table’ (Table 1.4) contains information on the river water and sea water used to
determine the Ky values in all environmental compartments. These fields are optional and
include:

— The liquid type: This defines whether the liquid is river water, estuarine water or sea water
and can either be filtered or unfiltered.

— Physicochemical properties: The properties of interest are the oxic conditions (oxic,
anoxic or unknown), pH, volume, temperature, electrical conductivity, redox potential,
ionic strength, and salinity.

—— Chemical composition: This includes dissolved organic carbon and the concentration of
soluble cations and anions, among others.

I.4. THE ‘LOCATION TABLE’

The ‘LOCATION table’ (Table 1.7) contains information on the location of the samples taken
to derive the Ky values in the database. The location can be for the solid or liquid sample taken
in the field and used in laboratory based experiments or could be related to a site specific in situ
K values derived from measurements conducted in the field. The information recorded is
entirely optional and can be as broad as the country from which the sample was taken but
additional fields are also available to provide information on the system it was taken from e.g.
ariver system or sea, the depth at which the sample was taken and the specific GPS coordinates
of the sampling if they are available. This information could be used by end users of the
database if site specific data is needed for assessments.
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TABLE [.1. TABLE STRUCTURE

Field names Description Field Properties Unit
. Primary Key Field, Long Integer,
KD ID The unique K4 ID for the database - na
- Necessary, No Duplicates

COMPARTMENT Defines the Environmental Compartment Short Text, Necessary n.a

ELEMENT The K4 Element (linked to ‘ELEMENT Table Short Text, Necessary na
(Table 1.8))
The type of Ku (linked to ‘Ks DEFINITION Table’

KD TYPE (Table 1.9)) Short Text, Necessary n.a
The data type of the Ky (linked to ‘Ks DATA TYPE

DATA TYPE Table’ (Table 1.10)) Short Text, Necessary n.a.

RAW VALUE The K4 Value Number, Scientific, Necessary L/kg

METHODOLOGY The method used to determine the K4 Long Text, Optional n.a.
The soil, sediment, suspended sediment associated with .

SOLID_ID the K4 (links to *SOLID Table’ (Table 1.3)) Short Text, Optional na
The radionuclide associated with the Ku (links to .

RADIONUCLIDE “ISOTOPE Table’ (Table L.5)) Short Text, Optional n.a
The source of the K4 value (links to the ‘REFERENCE .

REFERENCE Table’ (Table 1.7)) Short Text, Optional n.a
The location associated with the Ky (links to .

LOCATION_ID “LOCATION Table’ (Table L6)) Short Text, Optional n.a
The water or sea water associated with the Ky (links to .

LIQUID ID the ‘LIQUID Table’ (Table 1.4)) Short Text, Optional n.a

DEVICE The device used to determine the Ku Short Text, Optional n.a.

EXPERIMENTAL . . .

APPROACH The experimental approach used to determine the K4 Long Text, Optional n.a.

n.a.: not applicable.

TABLE 1.2. DEFINITION OF K; VALUES IN THE PROTOTYPE K; DATABASE

K definition ~ Description

The ratio between the radionuclide concentration sorbed on a solid phase and the radionuclide concentration in

KdBS_PW the pore water between the solid phase.
The ratio between radionuclide concentration sorbed on a solid phase and the radionuclide concentration in the
KdBS W
- filtered water of the water column.
The ratio between radionuclide concentration sorbed on a solid phase and the radionuclide concentration in the
KdBS WC
- raw water (not filtered) of the water column.
kdNS The ratio between radionuclide concentration sorbed on a solid phase and the radionuclide concentration in a
liquid phase (not specified).
KdSS W The ratio between radionuclides concentration sorbed on solid matter suspended in the water column and the

radionuclide concentration in the filtered water of the water column.

TABLE [.3. SOLID TABLE

Field names Description Field Properties Unit

Primary Key Field, Long Integer,

SOLID_ID The unique Solid ID for the database . n.a
Necessary, No Duplicates
SOLID_CODE Identifier of solid from original source Short Text, Optional n.a.
SOIL_CLASSIFICATION Soil Texture (Sand, Silt, Clay) Short Text, Optional n.a.
CLAY _PCT Percentage Clay Short Text, Optional %
SILT PCT Percentage Silt Short Text, Optional %
SAND PCT Percentage Sand Short Text, Optional %
OM_LOI Percentage Organic Matter Short Text, Optional %
CEC Cation Exchange Capacity Short Text, Optional mmol/kg
D50 Median Diameter Short Text, Optional pum
RIP Radiocaesium Interception Potential Short Text, Optional mmol/kg
SSA Specific Surface Area Short Text, Optional m%/g
POC Percent Organic Carbon Short Text, Optional %
TOC Total Organic Carbon Short Text, Optional mg/kg
PH pH Short Text, Optional n.a.
FE TOT Iron content Short Text, Optional mg/kg
AL TOT Aluminium content Short Text, Optional mg/kg



TABLE L.3. (cont.)

Field names Description Field Properties Unit
PH pH Short Text, Optional n.a.
FE_TOT Iron content Short Text, Optional mg/kg
AL_TOT Aluminium content Short Text, Optional mg/kg
MN_TOT Manganese content Short Text, Optional mg/kg
K TOT Potassium content Short Text, Optional mg/kg
MG _TOT Magnesium content Short Text, Optional mg/kg
NA TOT Sodium content Short Text, Optional mg/kg
CA _TOT Calcium content Short Text, Optional mg/kg
PO4_TOT Phosphate content Short Text, Optional mg/kg
SO4_TOT Sulphate content Short Text, Optional mg/kg
FE_EXCH Exchangeable Iron Short Text, Optional mmol/kg
AL_EXCH Exchangeable Aluminium Short Text, Optional mmol/kg
MG _EXCH Exchangeable Manganese Short Text, Optional mmol/kg
NA EXCH Exchangeable Sodium Short Text, Optional mmol/kg
CA_EXCH Exchangeable Calcium Short Text, Optional mmol/kg
NH4 EXCH Exchangeable Ammonium Short Text, Optional mmol/kg
CONTACT_TIME Time spent exposed to liquid Short Text, Optional Days
M_V Solid to liquid ratio Short Text, Optional Kg/m?
POROSITY Porosity of solid Short Text, Optional %
CUT-OFF Short Text, Optional n.a.
SAMPLED DATE Date of sampling of the liquid Short Text, Optional n.a.
n.a.: not applicable.

TABLE 1.4. LIQUID TABLE
Field names Description Field Properties Unit
LIQUID ID The unique Liquid ID for the database ;régzzrs};rlji}i]glglfliﬁllf;rfslmeger’ n.a.
LIQUID_CODE Identifier of liquid from original source Short Text, Optional n.a.
LIQUID_TYPE Type of Liquid (sea water, river water estuary, etc.)  Short Text, Optional n.a.
OXIC_ANOXIC Oxic condition Short Text, Optional n.a.
PH pH of liquid Short Text, Optional n.a.
VOLUME Volume of liquid used for Ks determination Short Text, Optional L
TEMPERATURE Temperature of liquid Short Text, Optional C
CONDUCTIVITY Electrical conductivity of the liquid Short Text, Optional uS/cm
REDOX POTENTIAL  The redox potential of the liquid Short Text, Optional mV
IONIC_STRENGTH The ionic strength Short Text, Optional mol/kg
SALINITY The salinity of the liquid Short Text, Optional g/kg
DOC Dissolved Organic Carbon Short Text, Optional mg/L
POC Percent Organic Carbon Short Text, Optional %
CA Calcium content Short Text, Optional mg/L
MG Magnesium Content Short Text, Optional mg/L
CA MG Calcium and Magnesium dissolved in the liquid Short Text, Optional mg/L

- (Hardness)

FE Iron content Short Text, Optional mg/L
K Potassium content Short Text, Optional mg/L
MN Manganese content Short Text, Optional mg/L
NA Total Sodium content Short Text, Optional mg/L
NH Total Calcium content Short Text, Optional mg/L
CL Total Calcium content Short Text, Optional mg/L
CO3 Carbonate content Short Text, Optional mg/L
HCO3 Bicarbonate content Short Text, Optional mg/L
NO3 Nitrate content Short Text, Optional mg/L
PO4 Phosphate content Short Text, Optional mg/L
SO4 Sulphate content Short Text, Optional mg/L
NH4 Ammonium content Short Text, Optional mg/L
SAMPLED DATE Date of sampling of the liquid Short Text, Optional mg/L

n.a.: not applicable.
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TABLE [.5. ISOTOPE TABLE

Field names Description Field Properties Unit
RADIONUCLIDE Isotope Primary Key Field, Short Text, Necessary, No Duplicates n.a.
ELEMENT Element Short Text, Necessary n.a.
n.a.: not applicable.

TABLE 1.6. REFERENCE ID
Field names Description Field Properties Unit
REFERENCE_ID The unique Reference ID for the database Primary Key Field, Short Text, n.a

Necessary, No Duplicates

REFERENCE TYPE St‘l“)rce of Reference (Journal, Thesis, Paper gy i reyi Optional na
TITLE Reference Title Short Text, Optional n.a.
AUTHORS Authors Short Text, Optional n.a.
YEAR PUBLISHED Year of Publication Number, Optional n.a.
JOURNAL Journal Name Short Text, Optional n.a.
VOLUME Volume Number Short Text, Optional n.a.
PAGES Page Numbers Short Text, Optional n.a.
n.a.: not applicable.

TABLE 1.7. LOCATION TABLE
Field names Description Field Properties Unit
LOCATION_ID The unique Location ID for the database Primary Key Field, Short Text, n.a

- Necessary, No Duplicates
LOCATION_CODE if)fr‘z‘eﬁer of Location from original Short Text, Optional na
SYSTEM Environmental System (River, Estuary, Short Text, Optional na
Sea, Ocean)

LOCATION_NAME Location Name Short Text, Optional n.a.
COUNTRY Country Short Text, Optional n.a.
LAT D Decimal Latitude Short Text, Optional n.a.
LONG_D Decimal Longitude Short Text, Optional n.a.
DEPTH Depth of sampling location Short Text, Optional M
n.a.: not applicable.

TABLE 1.8. ELEMENT TABLE
Field names Description Field Properties Unit
ELEMENT Element Symbol Primary Key Field, Short Text, Necessary, No Duplicates n.a.
ELEMENT NAME Element Name Short Text, Necessary n.a.
n.a.: not applicable.

TABLE 1.9. K; DEFINITION TABLE
Field names Description Field Properties Unit
KD DEFINITION The unique Reference ID Ky Definition Primary Key Field, Short Text, n.a

Necessary, No Duplicates

DESCRIPTION Description of K4 Short Text, Necessary n.a
n.a.: not applicable.

TABLE 1.10. K; DATA TYPE TABLE
Field names Description Field Properties Unit

Primary Key Field, Short Text,

DATA TYPE The K4 Data Type Necessary, No Duplicates n.a
DESCRIPTION Description of Ks Data Type Short Text, Necessary n.a

n.a.: not applicable.
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EXAMPLES OF THE USE OF K, VALUES IN MODELS AND CODES
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There are several ways in which models use Ky values to estimate radionuclide partitioning.
Some examples for transport and assessment models and codes are given in this Annex.

I-1. INTEGRATION OF THE Ks PARAMETER INTO TRANSPORT MODELS

The retardation factor, Ry (unitless), is defined as:

V
Ry =17 I-1)

where:

vy 1s the velocity of the water through a control volume (m/s);
ve = velocity of the radionuclide through the controlled volume (m/s).

The retardation factor does not equal unity when the radionuclide interacts with a solid phase,
almost always the retardation factor is greater than 1 due to solute sorption. In rare cases, the
retardation factor is less than 1, due to anion exclusion or colloid facilitated transport. To predict
the effects of retardation, sorption processes need to be described in quantitative terms, and the
K provides such a quantitative estimate. To incorporate the Ky value into the Rsterm, data are
needed for the bulk density (p») and effective porosity (n.) of the medium. For porous flow with
saturated moisture conditions, the relationship between Ks and Ry is as follows:

— Pp _
Rf_1+neKd (I-2)
When the K term is incorporated into the Ryterm, the latter implicitly assumes that the reactions

go to equilibrium and are reversible and that the chemical environment along the solute flow
path does not vary in either space or time [I-1].
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I-2. EXAMPLES OF HOW Kp VALUES ARE USED IN SPECIFIC CODES
I-2.1. CROM

CROM!? [I-2-1-4] is a code designed to calculate: (1) radionuclide transfer between various
environmental compartments; (2) radionuclide transfer to the human food chain; (3) effective
dose to humans; and (4) absorbed dose to biota. The code is distributed by the IAEA and can
be downloaded from ftp://ftp.ciemat.es/pub/CROM.

CROM includes generic models for dilution and diffusion, based on SRS 19 [I-5], and allows
the use of site specific values. To estimate the radionuclide activity concentrations in
environmental media, CROM needs input of the quantities of each radionuclide in the source,
the mode and characteristics of the discharge, and the receptor points.

The atmospheric dispersion model is a Gaussian plume model that estimates the annual
averaged radionuclide concentrations in air [I-6]. Input needed for each individual air
concentration calculation are wind direction and the geometric mean (GM) of the wind speed
at the release point. Different diffusion factors for different atmospheric stability categories
other than D (neutral), and effective heights can be included in the CROM calculation.

The surface water models are analytical solutions of advection—diffusion equations describing
radionuclide transport in surface water with steady state uniform flow conditions. They estimate
radionuclide dispersion in rivers, small lakes, large lakes, estuaries, and along the coast.
Transfer of radionuclides from atmospheric deposition to surface water can also be calculated.

The terrestrial food chain models estimate the buildup of radionuclides on surface soil and
vegetation from the atmosphere and the hydrosphere. These models account for radioactive
decay. Calculations of radionuclide uptake and retention by aquatic biota is based on
bioaccumulation factors (radionuclide concentration ratio of biota to water).

CROM calculates the effective dose or biota absorbed dose for combined external and internal
sources based on estimated radionuclide concentrations in air, soil, sediment, food and water
discharged, as well as the annual rates of intake, occupancy factors, and dose conversion
coefficients. The dose conversion coefficients are taken from GRS Part 3 [I-7] for internal
exposure for humans and from Federal Guidance Report No 12 [I-8] for external exposure for
humans.

Several parameters for absorbed dose assessments for biota were taken from the ERICA Tool
and are included in the code database, comprising 163 radionuclides for humans and 63
radionuclides for biota in total. Furthermore, CROM can propagate uncertainties using Monte
Carlo methods. The code allows the use of probability density functions for almost all the
parameters and variables used in the code. Radionuclide activity concentrations in plants are
calculated using transfer factors from the concentration in the water source, and the radionuclide
activity concentration in soils can be estimated from that in the irrigation water by using default
Kq values.

In the IAEA publication SRS 19 [I-5], K4 values are used to calculate the fraction of the
radionuclides sorbed by the sediments in all aquatic systems due to contamination of the
unfiltered water. In the most conservative, simple, approach of SRS 19, the effect of sediment
sorption is neglected, but for a more detailed assessment K, values are used for the calculation

12 CROM. Intellectual Property Registry No M-000481/2006. Registration Entry 16/2011/3841, 12 May 2011.
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of radionuclide activity concentrations in sediments and filtered water. This approach is also
used in CROM. Radionuclide activity concentrations in plants and aquatic biota are calculated
using transfer and bioaccumulation factors from the concentration in unfiltered water, so that
the radionuclide activity concentration in soil can be estimated from that in irrigation water.

I-2.2. SYMBIOSE

In SYMBIOSE, K values are used in the river abiotic module, the sea abiotic module and in
soil modules.

1-2.2.1. Abiotic sea module

The abiotic sea module of SYMBIOSE uses an equilibrium approach, whereby K, values are
used via Eq. I-3 to derive radionuclide activity concentrations (A;) in the sand and/or sediment
from those in sea water (C;):

_ A

K, =
d Ci

(I-3)
1-2.2.2. Abiotic river module

The abiotic river module of SYMBIOSE is the CASTEAUR model [I-9-I-11]. In CASTEAUR,
the river is described through its water column and three sediments layers: interface, active, and
passive. To calculate the radionuclide fluxes between these layers, the radioecological model is
coupled to a sedimentary dynamic model involving several classes of suspended particles
described by their specific Ks and sedimentary parameters. In the water column, K, values are
used to determine radionuclide fractionation between the dissolved and particulate phases as a
function of these particle classes (using Eq. I-3) weighting K, values as a function of particle
size [I-12]. Applying the assumption that the interface and active layers are geochemically
similar (i.e. they are both oxygenated), the same K, values are assigned to both layers to
determine radionuclide fractionation between particles and interstitial water.

For soils, SYMBIOSE allows the user to select either a ‘simple’ soil model or a vadose soil
model.

1-2.2.3. Simple soil model

For the simple soil model, SYMBIOSE offers two sub models: a single layer model or a two
layer model.

— In the single layer model, radionuclide activity concentrations are instantly diluted in the
rooting layer depth of the soil. In this model, Ky values are used to evaluate a migration
activity flux that transfers the radionuclide from the bioavailable pool of radionuclides in
the root layer to the less mobile underlying layer. These calculations need to estimate the
proportion of radionuclide that exists in the interstitial solution and can be carried away
by infiltrating water.

— The two layer model includes a surface layer which lies above the root layer.
Contamination is assumed to be homogeneous in each layer. K4 values are used to
calculate the surface migration flux that transfers the radionuclide from the surface layer
to the root layer. A migration flux is used from the root layer to the underlying layer
which is considered to be external to the parts of the environment (spatial, temporal,
compartments and components) that are represented by the model.
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1-2.2.4. Vadose soil model

In this soil model, the soil can be vertically divided into successive layers in which liquid/solid
exchanges are governed by an equilibrium kinetic approach distinguishing between two types
of solid site: one with a rapid equilibrium between solid and liquid phase (using K4 values) and
one governed by kinetically limited exchanges. The spatial migration of the dissolved
radionuclide by convection and dispersion is also modeled.

The Vadose soil model is more precise in time and space than the Simple Soil Model, but it
needs more memory and more calculation time. In practice, the choice between these two
models depends on operational criteria related to calculation times and/or memory capacities.

I-2.3. RWM biosphere model

The Radioactive Waste Management Limited (RWM) biosphere model is published in Refs
[[-13, I-14] and forms the basis of the following text. The terrestrial soil-plant model is based
on principles given in Ref. [I-15].

The terrestrial component of the RWM biosphere model relates to agricultural ecosystems and
includes a point scale model employing two soil compartments (topsoil and subsoil). Water
flows into, out of, and between these compartments are specified, but the degree of saturation
of the compartments is not computed. The K, values for the soils are based on information given
in Ref. [I-16], but in defining distributions for use in the assessment, the following additional
considerations are applied:

(1) Similar Ky values are expected for lanthanide and higher actinide elements;

(2) Soil sorption coefficients are typically taken to be log-normally distributed. However, in
cases where there are relatively few data or very wide distributions, then a log-normal
distribution is not appropriate, and a log-uniform distribution is used.

The primary use of the Ky values is to represent the retardation of radionuclides in their transport
between and out of the two soil compartments. In the freshwater system, the distribution
coefficient is used only to derive the fraction of radionuclide in solution, e.g. to define the
concentration assumed to be present in drinking water.

The soil Ky values are also used to estimate the plant/soil concentration ratio (CR). Based on
the assumption that plants primarily take up radionuclides from the porewater solution phase,
CR values can be calculated using the K, value as follows:

)

CR= ——
6+ ppKa)

(I-4)

where:

o 1s the affinity for plants to take up an element from the soil solution to the edible component
of the plant;

0 is the water filled porosity;

pb is the bulk density (kg/m?).

A similar approach to that used in the RWM model for soils and plants is adopted in the PRISM
model developed for the UK Food Standards Agency, but in that case in the context of a
multilayer soil model in which the degree of saturation of the individual soil layers varies on a
monthly basis [I-13, I-14, I-17].
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The estuarine and marine model developed for RWM uses a compartmental approach
implemented in GoldSim. Water and solid flows between the compartments are computed. Each
region in the model comprises a vertical column that consists of a water compartment, including
both bulk water and suspended sediments, and several underlying sediment compartments,
comprising solids and included pore water. Water and solid transport occur between adjacent
pairs of compartments throughout the vertical column (i.e. both water flow and sediment
erosion and/or deposition are represented). Also, horizontal movement of water and suspended
sediment occurs between the water compartments, and sediment exchanges occur between the
marine environment and the beach. Distribution coefficients are used to partition radionuclides
between bulk water and suspended sediments and between pore waters and deposited
sediments.

I-2.4. CIEMAT soil-plant model

The CIEMAT soil-plant model has been described in Refs [I-17, I-18—I-20]. The model uses a
water balance approach to calculate the monthly hydrological characteristics of a multilayered
soil column, as in the PRISM model. Thus, for each month, each layer of the soil column is
characterized by an upward or downward water flow across its boundaries and by a fractional
water content, which is equal to the total porosity below the water table and then decreases
across a user specified depth of capillary fringe to a lower value in the upper part of the soil.
The position of the water table is altered at the end of each month based on the net water balance
over the previous month. Drainage of the soil column and discharge of groundwater through its
base can both be represented in terms of a water flux across the base of the column. Rates of
radionuclide migration up and down the column are determined by rate constants defined by
the ratio of the water flow outward across a layer boundary to the effective volume of the layer
from which the flow originates:

J— F -
A6+ ppKa) (I-3)

where:

A (1/s) is the rate constant;

F (m/s) is the flow per unit area;

d (m) is the thickness of the layer;

@ is the water filled porosity;

p» (kg m) is the dry bulk density;

Ka (m? kg!) is the distribution coefficient.

The key feature in this model is that the water content, 8, is regarded as a surrogate for redox
potential and, therefore, the K, values of redox sensitive elements are defined as functions of 6.
In practice, a simple distinction is made using linear interpolation between values defined to be
applicable in dry soil above the capillary fringe and at saturation. Thus, the K, value used varies
linearly across the capillary fringe and changes with time as the water table moves up and down
on a seasonal basis.
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FIG. I-1. Changes in the transport of radionuclides according to the K, values of surface contaminated
and unsaturated uncontaminated soil layers (adapted from RESRAD training course, with permission).

I-2.5. RESRAD code: description of K, in leaching and transport of radionuclides in
soil column

For radioactively contaminated soil, the K4 is used in estimating the leaching of radionuclide
from surface soil and transport in the unsaturated zone (vadose zone) and saturated zone
(groundwater). The transport of radionuclides in the soil-water system is described by the
advection—dispersion equation, which uses the retardation factor (Eq. (I-2)) to characterize the
delay of radionuclide transport in the soil water system compared with the transport of water.

The effect of K4 on transport of radionuclides is illustrated in Fig. I-1. The top (surface soil)
layer (Layer 1) is contaminated with radionuclides, whereas layer 2 is the unsaturated (and
initially uncontaminated) zone. Cases A and B assume that the top contaminated zone has a low
K4 compared with Cases C and D, which top layers have a high Ks. For Cases A and B,
radionuclides would leach out more quickly due to the low Ky in the surface soil (Zone 1), and
hence the concentration in the unsaturated zone (Zone 2) is higher (shown with darker blue
colour) when compared with Cases C and D (with lighter blue colour). In Cases A and C the
unsaturated regions (Zone 2) have a low Ky compared to Cases B and D. Hence, the
radionuclides would travel faster and move downward farther compared with Cases B and D,
respectively.

I-2.6. THE ERICA Tool

The ERICA Tool was developed as an assessment tool to characterize radiological impacts on
wildlife [I-21]. The software is freely available for download (http://www.erica-tool.com). The
ERICA Tool was designed with particular emphasis upon planned, routine discharges of
radionuclides. It allows assessments for a comprehensive list of radionuclides and organism

types.
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In the ERICA Tool, CRyo-wazer (WO = Whole organism) values are used to estimate the whole
body radionuclide activity concentration from that in the water. Sediment radionuclide activity
concentrations are used to estimate external doses to organisms. Users can input either only
sediment or water radionuclide activity concentrations and the tool will estimate that of the
missing associated sediment or water using Ky values.

The impact of the Ky values varies, depending on whether the radionuclide is introduced via the
water or the sediment. If the radionuclide enters the sediment, a high K will lead to relatively
high external doses to benthic organisms, whereas a low K, will lead to a relatively low external
dose to benthic organisms. Conversely, when the radionuclide is discharged into the water, a
low K4 would lead to a higher radionuclide activity concentration in water and, therefore, a
relatively higher internal dose to aquatic organisms. A high K, for this case will mean there is
a low radionuclide activity concentration in water and, therefore, a relatively low internal dose
to aquatic organisms (but a higher external dose to benthic organisms).

The development of the revised ERICA Tool databases relied heavily upon the CRyo-media
values reported in Refs [I-16, [-22], while less focus was placed on K, values. The majority of
the distribution coefficients in the original version of the ERICA Tool for freshwater
ecosystems have been derived from compilations of data by the IAEA in SRS 19 [I-5] and
TRS 472 [I-16], with some values from Ref. [I-23]. However, when no data were available
from these sources, there was widespread use of marine Ks values for freshwater ecosystems.

The ERICA Tool was revised in 2015 [I-24]. An important difference in this updated version
is that default Ks values for freshwater ecosystems no longer originate from measurements
primarily originating from marine systems. Only one freshwater K, value, that for iridium, relies
on measurements made in marine systems. For marine systems, all the K; values were taken
from TRS 422 [I-22] that provides recommended values, along with minimum and maximum
values assumed to be within one order of magnitude of the recommended values. The ERICA
Tool redefined these minimum and maximum values as 5th and 95th percentiles. The following
Eqgs (I-6) and (I-7) were used to estimate the 5th percentile and 95th percentile, respectively:
__ recommended value

Min = " = 5"percentile (1-6)

Max = recommended value X 10 = 95" percentile I-7)

Mean deviation (p) and standard deviation (o) were then derived assuming a log-normal
distribution such that:

"= [In(Max)+ In(Min)] (I-8)

2

o= [In(Max)- In(Min)] (I-9)

2 x 1.6449

and, for a log-normal distribution, the arithmetic mean (expected value) and its standard
deviation were derived by the following equations:

Mean = e#*0:5¢° (I-10)

Standard deviation = \/(e"z — 1) e2nto? (I1-11)
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EFFECT OF MICROBIAL ACTIVITY ON THE K, OF
RADIOCARBON AND RADIOIODINE

SHIGEO UCHIDA, NOBUYOSHI ISHII and KEIKO TAGAMI
National Institutes for Quantum and Radiological Science and Technology (QST), JAPAN

NAO K. ISHIKAWA
Iwate University, JAPAN

Some elements (e.g. C, Se and I) are re-emitted from soil to the air in gaseous forms. Soil
microorganisms play an important role in this phenomenon as some long lived radionuclides
may also be discharged to the air through microbial activity changing their distributions
between air-soil solution-soil particles [II-1-1I-5]. Examples of the mechanism are given below
for the effect of microbial activity on the Ky values of radiocarbon and radioiodine and of the
releases as a gas.

II-1. CARBON-14 PARTITIONING IN THREE PHASES (SOLID, LIQUID, AND GAS)
AND DISTRIBUTION COEFFICIENTS

Reference [11-6] mentions that '*C transport from underground waste disposal needs to consider
volatilization as a loss process from soil. Reference [II-7] investigated the partitioning
percentages of '“C in solid, liquid, and gas phases by a batch sorption technique using 97 paddy
soil samples. Figure II-1 shows the solid, liquid and gas partitioning percentages of *C added
as sodium acetate for 97 soil-solution batch cultures after 7 days incubation. About 30% of the
total '*C added was partitioned to the solid phase and that remaining in the liquid phase was
small. The GM Ky at the end of incubation was 81 L/kg (range: 6.8-284 L/kg, log-normal
distribution).

FIG. II-1. Boxplots illustrating the range of the partitioning percentages of "*C for 97 paddy soils.
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When soil microorganisms in the soil were sterilized by adding glutaraldehyde (1,5-Pentandial,
sum formula CsHgO») with a final concentration of 2%, (96.8+1.2)% of the spiked '*C remained
in the liquid phase, while the rest of the '“C was released into the air and no *C remained
associated with the solid phase. For samples without glutaraldehyde, the partitioning ratios were
like those discussed above.

The data showed that microorganisms play an important role in controlling the partitioning of
14C in the liquid phase to the solid and gas phases [II-7, 1I-8]. Generally, for the determination
of Ku, a specified amount of radionuclide is added and only the concentration in the liquid phase
i1s measured. However, for C such a technique provides an overestimation of K4 because C
releases into the gas phase are assumed to be fixed in the solid phase.

II-2. THE CHEMICAL FORM AND SORPTION OF IODINE IN SOIL SOLUTION

References [II-9, 1I-10] investigated the effect of biological activity on iodide (I) partitioning
in solid, liquid, and gas phases in agricultural soils in Japan by changing the temperature and
sterilizing soil samples.

A batch sorption experiment was conducted at 4°C to minimize microbial activity and 23°C to
enhance microbial activity. For the 23°C treatment two further variables were included of
(1) chemical sterilization by addition of 0.05% (weight per volume) of streptomycin,
tetracycline and cycloheximide, or (ii) glucose amendment. The variation of Ky in time under
different experimental conditions is presented in Fig. II-2. The K, values increased in the
following order: sterilized = cool < standard < glucose added, which is consistent with the
hypothesis that iodine partitioning to soil is microbially mediated. For the glucose added
treatment, Ky slightly increased with contact time probably due to stimulation of biological
activity. Together, these results suggest that biological activity had a significant effect on the
sorption kinetics of I" in soil.

4 4
10 @ Standard A 10 |®@ standard B
@ Cool ® Cool
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o x jo E
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FIG. 1I-2. Time variation of iodine (added as iodide) Kqvalues for two soils for 4 different experimental
condition sets: standard (23°C), cool (4°C), sterilized and glucose added. Error bars show standard
deviation (1o) of 3 replicates.
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TABLE II-1. GM OF PARTITIONING PERCENTAGES (%) OF IODINE (ADDED AS IODIDE (I")
INTO SOLID, LIQUID AND GAS PHASES IN THE BATCH SORPTION TEST FOR 63 PADDY
AND 79 UPLAND SOILS (RANGES ARE SHOWN IN PARENTHESES)

Partitioning (%)

Land use Phase®
4°C 23°C
Solid 50 (13-84) 63 (26-100)
All Liquid 36 (11-87) 17 (2-64)
Gas 6 (0-27) 11 (0-42)
Solid 61 (16-84) 73 (29-100)
Paddy fields Liquid 28 (11-82) 10 (2-64)
Gas 7 (0-27) 13 (0-42)
Solid 42 (13-75) 57 (26-92)
Upland fields Liquid 46 (16-87) 27 (5-64)
Gas 6 (0-15) 9 (20-26)

2 Partitioning ratio in solid (Ps), liquid (Pr) and gas (Pg) phases, are defined by Eqs (II-I), (II-2), and (II-3),
respectively.

Table II-1 shows the ranges of solid, liquid, and gas phases partitioning ratios (Ps, PL and Pg)
at each temperature for 63 paddy and 79 upland soil samples. The equations below were applied
for the calculation of partitioning ratios in solid, liquid and gas phases, as well as Ky values:

Ps = {50 x 100 (%) (I1-1)
Pu= (%) X100 (%) (11-2)
P =100 — (Ps + P) (%) (11-3)

Ka=¢3> (L/kg) (114)

where:

Ci (Bg/L) is the initial radionuclide activity concentration in the liquid phase;

CL (Bg/L) and Cs (Bg/kg DM) are the radionuclide activity concentrations in the liquid phase
and solid phase, respectively;

Wi (L) is the solution volume;

Ws (kg) is the soil DM.

When antibiotics were added to the samples to inhibit microbial activity the sorption of I" in
soil at 4°C was similar to that at 23°C. Thus, the limited amount of I" partitioning to the gas and
solid phases at 4°C was attributed to diminished microbial activity at this lower temperature.
There was no correlation between the partitioning ratios for solid, liquid and gas at 4°C and
23°C and soil properties such as pH, redox potential (Eh), and electrical conductivity.

The calculated Ky values for I are shown in Fig. II-3. For paddy soils, Ky at 4°C ranged from
2.0-80 L/kg (GM =22 L/kg) and Ky at 23°C ranged from 4.5-567 L/kg (GM = 67 L/kg). For
upland soils, Ky at 4°C ranged from 1.6-46 L/kg (GM = 9.3 L/kg) and K at 23°C ranged from
4.4-183 L/kg (GM =21 L/kg) which was similar to the results obtained for paddy soils. In both
cases the Ky values at 4°C and 23°C were statistically different (¢-test, p <0.001). According to
K4 data compiled by Ref. [II-11] and used as the revised IAEA reference values in TRS 472
[II-12], the K4 values of iodine ranged from 0.01-580 L/kg (n = 250) with a GM of 6.9 L/kg.
The K4 values reported by Refs [11-9, II-10] at 4°C and 23°C were within this range.
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FIG. 1I-3. Box-whisker plot of Kqa values for iodine (added as iodide) collected at 4°C and 23 °C in paddy
and upland field soil samples.

FIG. II-4. Percentage (left Y-axis) of elemental iodine and organic iodine, I', and 105 in the soil
solution after 7 days relative to the initially added I (added as either I or 105 , and the corresponding
Kqvalues (right Y-axis). The temperatures for these experiments were set to either 4°C or 23 °C.

There was a good correlation between lg (Kyz) at 4°C and 23°C by t-test (R =0.817, p <0.001)
expressed as lg (K4-23°C) =0.334 + 1.077*lg (K4-4°C) (data not shown). From this equation,
lg (K«) measured at 23°C could be about three times as high as that at 4°C.

Reference [1I-13] also reported a change in chemical form of iodine in the soil-solution system.
For iodide (I") addition, the chemical forms of I in soil solution were unchanged, while some
iodate (I037) added to the soil solution became I" (Fig. 11-4) suggesting that the difference in
sorption kinetics of IOz~ depended on whether 103 forms I in the soil solution. The data show
that to determine the difference in sorption kinetics between I” and 1037, it is important to check
the chemical forms of I in soil solution when 103" is added to the sample.
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EXAMPLE OF COUPLING BETWEEN K; AND KINETIC
APPROACHES

PATRICK BOYER, LAURENT GARCIA-SANCHEZ and
VALERIE NICOULAUD-GOUIN
Institut de Radioprotection et de Streté¢ Nucléaire (IRSN), FRANCE

The E-K sorption model is an example of a kinetic model (see also Chapter 4) [III-1] that
considers two types of solid sites of sorption:

(1) The first sorption sites consider a pool of exchangeable fractions (termed ex) sorbed by a
solid phase (termed s1) that reacts rapidly and reversibly with the soluble phase (termed
w). Exchanges between these two phases are modelled using the Ky approach:

Co1 = Kayy X Cu (I11-1)

(2) The second type (termed s2), incorporates solid sites characterized by slower and poorly
reversible exchanges with the dissolved phase. Variations of the concentration arising
from radionuclide interactions with these sites, Cy,, are modelled using a kinetic
description of both sorption and desorption:

lex _ _ M, dCs2 (I11-2)
dt 1% dt
S22 = X Gy — k™ X G (I11-3)

where:

C., 1s the activity concentration of radionuclide in the exchangeable fraction (C,, = C,, +
M

v X Cs1);

V (L) is the volume of water;

M (kg) is the dry mass of solid;
k*(m>/kg/s) and k™ (s) are the kinetics of sorption and desorption, respectively.

The conceptual diagram of this model is shown in Fig. III-1. The total concentration in the solid
phase C; is then given by:

Cs = Kdg1 X Cy, + Csy (111-4)

The E-K sorption model using only three parameters, k*, k~and Kdg; can describe, in a
relatively simple manner, complex systems that cannot be described with Ks approaches. The
model can be further improved to take into account the effects of site saturation by adding
maximal concentrations for sites s1 and s2 (C1** and CI5**, Bg/kg):

L X C, and T2 =kt X (1 - Ccm—Z) xC,—k~xCy  (I-5)
S2

Csy =

C
1+ —muéx X Kg
Cs1

The added value of this approach is illustrated in Fig. I1I-2 which compares the E-K and K4
approaches [I1I-2] using experimental data on Cs sorption in a soil system simulated with a
stirred flow reactor [III-3]. The E-K sorption model reproduces the change with time in the
sorption process, which cannot be adequately simulated with the K approach.
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FIG. 1II-1. Conceptual diagram of the E-K sorption model.
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FIG. III-2. predictions from the E-K sorption model and a Kq model compared with experimental data
of Cs sorption in a soil system simulated by a stirred flow reactor [1II-3]. The y-axis is the normalized
aqueous Cs concentration (C,/Cy), where C,, is the aqueous Cs concentration in the effluent and Cy is
the initial Cs concentration introduced in the influent; x-axis is time since the introduction of Cs into
the soil).
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RELATIONSHIP BETWEEN KD AND ADSORPTION AND
DESORPTION KINETICS

PATRICK BOYER
Institut de Radioprotection et de Stireté Nucléaire (IRSN), FRANCE

One of the main assumptions underlying the K4 approach is the instantaneous equilibrium (or
steady state) between liquid and solid concentrations. Steady state conditions are normally
reached after a length of time (often between a few seconds to several days) and the Ky
assumption of equilibrium is incorrect during these transitory periods.

Starting from a pure solid phase and a contaminated solution, the distribution coefficient
changes with time (Fig. IV-1). The Ky value is strictly valid only once equilibrium has been
reached. In situ data are less likely to be at true equilibrium (see also Chapter 4) so are termed
apparent K4, in this publication.

In the case of complete reversibility between adsorption and desorption conditions (another
assumption of the Ky approach leading to the same K, value for both), the following equations
give the temporal evolution of liquid (w) and solid (s) concentrations as a function of sorption
(k~, s™) and desorption (k*, s!) kinetics, where [s] is the solid concentration (kg/m?).

a¢,

2 = k=G +k*[S]C (IV-1)
9Cs _k” ~ g+
3t = T8 Cyp—k™C;

(IV-2)

These equations make possible to model the temporal variations of liquid and solid element
concentrations and to consider the time needed to reach equilibrated conditions where the Ky
term becomes valid.

acy, _ 9Cs

Currently, information about kinetics is sparse, so kinetic approaches are currently not often
used in most operational models.

Distribution Coefficient vs time

K4 is applicable from this moment

.
Time

FIG. IV-1. Temporal evolution of distribution coefficient and representativeness of K.
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IMPACT OF THE ACCIDENT AT THE FUKUSHIMA DAIICHI
NUCLEAR POWER STATION ON THE DISTRIBUTION OF RADIOCAESIUM IN

COASTAL WATERS
MASASHI KUSAKABE
Marine Ecology Research Institute (MERI), JAPAN
HYOE TAKATA

Institute of Environmental Radioactivity, Fukushima University, JAPAN

V-1. PRE-ACCIDENT SITUATION IN THE WATERS OFF FUKUSHIMA DAIICHI
NUCLEAR POWER STATION

Monitoring has been routinely conducted of the waters and sediments near the FDNPS since
1972. The data can be freely downloaded from the Environmental Radiation Database collated
by Japan Nuclear Regulation Authority (NRA) [V-1].

Radionuclide monitoring has also been carried out since 1984 in the coastal waters near NPP
sites in Japan, including near the FDNPS, by the Marine Ecology Research Institute (MERI).
The data are also available from Ref. [V-1]. The main source of radiocaesium in the North
Pacific Ocean in these years was global fallout from atomic weapons testing and, to a lesser
extent, authorized discharges from NPPs.

The data obtained in the waters off the Fukushima Prefecture by the MERI are shown in
Fig. V-1 with calculated K4 values. The '¥’Cs activity concentrations in surface and bottom
water decreased with time with an effective environmental half-life estimated to be 15—18 years
before the accident at the FDNPS [V-2—V-4]. The decrease was ascribed to dilution of surface
water with unpolluted deep water. The '*’Cs activity concentration in the sediment also
decreased with time with a similar pattern to that of sea water. These trends implied that a
possible equilibrium was established between Cs in sea water and sediment in the area.
However, a mathematical model consisting of three boxes (surface water, bottom water and
sediment) applied to the monitoring data to estimate transfer rates between the compartments,
gave a much shorter half life (2.2 years) in sediment than in water [V-4]. '*’Cs derived from the
accident at the Chornobyl NPP raised the activity concentration to ca. 7 mBg/L in surface water
for only 1 year but did not increase that in bottom water and sediment.

In Fig. V-1, K4 values calculated using the '*’Cs data in sediment and bottom water collected
off Fukushima by MERI are also plotted to show the time trend. The average of K4« was ca.
620 L/kg for the period from 1983 to 2010.

V-2. POST-ACCIDENT SITUATION IN THE WATERS OFF FUKUSHIMA AND
NEARBY PREFECTURES

On 11 March 2011, the Great East Japan Earthquake occurred, and a series of tsunami damaged
the electrical systems of the FDNPS, resulting in a large radionuclide release to the surrounding
environment. The total amount of '*’Cs released directly into the ocean was estimated to be
(3.5+0.7) x 101" Bq [V-5]. Soon after the accident at the FDNPS, associated monitoring
schemes, such as that described above, were considerably enhanced [V-6—V-12].
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FIG. V-1. Time dependence of '*’Cs activity concentrations in sediment and sea water collected at eight
sites off Fukushima Prefecture with calculated K4a).

From 2011 to 2015, the activity concentration of radionuclides, especially '*’Cs, in sea water
and surface sediments showed unprecedented variation [V-7, V-10, V-12] (Fig. V-2). The ¥’Cs
activity concentration in surface waters at stations located beyond the 30 km zone from the
FDNPS after the accident reached a maximum of 190 Bq/L on 15 April 2011, which was about
five orders of magnitude higher than the pre-accident value; it then decreased exponentially
with time (Fig. V-2(a)).

In early May 2011, *’Cs-polluted water was advected towards north, but partly detached and
was transported to the south, suggesting that dispersion patterns of '*’Cs in surface waters are
dependent on the currents. In addition, elevated '*’Cs activity concentrations derived from the
accident at the FDNPS were observed in subsurface waters only 1-2 months after the accident,
probably due to vertical mixing processes during the winter.

From 2012 to January—February 2015, the '*’Cs activity concentrations ranged between ~1 and
100 mBg/L depending on the sampling location. The main environmental factors controlling
137Cs activity concentrations in the waters are dilution and subduction with less contaminated
deep sea waters [V-7, V-13, V-14] as well as the outflow to open ocean via the Kuroshio Current
[V-5]. Data obtained in May 2015 [V-6] showed that the '*’Cs activity concentration ranged
from 1 mBq/L (= pre-accident value) to 10 mBg/L. Despite the vigorous mixing of sea water
in the monitoring area, some sites still had consistently higher '*’Cs activity concentrations in
January 2016 [V-6] than that prior to the accident. The elevated values were probably due to
the continuous direct release from the FDNPS [V-12, V-15], riverine inputs [V-16—-V-19],
redissolution and/or resuspension of sedimentary '*’Cs [V-10, V-20], and desorption of *’Cs
from beach sands contaminated at the time of the accident through wave and tide driven
exchange [V-21].
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FIG. V-2. Spatio-temporal variation of '*’Cs activity concentration in (a) sea water and (b) surface
sediment after the accident at the FDNPS. Black squares in the left side of the figures show the 5 year
average before the accident. The inset figure indicates sites for sampling; red circles: sea water and
sediment, blue circles: sea water. The key in part (b) indicates sampling locations shown in the inset
map.

The distribution of '*’Cs in the surface sediments initially reflected the pathway of the polluted
water, with some of the higher values of *’Cs activity concentrations north of the FDNPS and
thereafter south of the FDNPS. The '3’Cs activity concentrations in most sediments reached a
maximum in September 2011 and varied from ~10 to 580 Bg/kg dry mass (DM) (Fig. V-2(b)).
The amount of '*’Cs in the 3 cm top layer of the sediments in the monitoring area was estimated
to be 4.0 x 10'* Bq as of September 2011 [V-10]. Since then, the GM of the *’Cs activity
concentration of surface sediments has been decreasing with an effective half-life of ca. 2 years
in the monitored areas. The decrease may be due to desorption and/or dissolution from the
sediment, bioturbation into deeper layer, and resuspension and its subsequent lateral transport
of the sediment. Inspection of vertical profiles of 1*’Cs in the sediments revealed no temporal
increase in the intermediate layer of the sediment (i.e. below the concentration maximum layer),
suggesting that bioturbation has not had a strong effect. Resuspension is probably also playing
a role, to some extent, in redistribution of '3’Cs in the surface sediment [V-11, V-20]. Data
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obtained from monitoring has indicated that the '*’Cs activity concentration in the sediment
associated with large grain sizes is decreasing to a greater degree than that associated with small
particles. The data also shows that the !*’Cs activity concentration in shallow water has a higher
rate of decrease than that at greater depth, suggesting that resuspension and lateral
transportation are contributory mechanisms [V-11].

It is not suitable to use the concept of K, for the coastal and marine waters off the FDNPS, as
this system is still not in a state of equilibrium. Nevertheless, it is worthwhile to calculate a
temporal change of K4 values based on *’Cs activity concentrations in surface sediments and
bottom water in the environment in the process of recovery.

The accident at the FDNPS has provided an opportunity to quantify parameters relevant to the
fate of radionuclides in the marine environment which have yet to be stabilized. They seem to
be highly complex, involving kinetics and dynamics of sea water and sediment. They provide,
however, the possibility to ensure that long term recovery processes in the marine environment
can be predicted. Close examination of the spatiotemporal variation of K will help understand
quantitatively the fate of radionuclides released accidentally to the marine environment.
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