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Background

The issue of colloid-facilitated radionuclide transport (CFRT) was last
addressed by the Swedish nuclear regulators (SKI at that time, now in-
tegrated into SSM) in 2001 — 2002. SKI had commissioned the Collage
code with subsequent development as Collage 2. This code was em-
ployed to investigate the potential role for colloids to have been involved
in the transport of radionuclides at the Nevada Test Site and to examine
the implications for CFRT in the Swedish disposal programme. It was
concluded that colloids could not be ruled out as a mechanism for rapid
transport and early release from the geosphere.

Recently the “bentonite erosion scenario” has become of concern. In it
the generation of large quantities of bentonite colloids in fractures as a
result of fresh water ingress at repository depth is possible. Potentially,
these could carry radiologically significant quantities of radionuclides
to an early release to the surface system.

Objectives of the project

The objectives of this work are to update the knowledge of colloid-
facilitated radionuclide transport through a fractured geosphere and to
provide review capability within the SSM.

Results

Recent developments in CFRT (reviewed here) indicate that additional
parameters needed to be added to the existing Collage 2 plus code in
order to adequately represent colloid transport in Swedish fractures.

This report looks at modifications to the model and discusses the impli-
cations of the implementation of the new processes. Authors conclude
that the process of colloid filtration is an important mitigating mecha-
nism. A new code — Collage 3 - is demonstrated and suggestions for
further work are given.
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1. Introduction

The issue of colloid-facilitated radionuclide transport (CFRT) was last ad-
dressed by the Swedish nuclear regulators (SKI at that time, now integrated
into SSM) in 2001 — 2002. SKI had commissioned the COLLAGE code
(Grindrod et al., 1992) with subsequent development as COLLAGE 2 (Grin-
drod & Cooper, 1993). This code was employed by Ktos et al. (2002) to
investigate the potential role for colloids to have been involved in the trans-
port of radionuclides at the Nevada Test Site and to examine the implications
for CFRT in the Swedish disposal programme. It was concluded that colloids
could not be ruled out as a mechanism for rapid transport and early release
from the geosphere. A subsequent revision to the numerical solution method
employed in COLLAGE 2 gave rise to the COLLAGE 2 plus code (Ktos,
2003) which exhibited more stable results, particularly at early times.
Recently there has been interest in the “bentonite erosion scenario”, where
ingress of fresh water at repository depth during deglaciation could lead to
the erosion of bentonite with the subsequent generation of large numbers of
colloids. Coupled to a release of radionuclides from a damaged canister,
there is scope for CFRT with potentially greater radiological consequences
than in scenarios identified previously.

Since the early parts of the decade there has been ongoing work on the
characterisation and quantification of CFRT, primarily in the context of the
yucca Mountain project. The process of filtration/straining of colloid parti-
cles due to the geometry of the fracture through which water flows has
emerged as an important factor. Other processes not directly implemented in
COLLAGE 2 plus are also known to be important.

This report has been produced with the aims of

i.  assessing how the COLLAGE 2 conceptual model could in-
corporate the newly identified FEPs,
ii.  providing a preliminary assessment of the potential impor-
tance of the bentonite erosion scenario, and
iii.  identifying the options and requirements for developing the
COLLAGE 2 plus to take into account the new information.
In the event, the COLLAGE 2 framework has been successfully modified to
deal with the process of filtration/straining) and, at the same time differential
rates of sorption / desorption have been include. The current model is COL-
LAGE 3, though the current version of the code should be thought of as a
fully functioning prototype.

Section 2 of this report details recent developments in CFRT which
led to the requirement to revise the dynamics modelled in COLLAGE 2 plus.
Section 3 describes the revised interpretation of the COLLAGE 2 equations
and their modification to address some of the issues identified in Section 2,
leading to a new implementation of CFRT in the COLLAGE framework.
Section 4 illustrates the results from COLLAGE 3 dealing with the represen-
tation of a typical Swedish fracture into which a pulse of radionuclide bear-
ing colloids has been injected. The results, with parametric sensitivity analy-
ses, indicate the importance of the rate parameter commonly used in CFRT
to describe the process of filtering of colloidal particles during transport
through the fracture. Section 6 concludes the report with a summary of re-
sults and provides some recommendations.



2. Recent developments in
CFRT modelling

2.1 Background of SSM’s development of
COLLAGE

SSM has carried out research and development to inform itself about and
provide modelling capability on CFRT over many years. This work has been
documented in the SKI report series (Grindrod & Worth, 1990; Grindrod,
1991; Grindrod & Cooper, 1993; Wickham et al., 2000; Ktos et al., 2002;
Ktos, 2003). The 1991 ‘Grindrod’ reports developed a model based on theo-
retical considerations of irreversible sorption of radionuclides to both mobile
and immobile colloids; subsequently that was changed so that sorption was
reversible for both mobile and immobile colloids. Sorption of colloids to
surfaces was assumed to be at equilibrium, i.e. no net gain or loss, so that the
ratio of sorbed to non-sorbed colloids remains constant. This was the basis of
the original COLLAGE 2 model for simulating dispersion and migration of
radionuclides associated with colloids. Dispersion was modelled by COL-
LAGE 2 due to the faster advective velocity of colloids relative to true sol-
utes due to preferential movement of colloids in the centre of the advective
streamlines in fractures.

Ktos et al. (2002) used the COLLAGE 2 code to assess potential im-
pacts of CFRT on a KBS-3 repository, conditioning the model by simulation
of the observed migration of colloid-associated Pu at the Nevada Test Site. It
was concluded that the key variables are the kinetics of sorption and desorp-
tion of radionuclides onto mobile and immobile colloids, i.e. that CFRT
could lead to migration over significant distances with respect to migration
through the geosphere only in the case of a fairly narrow range of low sorp-
tion/desorption rates. At that time, COLLAGE 2 was the only such model
that incorporated sorption kinetics and thus would replicate that behaviour.
The numerical method was upgraded by Ktos (2003) to produce the more
stable and efficient COLLAGE 2-PLUS code, but the basic conceptual
model remained the same, i.e. kinetic sorption of radionuclides onto both
mobile and immaobile colloids and a constant ratio of mobile to immobile
colloids. The model for colloid filtration, i.e. for the attachment/detachment
or sorption/desorption of colloids onto fracture surfaces, is inflexible in that
it is assumed to be at equilibrium with a constant ratio of sorbed to non-
sorbed colloids throughout the modelled system. Furthermore, the underly-
ing conceptual model does not include colloid ‘straining’, i.e. the trapping of
colloids due to physical size within fracture apertures.

2.2 CFRT modelling by SKB

CFRT effects superimposed onto the TRUE tracer experiments carried out at
the Aspd HRL were considered for SKB in a modelling report by Cvetkovic



(2004). A sensitivity analysis was carried out with respect to sorption rate of
tracers onto colloids and to rate or efficacy of colloid filtration, i.e. irreversi-
ble colloid removal by sorption to fracture surface. It was concluded that,
under experimental constraints of restricted distance and time scales that
were typical of the TRUE tests, a controlling factor would be kinetics of
sorption of tracers onto colloids. Reversibility of sorption onto colloids was
less important because of the short timescale.

SKB also carried out in situ experiments on latex colloid stability and
mobility in the Aspd HRL. These were supported by laboratory investiga-
tions of migration of bentonite and latex colloids through a fracture in an ex
situ granite block (Laaksoharju & Wold, 2005; Vilks et al., 2008). These
showed that bentonite colloids, predominantly in the upper part of the parti-
cle size range, were retained in the experimental fracture as the flow velocity
of low ionic strength elution water was reduced towards natural flow condi-
tions. When the ionic strength of the elution water was increased to values
typical of Aspo groundwater, bentonite colloids were fully immobilised.
Moreover, under the experimental conditions, immobilised colloids were not
remobilised by a subsequent low ionic strength flush.

The conceptual model of CFRT in COLLAGE 2 was incorporated into
a probabilistic program using the finite volume method with numerical
solvers for SKB by Vahlund & Hermansson (2006), for use in sensitivity
analysis alongside FARF31, which does not include CFRT. The enhanced
program is called FARF33 (or sometimes FVFARF). For simulations of
CFRT in a KBS-3 repository, FARF33 assumed that all colloids are fully
mobile, i.e. no filtering occurs.

In the SR-Can safety evaluation (SKB, 2006), SKB concluded that
CFRT would not have to be included in consequence calculations except,
possibly, for the glacial stage of the reference evolution. To bound the possi-
ble impact of CFRT under glacial conditions, geosphere retention was ne-
glected in a scoping calculation. SKB reached its conclusion in SR-Can con-
cerning CFRT on the basis of confidence that divalent cation concentrations
in pore water would be sufficient to resist colloidal erosion and dispersion of
buffer, with the caveat that there are still significant uncertainties about the
hydraulics and chemical evolution of dilute melt water infiltration under an
ice sheet.

SKB’s SDM-Site report for Forsmark (SKB, 2008) considers CFRT in
Section 10.6 (“Transport of radionuclides’). It states that, for the case of the
strongly-sorbing trivalent actinides and lanthanides in constant groundwater
compositions, ‘colloid ...... transport mechanisms may dominate the release
to the biosphere, particularly ..... if sorption is deemed to be irreversible’.
SKB states that ‘the status of sorption reversibility for key radionuclides on
colloids is not conclusively established at present, although recent studies
...... suggest that sorption of Ac(l11)-Ln solutes is most likely to be reversi-
ble under normal groundwater conditions’.

Scoping calculations for SKB in Crawford (2008) imply that there will
be a negligible effect of CFRT due to natural colloids if sorption is reversi-
ble. The calculations assume a constant concentration of colloids along a
transport path and no attachment or detachment of colloids, i.e. no filtration
or straining.

A conceptual model for the formation of bentonite colloids due to hy-
drodynamic erosion of material that has expanded into adjacent fractures



from its original compacted state in deposition holes is described in Pusch
(1999). Dispersion and stabilisation under such conditions would presuma-
bly be enhanced by a very dilute groundwater composition. Colloid transport
and CFRT in this case is deduced to be significant in terms of overall trans-
port through the geosphere only if filtration, i.e. sorption and other mecha-
nisms of attachment of colloids to fracture surfaces, and straining, i.e. trap-
ping by fracture-filling minerals, are insignificant.

2.3 CFRT in the RETROCK and FUNMIG

projects

Both SKI and SKB were partners in the EU’s RETROCK project (EC,
2005), part of which was a task on geosphere retention phenomena in safety
assessments (WP2; reported in SKB, 2004a). CFRT is dealt with in Sections
3.1 and 4.5 of the RETROCK report. It is stated that ‘a conservative ap-
proach is to assume that radionuclides are irreversibly bound to colloids’.
The two models for CFRT mentioned in RETROCK are COLLAGE 2 and a
similar model that was at that time being developed for the USDOE project
at Yucca Mountain (Wolfsberg & Reimus, 2000). It also states that ‘the
modelling of filtration in fractured rock systems (as opposed to idealised
filters) presents particular difficulties’, although it is not clear whether this
refers to filtration in the sense used here or to straining which is the physical
process of colloid trapping rather than the sorption at surfaces. In summaris-
ing the status of inclusion of CFRT in performance assessment modelling, it
states that mechanistic models used in PAs by Nagra (Kristallin-1), Nirex
(Nirex 97), JAEA (H-12) and USDOE (TSPA-VA/LA) have been fairly
similar in simulating reversible sorption to mobile and immobile colloids.
The USDOE model is the only one to include irreversible sorption in addi-
tion to reversible sorption (see below).

The Nirex 97 assessment of the Sellafield site in the UK was sup-
ported by transport calculations with various scoping calculations for the
near field that assumed constant waste-derived colloid concentrations and
distributions, reversible sorption of radionuclides to colloids, no sorption of
colloids onto cementitious backfill, and the likelihood that colloids would be
physically excluded from backfill pores (Swanton et al., 2000). The far field
model considered sorption of colloids to rock, reversible or irreversible sorp-
tion of radionuclides to colloids, and also the exclusion of colloids from
some pores in the fractured rock matrix. However physical retention, i.e.
straining, of colloids during migration through fractures was not considered.

The latest EU project to represent the ‘state of science’ on CFRT has
been FUNMIG, in which Task 4 investigated processes influencing radionu-
clide migration in crystalline rock formations. An overview of Task 4 (Mis-
sana et al., 2008) refers to the CRR and CFM experiments in the Grimsel
laboratory which found that bentonite colloid migration was not retarded
with respect to water flow and that recovery of the colloidal bentonite with
sorbed solutes was high. But the Grimsel results also indicate that some
poorly identified filtration was evidently occurring, although the dilute hy-
drochemical conditions there would support colloid stability — correlation
between “filtration” and fracture surface roughness suggests that straining (or
‘plugging effects”) may affect the bentonite colloids. However the hydraulic



conditions of this experiment are considered to be of questionable compara-
bility to natural geosphere conditions. Nevertheless, it was possible to meas-
ure apparent diffusion coefficients for colloids in the granite matrix which
were at least 3 orders of magnitude lower than for true solute radionuclides,
confirming that diffusion of colloids into matrix is negligible for transport
modelling.

Experiments for the FEBEX programme, reported in FUNMIG, have
shown that the concentrations of bentonite colloids passed into water adja-
cent to compacted Na-bentonite increase as salinity decreases and pH in-
creases, as expected from basic colloid stability considerations. FUNMIG
experiments also seem to indicate that the hydrochemical ‘suitability re-
quirement” of 1 mmol/L Ca2+ is not an adequate criterion to constrain likely
colloid release.

2.4 CFRT modelling in USDOE’s Yucca
Mountain project

A scientific basis for colloid mobility in groundwaters which is referred to in
USDOE’s model of CFRT is summarised in Ryan & Elimelech (1996). The
DLVO theory for attractive and repulsive forces between colloidal particles
and mineral surfaces describes mobilization and retention of colloids: the
basis of this is that sorbed colloids are likely to be retained on surfaces
unless a change of solution chemistry (i.e. ionic strength and/or pH) makes
the repulsive forces between colloids and the charged double layer on min-
eral grains greater than the van der Waals attractive forces. There are two
theoretical approaches for modelling the kinetics of colloid attachment and
filtration: a Lagrangian stochastic representation of Brownian motion, or
Eulerian geometrical/deterministic representation of convection-diffusion.
Using an Eulerian approach, a detailed analytical representation of colloid
attachment from water flowing in a fracture with uniform aperture was pro-
duced by James & Chrysikopoulos (1999).

The model for CFRT that was used in the Safety Analysis Report for
the proposed Yucca Mountain repository in the USA assumed a conceptual
model with reversible sorption onto colloids (smectite or iron oxide products
from wasteform degradation) for most radionuclides plus irreversible sorp-
tion for Pu.and Am only (USDOE, 2008; Moridis et al., 2003). For those
colloids with irreversibly sorbed Pu or Am, it was assumed that the dominant
fraction would be reversibly or irreversibly filtered by Kinetic attach-
ment/detachment whilst a very small fraction (<0.01) would migrate through
the unsaturated and saturated zones with no effective retardation because of
the very slow kinetics of attachment. It seems that the filtration term was
assumed to include physicochemical attachment and also ‘mechanical clog-
ging’ (Moridis et al., 2003). Diffusion of colloids into pores of the rock ma-
trix was assumed to be limited by ‘straining filtration’ to the smaller colloids
only.

Important aspects of the CFRT model for Yucca Mountain are that it
simulates dynamic generation of different types of colloids with variable size
distributions and concentrations and stabilities that depend on water compo-
sition, i.e. ionic strength. CFRT is implemented in the TOUGH2-3D flow-
transport code using a forward filtration kinetic coefficient «+:



k" =¢fuG (2.1)

where

¢ is a colloid size-dependent “filter coefficient’, ¢ _151°¢ a,n,

f is a velocity modification factor that accounts for the higher relative ‘cen-
tre-stream’ advective velocity of colloids,

u is the Darcy velocity,

G is a dynamic blocking function accounting for variations of porosity and
specific surface in relation to filtered colloids concentration,

dn is the grain size of porous medium or size of fracture aperture,

¢ is porosity,

a, is the “sticking efficiency’ for colloids (0.001 to 1),

n, s the “collector efficiency” for attachment of colloids:

kT ) d. d.’
770=0.9£"—J +1.5£—°J +(pc—p)g ¢

u,d.d. u d, 18uu
ky is Boltzmann’s constant,
d. is colloid diameter,
u,, is dynamic viscosity of water,

p. Is density of colloids,
p s density of water.

The change of filtered concentration, ¢ (volume of colloids per volume of
water), of colloid at any point in the system is modelled as:

a—CT=1<+X-1<'c7 (2.2)
ot

where X is the mass fraction of colloid in water and k” is the reverse filtra-
tion (“declogging’) coefficient. k is commonly assumed to be zero, i.e. filtra-
tion is assumed to be irreversible, but “there is insufficient evidence to sup-
port this’ (Moridis et al., 2003). Straining is not explicit in these expressions,
but is implicit in the conceptual model for CFRT.

The conceptual model that lies behind the application of these equa-
tions in the transport model for the Yucca Mountain SAR is indicated in a
report by Moridis & Bodvarsson (2001). Straining is inferred to take place
mainly in the layered fracture system where the misalignment of fractures
means that preferential flow and transport pathways must pass through the
rock matrix between adjacent fractures. Straining is also envisaged to take
place within fractures where the aperture becomes constricted, but this is
regarded as a less effective straining mechanism. Straining is allowed for by

f
a simple adjustment factor,#  (value between 0 and 1), which operates on

the Laplace transform solution for radionuclide flux (egn. 75 in Moridis &
f

X

Bodvarsson, 2001). In illustrative calculations, is given arbitrary values



of 0.95 for 5 nm diameter colloids and 0.35 for 500 nm colloids (Table 12 in
Moridis & Bodvarsson, 2001).

Other models for CFRT in the Yucca Mountain system have focused
on the details of the mechanism, kinetics and reversibility of sorption onto
colloids for specific radionuclides (Contardi et al., 2001; Cvetkovic et al.,
2004). The Cvetkovic et al. paper highlighted the sensitivity of the model to
parameterisation of desorption rates and of filtration processes. For a fixed
rate of colloid filtration, the attenuation of radionuclide breakthrough was
found to be sensitive to the rate of desorption of radionuclide from colloids.
Cvetkovic et al. concluded that experimental calibration of radionuclide de-
sorption rates and in situ studies of colloid filtration are needed. They
adopted the experimental rate of sorption of Pu onto montmorillonite ob-
tained by Lu et al. (1998, 2000) and converted it to a site-specific sorption
rate for relatively high colloid concentrations in the alluvial aquifer down-
gradient from Yucca Mountain, deriving a rate of 0.1 a-1. Converting the
same experimental data to the low natural colloid concentrations and low
porosity in repository host rock at Forsmark would give a sorption rate of
about 10-5 a-1. They also estimated the rate of irreversible filtration of col-
loids using a formula based on filtration theory which is the same one that
Moridis et al. (2003) used for the “filtration coefficient’:

e=1501" g
d (2.3)
where
U is flow velocity
n is porosity

d is a characteristic grain diameter (assuming porous medium)
n is a ‘single collector efficiency term’
a is a “collision efficiency factor’.

For example, Cvetkovic et al. estimate that € would be about 53 a™ for a 0.45
pum diameter colloid in a porous medium with grain size 0.2 mm and about
230 a™ for a 0.05 pum colloid in the same medium.

2.5 Models of colloid straining

A model for colloid straining in porous media has been developed and em-
pirically calibrated by Xu et al. (2006), using column experiments with latex
microspheres and quartz sand cleaned to remove coatings likely to cause
physicochemical attachment. The experimental measurements showed an
exponential decrease of straining as immabilised colloids increased, suggest-
ing a conceptual model whereby colloids will follow non-straining flowpaths
once those with constrictions and dead-ends have been occupied. The trans-
port equation used was:

2
o p3S__ € LdC
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where
C is concentration of colloids in water

Py Is bulk density
¢ is porosity
S is concentration of strained colloids

v is linear velocity of water
D is hydrodynamic dispersion coefficient.

The variation of strained colloids, S, is represented by a simple Kinetics ex-
pression with exponential relationship:

P 2= _k.C exp(—%) (2.5)

where
k, is a rate coefficient for colloid straining in the particular conditions

A is a coefficient defining the exponential decline of straining rate as S in-
creases.

Xu et al. found that k, was generally zero, i.e. no significant straining, if the

ratio of colloid diameter to sand grain diameter, d./dy,, was < 0.008, or typi-
cally for colloid sizes < 0.5 pm. k_ increased to about 35 hr, approximately

linearly with d./d,, above 0.008, for grain sizes up to 0.78 mm and colloid
sizes up to 5.1 um. They found that A increased with increasing colloid size
and decreasing grain size, A =1.44d./d-0.004 (1 ~ 0.008 t0 0.07). Ina
similar studies, Bradford et al. (2003) measured a k, -value of 67 hr for a

maximum d/dy, ratio of 0.021, whilst Bradford et al. (2004) found that
straining became important relative to attachment when d./d, > 0.005, i.e.
reasonably consistent with the finding of Xu et al. (2006).

Xu & Saiers (2009) carried out further experiments to test the effect of
non-uniformity of colloid size on the validity of the above rate expression
for straining in porous media, especially with respect to the importance of
dc/dm. It was found that straining of larger colloids enhances the straining of
smaller colloids, so the rate expression was modified to account for this ad-
ditional size-dependent effect.

Bradford et al. (2004) and Bradford & Bettahar (2006) found that ex-
perimental results could be fitted to a slightly simpler Kinetic expression:

a(PbS)
ot

=Koy, C (2.6)

where
v, IS a ‘straining function” which is a function of distance from the flow

inlet or a textural interface where straining tends to occur:

-B
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where

S™ is the maximum concentration of strained colloids,

z is distance from flow inlet,

B is a parameter for the shape of the power law spatial function (for which

Bradford et al., 2003, reported a value of 0.432).

2.6 Potential development of COLLAGE

COLLAGE 2 represents CFRT by the solution of two transport equations:
one for radionuclides in solution, i.e. as true solutes, and one for radionu-
clides sorbed onto mobile colloids. Radionuclides are distributed by sorption
onto mobile and immobile colloids. The ratio of mobile to immobile colloids
is specified, the rates of sorption and desorption of radionuclides to mobile
colloids are considered equal, and similarly for immobile colloids. Therefore
the CFRT process is quite prescribed and constrained in the COLLAGE 2
model. Straining is not explicitly considered.

Of the formulations for colloidal sorption, filtration and straining, only
that used for the Yucca Mountain safety analysis is specifically aimed at
CFRT in fractured rock (though it is primarily developed for unsaturated
fractured rock and therefore not directly transferable to the hydrogeological
conditions in Swedish rock). The other formulations are for general colloidal
migration in porous media, e.g. clean sands or sandstones, and have been
developed with the focus on contaminant transport in shallow aquifers.

Three potential developments are suggested for implementation in
COLLAGE-3:

1. Decoupling the rates of sorption and desorption for radionuclides on
to mobile and immobile colloids (noting that it is commonly as-
sumed that sorption is instantaneous and only desorption is kineti-
cally-controlled);

2. Introducing a term for sorption-desorption of colloids onto surfaces,
i.e. the attachment-detachment or “filtration’ term, so that the ratio of
mobile/immobile colloids is variable;

3. Introducing a term for straining of colloids due to trapping in frac-
tures, e.g. due to varying apertures, and migration into dead-end
fractures.

Decoupling of sorption and desorption rates for radionuclides would require
that the rate coefficients x; and x, in COLLAGE-II are divided into distinct

rate coefficients for sorption, x°™ and ", and desorption, x ™ and

desorb
K, .

A filtration term would take the form, as shown above for the Yucca
Mountain transport model:

~ =k"X —-Kxo (27)
ot
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inwhich " =¢fuG and x~ =0 (or a specific expression for detachment rate

if non-zero and colloid attachment is modelled as reversible).
The straining term is the most problematic to implement in a model for col-

loids moving in a fractured rock. Either an arbitrary straining factor, y ' (see

above) could be applied to the colloid or radionuclide transport solution to
attenuate the colloid concentration at any point, or the conceptual model for
exponentially reducing straining rate in relation to concentration of strained
colloids could be adopted. In the latter case, it could be assumed, as an initial
approximation, that the relationship of aperture in the case of fractured rock
is equivalent to that of grain size in the case of the porous medium.

The two alternative expressions for straining rate in a porous medium
are: (i) from Xu et al. (2006):

Py OS Sj
—=—= k,Cexp| —— 2.8
¢ ot ° p( A (28)

inwhich k, and A are related to colloid size versus grain size (or fracture

aperture) and to concentration of strained colloids as explained above;
or (ii) from Bradford et al. (2004):

0S
%E = koV/strC (2.9)

inwhich k; and y . are related to grain size (or fracture aperture), concen-

tration of strained colloids, and to distance along flow path, as explained
above.

A pragmatic alternative approach would be to assume that immobilisa-
tion of colloids by straining is implicitly included in the filtration term for
sorption of colloids to the fracture surface. This would involve two assump-
tions: (a) that straining is reversible with the same kinetics as apply to de-
sorption, and (b) that straining is a spatially homogeneous process and that
there is no interest in simulating the likely prevalence of straining at the start
of a flowpath, e.g. in fractures close to deposition holes that are the source of
dispersed bentonite.

11



3. Review of CFRT model-
ling in COLLAGE 3

3.1 Conceptual and mathematical back-
ground

COLLAGE 2 is a one-dimensional representation of radionuclides transport
in a fracture. As well as advection and dispersion of radionuclides in solution
and on mobile colloids. The conceptual model is illustrated in Figure 2.
Water flows in the fracture with an non-uniform profile. Colloids move with
the water flow, but with potentially higher velocity since they tend to flow in
the centre of the fracture being electrostatically repelled from the fracture
walls. Solute and colloids therefore have different velocities and dispersivi-
ties. Radionuclides in solution can diffuse into the rock matrix of the fracture
walls.

Within the fracture any colloids present can sorb and desorb radionu-
clides from solution. Conceptually there are two populations of colloids —
mobile and fixed. Colloids can be generated and may be input to inlet of the
fracture some of these may attach to the walls of the fracture or otherwise be
lost from the mobile population. Remobilisation may also occur.

Radionuclides entering the fracture in solution and/or sorbed onto mo-
bile colloids can migrate between the three populations: solution, mobile and
fixed. Radioactive decay also reduces the amount of radionuclides in the
system.

Radionuclide concentration in solution (cs) can be represented by the
advection-dispersion transport equation, allowing for matrix diffusion. The
concentration on mobile colloids (cm) similarly obeys an advection-
dispersion relation. The exchange of radionuclides between solute and mo-
bile and fixed colloids can be represented by linear first order dynamics. The
system is illustrated in Figure 2 (a).

Four equations therefore define radionuclide transport in the fracture
(the parameters are summarised in Table 1):

The radionuclide concentration in the fracture solution (cs) is given by,

2 oc
oc _Décs_u 605+@_p

S

ok Coax b ooz, (3.1)
- (ﬂ‘ + Ksm pm + st pf )Cs + Kmscm + Kfscf
and the concentration on mobile colloids (cy) is
o, o o%c, - ac,
a e " ax - 3.2)

- (ﬂ‘ * Kins + Kt km + KinCt + Ky PnCs
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Figure 2: COLLAGE 3 conceptual model for radionuclide transport in a one-dimensional planar fracture.

- ¢, —Ac,
solution solution

-k — K Cy -k KC; =0

i i mobile fixed
mobile — K Gy fixed — K Gy :
- ¢, =2 -Ac, —AC;
(a) Generalised system interactions between all (b) Restricted system in COLLAGE 3 — irreversible
three components interactions with fixed colloids

Figure 2: Radionuclide-colloid dynamic processes in the fracture. Restrictions imposed by the COLLAGE
2 mathematical model restrict interactions in COLLAGE 3 to those indicated in (b). This is further dis-
cussed in Section 3.2.
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Table 1: Summary of parameters used in the mathematical model of CFRT on which the COLLAGE 3 code is

based.
name units definition

D, m2y-1 dispersion coefficient of solute

(VA myt! average groundwater velocity in the fracture

D, m2y-1 molecular diffusion coefficient of the solute into the rock matrix

¢ - rock matrix porosity

b m fracture half width
D, m2y-1 dispersion coefficient of mobile colloids
u, myt average mobile colloid flow rate

A yl radionuclides decay constant

R - rock matrix retardation coefficient - R = ¢ + pK , Where K is the distribution coefficient

for radionuclides sorbing onto the rock matrix

[ . partition coefficient for radionuclides sorbing onto mobile colloids: p =k e,

o - partition coefficient for radionuclides sorbing onto immobile colloids: p = k.o

f, - fraction of injected inventory in solute phase, f =1- f,

L m length of fracture modelled

n scaling factor for zero concentration outer boundary condition at x = nL

K yl Transfer rates between the dynamic components of the system: i, j =s, m, f, solute, mobile

colloids and fixed colloids, respectively
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The accumulation of radionuclides on fixed colloids (c) is given by

oc,

p :—(ﬂ,+1<fm +1<fs)cf + K Cy + K P4 Cs (3.3)

The radionuclide concentration in the rock matrix (c,) is given by:

oc, o%c,
RE: Dr?—Rle (34)

Of these, Equations (3.1) and (3.2) are the main interest since their solution
gives the flux of radionuclides at the outlet of the fracture. NB, these are the
governing equations for a single radionuclide. Chains are not yet modelled in
COLLAGE.

In the absence of colloids, the equations reduce to a standard one-
dimensional advection-dispersion model. It is in the dynamics of radionu-
clides interactions between solution, mobile and fixed colloids that the code
comes into its own. According to the conceptual model in Figure 2, there are
six dynamic interactions between radionuclides in the different components
of the system. Figure 2 illustrates the dynamic relationships between solute,
mobile and fixed colloids in the fracture. However, given the structure of the
pre-existing COLLAGE 2 mathematical model it is only possible to include
four of these in the current structure. The reason for this and the interpreta-
tion of the transport equations in COLLAGE 3 are discussed in the following
section.

3.2 The COLLAGE 2 mathematical

framework

The COLLAGE mathematical framework has been developed through two
phases. The most recent is COLLAGE 2 (Grindrod and Cooper, 1993). The
basic equations for radionuclide transport are those given in Equations (3.1)
to (3.4) but with modification and simplifications to facilitate the solution for
the radionuclide flux at the fracture outlet where a zero concentration bound-
ary condition is imposed.

Of concern therefore is the radionuclides flux from the fracture. The
colloid distribution is not at issue. COLLAGE 2 employs the following as-
sumptions:

1) Equal sorption/desorption rates from solute to mobile colloids:
Ksm = Kms

2) Equal sorption/desorption rates from solute to fixed colloids:
K =K

3) Non-dynamic populations of fixed and mobile colloids, radionuclide
dynamics between the two populations are modelled only in terms of
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sorption/desorption. There is a constant ratio between mobile and
fixed colloid populations — parameter, f, . This allows the nuclide

concentration on the two populations to be writtenas c, = f, c,,
4) No dynamic relationship directly between mobile and fixed colloids:
Knt =Kim = O

From assumptions 3 and 4 the colloid concentrations can be written as a
linear combination so that Equations (3.2) and (3.3) become

oc, o’c, ac,
L (35)

- [(1+ ffm)ﬂ’ *+ Kns T fmefs]Cm + (Ksm P + Ky Py ks

for the concentration on colloids, and
ac, . 0%, % +@%
ot *ox’ *ox b oz (3.6)

z=0

_(ﬂ‘ +Ksm pm +st pf ks +(Kms + 1:fm’(‘fskm

for the solute transport equation.

These equations are implemented in the original COLLAGE 2 code.
NB, the sorption / desorption rate parameters are written in the non-
symmetric form for future reference.

To solve for the flux at the outlet of the fracture the boundary and ini-
tial conditions are required:

c.(x,0)=c,(x,0)=0, 0<x<nL, (3.7)

c.(nL,t)=c_(nL,t)=0, t>0. (3.8)

Initially there is no radionuclide in the system and there is a zero down-
stream concentration at n times the length L of the fracture.

COLLAGE assumes a delta-function input at the inlet with the release of the
radionuclide partitioned between solution and mobile colloids, according to
parameter f_:

{USCS - D, acs} =T ia(t)' t>0, (3.9)
X 1o 2b
ac 1
-D,—=| =@-f)=6(t) t=0. 3.10
w0, 8e] —g-n)2at) @
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COLLAGE uses a Laplace transform method to solve for the radionuclide
flux across the fracture outlet. In the Laplace domain, (3.7) and (3.8) can be

reduced to a single 4™-order ordinary differential equation in C,, the Laplace
transform of the radionuclide concentration in solution. In turn this can be
used to solve for C,,, the Laplace domain transform of the mobile colloid
concentration.

Assuming that the solution for the transform of the outlet concentra-
tion is a linear superposition of states:

C, = Aeitm). (3.11)

i=1,4

where r. = p. +ig., the ode becomes a 4" order polynomial. COLLAGE 2
plus (Ktos, 2003) used an analytic solution (in place of the original matrix
inversion approach of Grindrod & Cooper, 1993) to provide a solution for €,

and € at the outlet.

A numerical Laplace inversion is used to obtain the radionuclide
fluxes in solution and on mobile colloids (the Talbot algorithm is used as
documented by Grindrod & Cooper). In practice the algebraic solution to the
ode has been found to be particularly robust at the early times of interest in
the rapid transport of pulses of colloids along the fracture in the bulk solute
flow.

3.3 The COLLAGE 3 model

The assumptions listed on page 15, on which COLLAGE 2 is based, limit
what it is possible to do in terms of expanding the capabilities of the code in
line with the description of recent developments in CFRT set out in Section
2. In particular the restriction imposed by the third assumption means that it
is not possible to model the populations of fixed and mobile colloids inde-
pendently.

However, using the form of the linear dynamics illustrated in Figure 2
(b), a set of equation can be formulated which allow unequal sorption / de-

sorption rates to be implemented, so that, generally, X #XiiFurthermore
by setting the parameter describing the population ration of fixed to mobile

colloids to zero in the COLLAGE expressions ( fin = 0) the model then
takes into account solute and mobile colloids only. Filtering of mobile col-
loids then leads to a loss term from the transport equation for mobile col-

loids, ie, filtering is represented by the rate Kot However, because the fixed
colloids are not modelled explicitly the return process cannot be modelled so
the processes must be regarded as irreversible. Similarly desorption from
fixed colloids cannot be modelled.

The transport equations in COLLAGE 3 are therefore:
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o, _p o, o gD G,
o o' Cax b oozl (3.12)

0
_(j‘ + K Py + K Py )Cs + KnsCrn

For radionuclides in solution, and

ac o%c ac
m_D m_y =" _(l+k . 4K + K, P.C.- 3.13
at m axz m ax ( ms mf km sm pm S ( )

For radionuclides on mobile colloids.
There are two partition parameters used in these equations: P for ra-

dionuclides on mobile colloids and P* for fixed colloids. In each case these
are derived from the populations of mobile and fixed colloids per unit vol-
ume of fracture water, according to

P =akK, with i = f,m (3.14)

The effective kq for colloids on the two populations is K, and the mass of
each per unit volume of the fracture is ¢ .

Some recoding is also required, not only to account for this additional
parameters but also to modify the internal coefficients of the 4th order poly-
nomial that has to be solved. For the record, the modified versions are as
described below (refer to the code for further information and to Grindrod &
Cooper, 1993, for deeper description).

Internally to the COLLAGE 3 code the two 4th order polynomials (for
each of the solute and colloid concentrations) have the form

y=ax*+bx}+cx+d,. (3.15)

For the solute:

a, = D,
b1=—US
[, [GAR . (3.16)
C‘1_ +S+ b D +Ksmpm+stpf
dlz_Kms

For the colloids the coefficients are:
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a,=D

2 m
b, = Uy, . (3.17)
C, Z—[ + S+ K, +Kmf]
dz = _(Ksm P + Kt Py )
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4. Application of COLLAGE
3

4.1 Best estimate dataset for the bentonite
erosion scenario

This project has the aim of implementing the conceptual changes discussed
in Section 2 in the COLLAGE 3 framework. This section sets out a suitable
test case dataset for the revised model in which a best estimate representa-
tion of the SR-Can fracture with impulse release of ***Pu on colloids is im-
plemented, illustrating the bentonite erosion scenario. This model demon-
strates the revised code and provides an indication of the potential signifi-
cance of colloid filtration.

The revision of mathematical model described above means that the
data requirements for COLLAGE 3 differ from the earlier versions and,
unlike the modification to COLLAGE 2 plus, which allowed the original
datafile format to be used. The enhanced capabilities of COLLAGE 3 re-
quire a modified format in that there are additional parameters input, namely
the kinematic transfers from maobile colloids to solution and to fixed col-
loids. Additionally the effective kd for sorption onto colloidal particles is
input directly as are the mass loadings of suspended and fixed colloids per
unit volume of the fracture.

Numerical values for the best estimate case follow in the order they
appear in the input files (including redundant parameters). Those items in the
data file which are not directly related to the mathematical model of CFRT
are greyed-out in the text. Data for the fracture transport are taken from the
interpretation of the SR-Can fracture discussed in Broed & Xu (2008). Data
for the kinematics of radionuclide colloid — solute interactions are described
below.

Fracture characterisation:

e Mean solute velocity, us is taken from Broed & Xu, based on a frac-
ture length of 500 m and a groundwater travel time of 40 a. The
mean colloid velocity is taken to be 1.32 greater as discussed by
Grindrod & Cooper (1993):

us=125ma Up=16.5ma™

e Dispersion coefficients for solute and colloids. Broed & Xu quote
the value for Ds (with an implicit Peclet number of 10). Grindrod
and Cooper note that the dispersion coefficients for colloids should
be higher and cite 140 m*s™ for colloids compared to 50 m*s™.
Lacking more detailed information we adopt this ratio here:

Ds=625m”a™ Dy = 1750 m? a™
e Matrix porosity (Broed & Xu):
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¢ =1x107
e Radionuclide decay constant — data for ?**Pu (halflife = 3.7x10°
years):

4 =1.86x10°a"

e Rock matrix retardation factor R = ¢ + pK, . Lindgren & Lind-
strom (1999) quote a realistic value for the rock Kp of Puas 5 and a
pessimistic value of 1 m® kg™. These were the values used in SR97
and Sr-Can, and derive from the review of rock Kps carried out by
Carbol & Engkvist (1999). The rock density is assumed to be 2700
kg m™. The realistic value gives a retardation factor:

R = 1.30x10*
The pessimistic value gives R = 2.6x10°.

e Molecular diffusion coefficient of the solute into the rock matrix.
The realistic value from SKB (2004b), the interim data report for
SR-Can is used :

D, =1.26x10°m?a*
A pessimistic alternative, D, = 1.26x107 m*a™ is also considered in
conjunction with the pessimistic retardation factor.

e Fracture length, fracture width (aperture) - Broed & Xu - and
scaling factor for the zero concentration boundary condition (taken
to be x = nL):

L =500 m b=10"m n=2
Inverse Laplace transform parameters (Grindrod & Cooper, 1993):
e Talbot algorithm parameters

N =64 Q=16 A=6
Redundant parameters in COLLAGE 2 files for backwards compatibility:
e Superseded parameter

1 (not used in COLLAGE 3, used to maintain compatibility with
COLLAGE 2)

e Superseded parameter

1 (not used in COLLAGE 2 plus, used to maintain compatibility
with COLLAGE 2 datafiles)

e Partition coefficients for mobile colloids (now evaluated using addi-
tional parameters in the COLLAGE 3 datafile)

Pm = 5%x10™
e Partition coefficients for fixed colloids (how evaluated using addi-
tional parameters in the COLLAGE 3 datafile)

pr = 9.5x10°
Dynamics involving transfers from solute :
e Sorption rate of solute to mobile colloids, solute to fixed colloids,
based on interpretation of Cvetkovic et al. (2004):

Ksm = 0.1 at ks =1.9 at
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basing x on the relation xg = xgm Kmr, iN Which xn, is the distribution
coefficient for colloids being filtered on to rock matrix, xm- = 19.
Scenario defining conditions:
o Ratio of fixed to mobile colloids: this parameter can be set to zero
(see Section 0)

fm =0.0
e Fraction of radionuclides injected in solution (remainder are in-
jected on colloids):

f;=0.0
Injection on colloids is the assumption for the bentonite erosion
scenario.
Time stepping options for the solution:
e Parameter defining time at which output starts (0 = at initial time
step, > 0 = at time of first breakthrough):

DELT =0

e Exponent of first time and number of time points per decade in the

k
+=

p
output- t=10 Y :

p= 0 ti=50
e Final output time:
tin = 2x10" a
e Parameter used after COLLAGE 2 plus to turn diagnostic output on
or off:
OVERFLOW =0

No diagnostic information generated in the results files. Overflow <
0 full diagnostics, > 0 limited diagnostics. Beware Overflow < 0.
Additional parameters used in COLLAGE 3
o Desorption rate for radionuclide from mobile colloids, filtration
loss from mobile colloids (based on interpretation of Cvetkovic et
al. (2004):

Kms = 102 at ko= 1.15a*
Kms = ksm | @, Where a ~ 100 is a reversibility ratio, and « is based
on Appendix F in Cvetkovic et al. for colloid size 0.45 pum, water
flow velocity 10 m a™, collision efficiency factor 0.005 and aperture
2x10° m [assuming that aperture width is equivalent to grain size in
the diffusion-only formulation for single-collector efficiency of a
porous medium in egn. 6 of Yao et al. (1971) as used in Appendix F
of Cvetkovic et al. (2004)]. For aperture 2 x 10 m, ks = 53.5a™

e Effective solid - liquid distribution coefficients for colloidal par-
ticles:

K.=5.0m’kg*
Assumed equal to sorption on fracture walls. The pessimistic
case uses K.=1.0.
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Figure 3: Breakthrough curve calculated using COLLAGE 3
for the case of a fracture transporting radionuclides in
solution only. Injection in solution, no colloids present. Best
estimate dataset.
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Figure 5: Breakthrough curve calculated with COLLAGE 3
with pessimistic values for sorption in the rock matrix in the
absence of colloids. Injection in solution.
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Figure 4: Best estimate breakthrough curve calculated using
COLLAGE 3 Mobile colloids filtered during transport. Injection
on colloids cf. bentonite erosion scenario.
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Best estimate dataset but no filtration (km¢ = 0.) Injection on
colloids.
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o Density of mobile colloids per unit volume of fracture water:

om = 5%x10* kg m*
based on assumed concentration of 0.5 mg litre™.
o Density of fixed colloids per unit volume of fracture water:

o = 9.5x10° kg m™

based on assumed concentration of 9.5 mg litre™.
The parameters describing colloid interactions mainly attempts to give ‘typi-
cal’ values, though their variability in real systems may range over many
orders of magnitude. For preliminary sensitivity tests of the model, it was
decided that only two terms in the above list should be varied:

o Desorption rate for radionuclide from mobile colloids: 107 < ki <
10%at

o Filtration loss of mobile colloids becoming irreversibly immobilised:
107 <xkm<10a™.

Results for the best estimate case, a pessimistic sorption case and an investi-
gation of the sensitivity to colloid dynamics are presented in the following
section.

4.2 Results and discussion

The primary motivation in the application of COLLAGE has always been to
illustrate the potential effects of CFRT in fractures. Figure 3 illustrates the
case for a pulse of radionuclides entering the fracture in solution at t = 0. In
this case there are no colloids in the system. Matrix diffusion provides the
retardation mechanism and the peak release occurs around 250 years after
the release but with a peak flux at around 4x10™* compared with the input
unit pulse.

The best estimate of CFRT is shown in Figure 4. In comparison with
the no colloid case the overall release is much lower at ~ 8x10-8. The pres-
ence of the colloids in the fracture brings the peak release forward to 100
years. However, the filtration of the colloids, leading to a loss of radionu-
clide from the fracture’s flow system leads to a marked reduction in the
overall release.

With the pessimistic values for matrix sorption (rock kd reduced from
5m3 kg-1 to 1 m3 kg-1 and matrix diffusivity reduced by an order of magni-
tude to 1.26x10-7 m2 a-1), Figure 5 shows that a peak release of around
10-2 is possible close to the groundwater travel time (the peak is actually at
38 years. Compared to Figure 3, this illustrates the importance of matrix
diffusion as a mechanism for retardation. This can be considered a pessimis-
tic result for the fracture.

With the best estimate filtration rate there is around a four order of
magnitude reduction in the peak release of radionuclides from the fracture
compared to the no colloid case. However, if there is no filtration (Figure 6)
there is an initial peak of 1.85x10-2 which arrives with a travel time of
around 30 years. In this case release of radionuclides on the colloids trans-
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ported along the fracture remains greater that solute-born release beyond 10
ka from the injection of the radionuclide pulse. There is appreciable spread-
ing of the pulse along the flowpath. In the best estimate case radionuclides in
solution dominate the release. Clearly, between the no-filtration and best
estimate filtration cases there is a transition from early colloid dominated
releases to a slower solute driven release.

Comparing Figure 6 and Figure 5 the release from the colloid-
mediated no-filtration case gives a higher release than the pessimistic case
for matrix sorption. This illustrates the potential significance of colloidal
filtration. The parametric sensitivity analysis further illustrated the influence
of the filtration and desorption terms, kmf and kms. The results investigated
are the initial flux at first breakthrough and the peak flux over all time.

The mobile colloid to solute desorption rate shows a linear influence
on the peak and initial fluxes. For all values of kms in the range considered
the initial release is less than the later solute driven peak. Other than increas-
ing the release with decreasing transfer rate from mobile colloids to solution,
there is no other influence. For the values of the dispersion parameters used
here this parameter does not lead to a higher initial flux.

In contrast there is a much greater sensitivity to the filtration parame-
ter, kmf (Figure 8). This might be expected since the filtration effectively
removes radionuclides from the system. The best estimate value is close to
the point where the colloid-mediated early peak dominates. If the filtration
parameter were to be lower by a factor of 10, the early peak would have a
magnitude of around 5x10-3 relative to the initial pulse and would then be
comparable to the pessimistic matrix sorption case. For values of kmf up
around 0.8 a-1 the early peak dominates. Thereafter the later peak is higher.
At this value the peak release is already five orders of magnitude lower than
the no-filtration case.
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Figure 7: Effect of ks on the initial peak and the peak at over Figure 8. Effect of varying the filtration parameter, Ky, on
all time, keeping all other parameters at their best estimate the initial peak and the peak at over all time, keeping all
values. Best estimate value is Kps = 10°%a™. other parameters at their best estimate values.
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It is likely that filtration would be beneficial in reducing any colloid-
mediated releases from the fracture. However, the results are sensitive to the
value of the filtration rate and a one order of magnitude reduction compared
to the best estimate value could lead to a higher release than the no-colloids
case. This may be significant and it should be noted that because there is no
remobilisation of filtered colloids and no desorption from fixed colloids to
solution, the use of this high filtration value may be non-conservative. To
investigate this influence it might be considered reasonable to use a reduced
value for the filtration rate. It should also be noted that, as intuitively ex-
pected, the filtration rate increases as the fracture aperture width decreases,
i.e. by a factor of ~50 for an order of magnitude decrease in aperture. This
suggests that there is a better need to understand the mechanics of colloid
filtration and , potentially, to include the fixed colloid population so as to be
able to explicitly model the remobilisation of fixed colloids.

These preliminary results show that the key processes outlined in Sec-
tion 2 of this report can be represented using modifications to the original
COLLAGE code. The resulting model — COLLAGE 3 - shows the impor-
tance of colloid filtration as a mechanism for reducing potential early re-
leases of radionuclides on colloids in the bentonite erosion scenario.

The structure of the COLLAGE mathematical model imposes restric-
tion on the dynamical system that can be represented. In particular the issue
of desorption of radionuclides from mobile colloids to solution is repre-
sented but, in the presence of a fixed (ie, filtered) colloid population the
same process can not currently be modelled. Nevertheless, the potential im-
portance of filtration as a limiting mechanism of CFRT mediated early re-
lease is clearly indicated. The reverse process is also not modelled in the
current code (remobilisation of filtered colloids).

In the bentonite erosion scenario it is assumed that an episodic intru-
sion of dilute water to repository depth and in contact with bentonite buffer
at the deposition hole-rock interface could cause the smectite gel to expand
and thus be eroded and dispersed into fractures as a colloidal suspension.
Loss of buffer performance might increase the risk of corrosion of canisters,
for mechanical or hydrochemical reasons. If leakage from corroded canisters
were to coincide with mobilisation of dispersed bentonite, then the conse-
quences of colloid-facilitated radionuclide transport should be taken into
account in the safety analysis. There are many uncertainties in how this mass
of eroded and dispersed material might interact with the fracture and whether
all of the injected colloids would be strained (i.e. physically trapped) close to
deposition holes and/or filtered irreversibly (i.e. immobilised by sorptive
attachment to fracture surfaces). SKB have research and modelling of these
processes ongoing, the results of which are not yet published. Currently the
only way to model this conservatively is to scale-down the filtration parame-
ter kmf, so as to represent the possibility of a reversible filtration process
plus the possibility that straining might be incomplete due to the large initial
concentration of bentonite colloids. As the results show, the best estimate
value of this parameter is close to the tipping point between CFRT early
release dominated radionuclide fluxes and solute dominated later releases.
Potentially of greater significance is the observation that a one order of mag-
nitude reduction in the filtration rate would lead to an release of radionu-
clides of comparable magnitude to the pessimistic matrix diffusion case.
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A further limitation of the current code concerns the fixed populations
of colloids in the fracture. In reality these might vary in time as mobile col-
loids are filtered. The use of constant average values for the colloidal densi-
ties in the fracture water, am and aof are therefore weakness of the current
approach. A clearer picture would emerge from a revision of COLLAGE’s
mathematical structure explicitly to include the concentration of radionu-
clides on fixed colloids as well as on mobile colloids and in solution.
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5. Conclusions and rec-
ommendations

5.1 COLLAGE 3

Taking account of the recent developments in colloid facilitated radionuclide
transport discussed in Section 2, the COLLAGE 2 plus code has been modi-
fied and reinterpreted to take into account additional processes — particularly
colloid filtration. The new code — COLLAGE 3 - has been demonstrated (in
prototype form) and the results indicate the potential importance of colloid
filtration as one of the processes in colloid-facilitated radionuclide transport
and retention in fractured rock that typifies the selected geological repository
location at Forsmark. The best-estimate dataset has a filtration term which is
close to the point where early release could become important. The modifi-
cations to the code introduced in COLLAGE 2 plus mean that the results at
early times are reliably expressed.

Given the structure of the code, two processes are neglected here:

o the desorption of radionuclides on fixed colloids back to solu-
tion
e the remobilisation of fixed colloids, ‘detachment’

These are non-conservative assumptions which act to limit the number of
colloids reaching the outlet. However, irreversible trapping of colloids by
filtration and straining is probably realistic.

A more complete description would account for the populations of
fixed and mobile colloids but this would require a significant reworking of
the code.

5.2 Implications for CFRT in SKB’s PA
modelling

In the bentonite erosion scenario it is supposed that large quantities of poten-
tially radionuclide-bearing colloids are injected into a fracture. Depending
on the mechanisms for filtration there can be a potentially significant early
release of radionuclides. Filtration is a key issue.

Additional understanding is required to better characterise the mecha-
nisms for colloid generation in such circumstances and to understand the
scope for the filtration of colloids along the length of the fracture. Such in-
vestigations are beyond the scope of COLLAGE but the results should help
to characterise parameters and FEPs to be include in PA codes for CFRT in
SR-Site.
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5.3 Suggestions for future work

Options for future work include
1. This work aimed to investigate if the COLLAGE 2 plus model could

be developed to represent additional FEPs. This has been success-
fully carried out but the current code should be considered as a pro-
totype for COLLAGE 3. Although fully functioning, it could be ti-
died up and made more user friendly. The code is written in Fortran
95. This is primarily because of the use of high-precision complex
arithmetic in the Laplace Transform inversion. Nevertheless there
are ways in which the user interface could be improved.

2. As the issue of CFRT has re-emerged recently a verification of the
results from COLLAGE 3 against other CFRT codes would be use-
ful. This could include a revised interpretation of a typical Forsmark
fracture.

3. A more detailed review of classical filtration theory (Cvetkovic,
2004, citing Yao et al., 1971) could provide a better framework for
filtration in a fracture characterised by aperture size.

4. As noted there are some mechanisms that the current form of the
model cannot represent. Consideration should be given as to whether
it is necessary to revise the mathematical model to include explicit
representation of the three radionuclide concentrations: in solution,
on mobile colloids and on fixed colloids.

5. Ultimately the significance of the bentonite erosion scenario lies in
the radiological impact. For this the dose conversion factors are re-
quired for the nuclides implicated (***Pu, americium, uranium, and
neptunium). Similarly the potential source term needs to be ap-
proximated. Currently the model uses a delta-function release. The
amount of colloidal material releases and the quantity of radionu-
clide are therefore also required. Alternatively, DCFs generated us-
ing GEMA3D, say, could be used to determine the radiologically
acceptable limits on the release.

6. The code does not currently handle decay chains these could be
added to the mathematical framework. However, the main impor-
tance of CFRT lies in the potential early release it may not be neces-
sary to build decay chains into the code since it is the early release
of the parents that are at variance with the non-CFRT case.
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Appendix A — Implementa-
tion of COLLAGE 3

A.1 Datafiles, command line and results

The COLLAGE codes are written in Fortran and extensive use is made of
complex arithmetic in the Laplace domain. The codes are rather old though
there have been some enhancements to make use of the Fortran 95 standard,
particularly use of increased precision models for all key variables enhanc-
ing the performance at earlier times. As a fortran application the code is
command-line based and ruins in a Windows command window. Develop-
ment took place in Linux and was also compiled for use in Cygwin. The
MinGW compiler has also been used to produce native Windows executa-
bles. Compiler issues are discussed further in the following section.
As a text-based application basic i/o is accomplished using text files.
The best estimate datafile described in Section 0 is illustrated in Table A-1.
The numerical values are read in as free format numbers. The most secure
way of generating the files is to employ a template in Excel and to copy the
contents of the file to a text file for use with the code. In this way the pa-
rameters can be stored as tab-separated numbers. This is format is illustrated
in Figure A-1. One option might be to integrate the execution of the code
into an Excel spreadsheet as a macro.
Running the code requires the use of batch
files (in the main directory) with a fixed sub-
4 & Collage3 _ directory structure: the executables are stored

bin in the bin path. Input files are in the input

grel path. The command to run the code is (DOS

input window, Cygwin or Linux):

lis > c3_X C3_BE

output This reads the c3_BE. in file from input. A
listing of the run is directed to 1is and the

e output from the code is stored in output.

ot The command c3_x also runs a code from the

s grcl code which extracts details from the

User Guide output files as columns of fluxes vs time.

These are then stored in the plot path for use
with plotting utilities. Additionally the peak
folder contains details of the time of initial
flux , the initial flux, the time of peak flux and the peak flux. All data files
use the same name with the file extension used to denote the type of file:

AN input files .out results files
Adis listing files .dat tab delimited plot files
tab tab delimited peak flux files

Source codes are in the src path.
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A.2 Compilers

COLLAGE uses Fortran because of the need to perform complex arithmetic.
The current version of the code includes several Fortran 95 features, such as
the real (10) or cmpIx(10) options which increase numerical precision
beyond the normal double precision (real (8)) numbers. This additional
precision helps provide numerical stability at early times in the solution.

Table A-1: The Best estimate data file for the COLLAGE 3 calculations.

Adrian Bath"s best estimate dataset 20091106 + SSM 2008:10 data for us with Pe = 10 to give dispersion using
Grindrod & Cooper”s ratios. REALISTIC matrix sorption

12.5 16.5 us, um util & ustar - ratio of 1.32 as per Grindrod
(1993)

625 1750 Ds, Dm Dtil & Dstar - ratio of 140/50 as per Grindrod &
Cooper (1993)

1.00E-03 phi Matrix porosity - Broed & Xu: SSI 2008:10
1.86E-06 lambda Radioactive decay rate - Pu242

1.30E+04 R Retardation - based on values of 0.001 for
porosity, 2700 kg/m3 bulk density of rock & Kd = 5 m3/kg - SR Can BE

1.26E-06 Dr Diffusivity in rock: D ( R-04-34)

500 1.00E-04 2 L, b, NL L, b, NL Aberg, typical fracture and working
value!

64 16 6 N, Q, LAMBDA Talbot parameters: N,Q,LAMBDA

1 (REDUNDANT)

5.00E-04 pm based on Kc x am with Kc = 10-3 L/mg and am =
0.5 mg/L (K1 - mobile colloids)

9.50E-03 pf based on Kc x of with af = 9.5 mg/L - (K2)
0.1 1.9 kap_sm, kap_sf Value for kap_sf based on ksm x Kc with Kc = 19
(ALPHAL, ALPHA2)

0 ffm Number of immobile colloids/ Number of mobile:
BETA

0 fs Fraction of injection in solute phase: FRAC

0 DELT Timestep: DELT

0 50 POW, TINC Exponent and number of increments: POW, TINC
2.00E+07 TFIN Endtime: TFIN

0 overflow Overflow

1.00E-03 1.15 kap_ms, kap_mf , kap_mf - Ffiltration loss of mobile colloids

becoming irreversibly immobilised = 1.15 yr-1 (based on App F in Cvetkovic et al for colloid size 0.45 pm and
aperture 2 mm)

5 ke Kd for sorption on to colloids = 5.0 m3/kg
1.00E-04 alpham susp. Load of mobile colloids - derived from pm
= kc * aplham

9.50E-03 alphaf fixed colloids density per unit volume of

fracture water = 9.5x10-3 kg/m3 (= 9.5 mg/L)
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Figure A-1: Data file stored as an Excel spreadsheet.

Object 1 -

(S_analysis_March2010 - Microsoft Excel

Home Insert Page Layout Review View

Formulas Data

Jx | =EMBED("Equation.3%,"")

Add-Ins

A B G D E F G H i J K L Mi

Adrian Bath's best estimate dataset 20091106 + SSM 2008:10 data for us with Pe = 10 to give dispersion using Grindrod & Cooper's ratios. REALISTIC matrix sorption

125 165 us, um utl & ustar - raio of 1.32 a5 per Geindrod (1993)

625 1750 Ds, Dm Del & Dstar - ratio of 14050 as per Grndrod & Cooper (1993)

1.00e03 ph Marrix porosity - Broed & Xu: SSI 2008:10

1.86E06 lambda Radioactve decay rae - Pud2

1.30e+04 R Retardation - based on values of 0.001 for porosity, 2700 kag/m3 bulk density of rock & Kd = 5 m3/kg - SR Can BE
1.26E06 Dr Difusivity in rock: D ( R-04-34)

500 1.00e04 2 L b NL L, b, NL Absrg, typical fracture and working vaius!

] 16 ] N, Q, LAMBDA Tabot paramaters: N,Q LAMBDA

1 (REDUNDANT)

5.00e-04 pm based on Ke x am with Ke = 103 Umg and am = 0.5 mg/L (K1 - mobde colloids)
950803 o basad on Ke x of with of = 9.5 mglL - (K2)

01 19 kap_sm, kap_sf Value for kap_sf based on xsm x Ke with Ke = 19 (ALPHA1, ALPHA2)

0 fn Number of immobde collods/ Number of mobde: BETA

0 3 Fracton of imecton in sohste phase: FRAC

0 DELT Timestep: DELT

0 20 POW, TINC  Exponent and number of mcremenss: POW, TINC

2.00e+07 TFIN Endime: TFIN

0 ovedow Ovedow

1.00e03 1.15 kap_ms, kap_mf |, kap_mf - Siration loss of moble colods becoming mreversdly immoblised = 1,15 yr-1 (based on App F in Cvetowd

Kd for sorpion on 1o colloids = 5.0 m3kg
susp. Load of mobde collowds - denved from pm = ke * aplham
fixed colods density per unit volume of racture water = 9 5x10-3 kg/m3 (= 9.5 mglL)

/rev_no_fitration .~ rev no fit no fixed .~ rev BE [ &

Development of the code has been carried out using the Linux environment
with the gfortran compiler and the Photran integrated development environ-
ment for fortran. The developed code has been implemented in Windows XP
and Vista using the Cygwin Linux-like enhancements for the DOS command
window and using the G95 fortran compiler. This requires Cygwin to be
installed on the host system, so the MinGW implementation of G95 which
produces native Windows executables has also been implemented on XP and
Vista. The results shown here were obtained in Vista using the MinGW G95
compiler (http://www.g95.0rg).

All codes produce the same results. As a verification, the results from
COLLAGE 2 plus and COLLAGE 3 have been compared for equivalent
datasets and the results are identical.
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