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ARTICLE INFO ABSTRACT

Keywords: Cementitious materials will be used during the construction and operation of a geological repository for spent
Geological repository for spent nuclear fuel in nuclear fuel at Olkiluoto in Finland. Upon contacting water, cement dissolution will generate high-pH leachates,
Finland

which might eventually reach the proximity of a canister deposition hole through an interconnected network of
fractures in the crystalline host rock. Highly-alkaline conditions near the bentonite buffer surrounding the
canister could affect the performance of the buffer safety functions. In this study, we evaluate the potential
impact such cement leachates might have on the chemical composition of the buffer porewater over time-frames
relevant for the safety assessment of the repository.

Although a comprehensive mechanistic assessment of these interactions is not possible due to their
complexity, we demonstrate that key processes and their impact on the chemical composition of the bentonite
porewater can be bounded. To this end we apply a reactive transport modelling based on an analysis of processes
and parameter values. The model considers a 3D geometry including: the canister, the bentonite buffer, and a
discrete fracture in the rock intersecting the deposition hole. Cement leachates flow through the fracture around
the deposition hole, while solutes exchange with the buffer porewater via advective and diffusive mass transfer.

Modelling results indicate that a combination of restricted water flow within the fracture, slow diffusive solute
transport in the buffer, and chemical reactions will act together to minimise the extent of buffer porewater
perturbation, should cement leachates reach the vicinity of a deposition hole. The model pessimistically esti-
mates a maximum pH variation to be below 0.1 unit, and a maximum concentration change of about factor 3
(relative to initial) for reacting components within most of the buffer volume. This is only about double the
perturbation values predicted for “natural” evolution of the buffer porewater, in the absence of cement leachates.

Model uncertainties are evaluated by a series of sensitivity cases. These calculations suggest that additional
processes, not directly accounted for in the base model (such as leachate-groundwater mixing and dilution on
transport through the fracture network, and porosity reduction in the buffer due to mineral precipitation), could
significantly contribute to a further reduction of the magnitude of potential buffer porewater perturbation.

Bentonite buffer porewater composition
Cement leachates

Reactive transport modelling
Performance and safety assessment

1. Introduction According to the adopted multiple-barrier disposal concept, spent nu-
clear fuel will be packed in canisters made of copper and cast iron.

POSIVA (www.posiva.fi), the Finnish radioactive waste management Tunnels will be excavated inside the rock, and the canisters will be
company, considers disposing of spent nuclear fuel in the Olkiluoto placed in holes drilled within the tunnels. Remaining cavities will be

crystalline bedrock at a depth of 400-450 m (POSIVA, 2012a). filled with bentonite-based clay to provide favourable physical and
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chemical conditions near the canister (POSIVA, 2012a). Fig. 1 sche-
matically illustrates the KBS-V disposal concept, whereby disposal
packages are deposited in vertical deposition holes drilled from hori-
zontal deposition tunnels.

Cementitious materials of various types and quantities (used for rock
stabilisation, to limit groundwater inflow, for sealing of the deposition
tunnels, and for the construction of other engineering structures) will be
present in the repository after closure (POSIVA, 2012b). Although the
buffer will not be in direct contact with cementitious materials, it may be
exposed to cementitious fluids derived from cement leaching occurring
at other locations within and near the repository, transported through an
interconnected network of fractures in the rock by flowing groundwater.

The suitability of the Olkiluoto bedrock for final disposal of spent
nuclear fuel is demonstrated with a so-called safety case (POSIVA,
2012a). An integral part of the safety case is a detailed analysis of po-
tential failure modes of the engineered barrier system, and the long-term
consequences of such events. For example, should a disposal canister fail
after repository closure, the rate of radionuclide release will be affected
by the chemical conditions in the bentonite buffer, which define
radionuclide solubility, sorption and transport. Repository safety cal-
culations considered several possible groundwater compositions (Hella
et al., 2014). A High-Alkaline Bounding Groundwater was defined to
represent the potential effect of high-pH solutions originating from the
leaching of cementitious materials left in the repository after closure.
The composition of this water was approximated by imposing pH of 10
(simplistically representing an expected extensive period after complete
portlandite dissolution during which Calcium Silicate Hydrate phases
control cement water pH) on the Saline Reference Groundwater (Hella
et al., 2014). Based on thus calculated composition of the High-Alkaline
Bounding Groundwater, the corresponding composition of the buffer
porewater was defined by performing batch thermochemical equilib-
rium calculations. The so calculated pH value for the buffer porewater is
however uncertain because various complex processes expected to take
place during these interactions are either treated simplistically or
neglected altogether. These uncertainties are subsequently propagated
into later phases of safety analysis, e.g. the evaluation of radionuclide
solubility, retardation and transport.

An assessment of the potential impact of cementitious materials left
in the repository after closure, on the integrity of the bentonite buffer,
has been carried out within POSIVA’s programme utilising a variety of
approaches (e.g. Vieno et al., 2003; Montori et al., 2008; Lehikoinen,
2009; Soler, 2010; Soler, 2011a; Soler et al., 2011b; Soler, 2012; Kos-
kinen, 2013). These studies focused on various aspects related with the
chemical and mechanical stability of the bentonite buffer, such as the
extent of montmorillonite dissolution, buffer stability, porosity changes,
mineralogical alteration and cementation processes. However, to date
no systematic study has been carried out with the specific focus on the
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potential perturbation of the buffer porewater chemistry.

The objective of this paper is to bound the extent to which the buffer
porewater chemical composition could be altered due to interactions
with cement leachates over timescales relevant from the safety assess-
ment point of view. To address this problem, a reactive transport
modelling methodology is used.

Lehikoinen (2009) performed reactive transport calculations to shed
light on the possible extent of mineralogical alteration of the bentonite
buffer due to alkaline plume originating from degrading cementitious
materials at Olkiluoto. Most of the calculations were carried out utilising
a simplified 1D model geometry. Importantly, in the 1D model geometry
a fixed composition transport boundary condition was applied on the
exterior surface of the buffer. This is a simplifying and conservative
modelling choice (infinite cement leachate reservoir in contact with the
bentonite buffer), which tends to exaggerate the impact of the cement
leachates on the buffer. Based on preliminary scoping calculations,
Lehikoinen (2009) proposed that reactive transport calculations per-
formed over a 2D geometry are needed to gain a more comprehensive
view of the bentonite buffer alterations.

In the present paper, for the first time, calculations are performed
over a 3D geometry of the deposition hole, explicitly accounting for the
flow of cement leachates within a discrete fracture intersecting the
deposition hole. Such geometry definition allows for the mass transfer
between the fracture and the buffer to be represented more realistically.
In particular, the effect of a mixing zone between the buffer porewater
and the cement leachates is represented more accurately. In addition,
the finite volume of the fracture means that its capacity to supply cement
leachates towards the buffer, and its capacity to receive bentonite
porewater solutes is likewise finite. Both the above constitute a signifi-
cant improvement over an arbitrary definition of a fixed composition
boundary condition. The model is implemented in the PFLOTRAN code.

The results of this work can be used as a basis for evaluating the
potential impact of cement leachates on radionuclide solubility, sorption
and diffusion within the buffer.

2. Conceptual model and numerical implementation
2.1. Approach

Bentonite- (and broader, clay)-cement interactions constitute a
complex system of coupled chemical-hydraulic-transport-mechanical
processes (e.g. Takase, 2004). Compacted bentonite exhibits signifi-
cant potential for chemical buffering of cement leachates due to pro-
cesses such as montmorillonite surface protonation/de-protonation
reactions, carbonate mineral dissolution, the dissolution of montmoril-
lonite (and other silicates), and the precipitation of secondary minerals
(e.g. zeolites and clay minerals). This complicated network of coupled

Bentonite buffer 400-500 meters of bedrock
and tunnel backfill

Fig. 1. Schematic of the POSIVA (KBS-V) concept for geological disposal of spent nuclear fuel (illustration courtesy of POSIVA Oy).
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chemical reactions must be considered simultaneously with mass
transport. Furthermore, porosity changes and their impact on solute
transport need to be accounted for. In addition, mechanical effects (e.g.
related to mineral dissolution and precipitation) can further complicate
clay-cement interactions. Coupled reactive-transport models have
proven to be a uniquely suited tool helping interpret experimental re-
sults on cement-clay interactions (e.g. Fernandez et al., 2010 or Savage
et al., 2011), and provide the best existing basis for extrapolations into
the future over times-scales required by safety assessment.

Considering the problem at hand, the relevant process can be broadly
conceptualised to include: (1) cement dissolution and generation of
high-pH leachates, (2) transport of the leachates from the area of their
production to the deposition hole via a network of interconnected
fractures (associated with mixing, dilution and chemical interactions
with the rock), and (3) interactions of the leachates with the bentonite
buffer. However, due to computational burden that would result from a
detailed and explicit representation of these processes over the large
spatial and temporal scales involved, the geometry and some of the
processes are represented in a simplified manner (as described in detail
later).

Due to uncertainties related to interactions between cement leach-
ates and bentonite, exact predictions of porewater evolution, especially
over long times, are not feasible. However, the uncertainties can be
bounded by a conservative choice of processes and parameter values.
Here, by a “conservative” assumption is meant one that is expected to
increase perturbation of the buffer porewater above what might realis-
tically be predicted, and leads therefore to a more “pessimistic” outcome
from the point of view of safety assessment. In this paper we set out by
considering a Base Case defined by a combination of best-guess estimates
(e.g. fracture aperture and flow rate through the fracture, kinetic rates of
mineral reactions, and diffusivity of the buffer), and conservative as-
sumptions where significant conceptual uncertainties and knowledge
gaps arise (e.g. the composition of leachates contacting the buffer and
porosity reduction due to mineral reactions in the buffer). The results of
the Base Case are interpreted therefore as “conceivable bounding
values”.

In order to evaluate key Base Case model assumptions and simplifi-
cations, a set of auxiliary calculation cases is defined. These cases are
designed to test the potential effects related to flow and transport pro-
cesses (fracture aperture and flow rate, buffer diffusivity, and potential
formation of a reduced porosity zone in the buffer due to mineral re-
actions), chemical reactions (dissolution of montmorillonite, and pre-
cipitation of secondary clay and zeolite minerals), and the composition
of the inflowing cement leachate. Relative to the Base Case, some of the
cases make further conservative assumptions (e.g. higher fracture
aperture, higher flow, higher buffer diffusivity, slower montmorillonite
dissolution rate, and no formation of secondary minerals). This is done
to quantify the hypothetical maximum extent of buffer porewater
perturbation, and to gain insight into the role of individual processes in
the Base Case model. Other cases (regarding the composition of the
fracture-inflowing fluid and the possible formation of a reduced-porosity
zone in the buffer) explore probable effects (not included in the Base
Case) that would tend to decrease the magnitude of buffer porewater
perturbation. These cases are meant to serve as illustrative scenarios, the
likelihood and extent of which are currently difficult or impossible to
quantify rigorously.

Moreover, even in the event of complete absence of cement leachates
in the vicinity of the deposition hole, the buffer will be contacted by the
groundwater present in the host rock and interact with it. As a result, a
change of the initial buffer pore water will occur over time. Although the
evolution of the buffer porewater under “natural conditions” is not the
focus of this paper (and the problem is not treated exhaustively), we
consider it useful to perform such calculations (Ref Saline — see Section
2.4 for details) to provide a reference against which the Base Case results
can be compared. The results of this case are meant to offer an additional
(besides the initial state of the porewater) context within which the
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predicted magnitude of buffer porewater composition change can be
discussed. It is emphasized however that this case is “stylised” and for
the purpose of relative comparison only. Besides the Base Case and
Reference Case calculations, a number of sensitivity cases are presented.
These calculations serve to quantify selected model uncertainties.

Change of the buffer porewater is defined relative to the initial
composition. For components, change is expressed as the ratio of the
current (at the time considered) to initial concentrations, and presented
in the log10(change) form, where null corresponds to no change — this
ensures symmetry and additivity of results. For pH (logl0 of proton
activity), change is defined as the difference of the current and initial pH
values.

2.2. Model geometry

For computational feasibility, model domain is restricted to the vi-
cinity of the deposition hole as shown in Fig. 2. The fracture is idealised
to intersect the buffer horizontally at mid-height (and is therefore
perpendicular to the vertical deposition hole hosting the buffer). The
fracture bounding planes are parallel and perfectly smooth, and the
fracture extends a minimum of 1 m away from the external edge of the
buffer. Water inflow occurs on one side of the fracture, and outflows on
the opposite, as indicated in Fig. 2. The external boundary of the fracture
is closed to flow and transport.

The vertical extent of the model is 2 m (1 m above and below the
fracture plane). Note that a plane of symmetry running horizontally
through the middle of the fracture allows the geometry to be reduced to
a % for more efficient computation. The top and bottom sides of the
buffer are closed to transport. The truncated geometry of the deposition
hole along with the closed transport boundary conditions on the top and
bottom faces of the buffer tend to increase the perturbation of the buffer
porewater due to interactions with cement leachates, and are therefore
conservative.

FRACTURE PLANE

e

FRACTURE 5107

CANISTER AXIS
BUFFER
1.0

Outflow
No flow
(closed)

(

No flow
(symmetry) 7

Inflow

Fig. 2. Dimensions [m] of the model (top — a vertical cross-section of " ge-
ometry, not to scale) and a vertical cross-section of the full model geometry
indicating flow boundary conditions (bottom — buffer in blue, fracture in red)
Note that the canister and rock are considered impervious to flow and transport,
and not included. Fracture aperture corresponds to the Base Case value of 10~
m. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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2.3. Buffer

Within the buffer, relevant processes for chemical porewater
composition include: diffusive solute transport, mineral dissolution and
precipitation reactions, other chemical reactions (e.g. cation exchange,
surface and aqueous complexation), and porosity and diffusivity
changes due to mineral reactions. Advective flow and solute transport in
the buffer are represented, but due to low permeability (51072 [m?] -
Pintado and Rautioaho, 2013) are negligible. The buffer is fully
water-saturated at all times.

2.3.1. Initial composition and chemical reactions

The buffer material is MX-80 bentonite — a high grade Na-bentonite
from Wyoming (POSIVA, 2012a). Buffer dry density and total porosity
are 1557 [kg/m3] and 0.43, respectively (based on Juvankoski, 2017).
The mineral composition of the buffer is simplified to include gypsum,
calcite, quartz, kaolinite, goethite and montmorillonite as primary
reactive minerals (Table 1; Kiviranta et al., 2018) — remaining minerals
are treated as inert. The Na-dominated Montmorillonite-BCNa from the
Thermochimie thermodynamic database v.9b0 (www.thermochimie-t
db.com and Giffaut et al., 2014) is selected as it was found to be
closest in composition to the data reported by Kiviranta et al. (2018).
Additional reactions include cation exchange for Na, Ca, Mg and K
(Table 2; Bradbury and Baeyens, 2003), and montmorillonite surface
protonation (Table 2; Bradbury and Baeyens 1997). The cation exchange
capacity (CEC) of the bentonite buffer (Table 2) is defined based on data
in Kiviranta et al. (2018). The initial buffer porewater composition is
calculated following a modified methodology of Bradbury and Baeyens
(2003). Table 1 presents the initial porewater, mineral and cation
exchanger compositions.

Exchange and complexation reactions are assumed to occur instan-
taneously (at equilibrium). Mineral reactions in reactive transport cal-
culations are kinetic. The dissolution kinetic rate equation (Equation
(1)) and its parameterization (Table 3) for quartz, kaolinite and mont-
morillonite are taken from Marty et al. (2015) with specific mineral
surface areas presented in Table 2. Note that mineral precipitation rates
are assumed to equal the dissolution rates. Porosity is assumed to be

Table 1

Initial porewater, mineral and exchanger compositions of the
buffer. Represented by Montmorillonite-BCNa as defined
in the Thermochimie thermodynamic database v.9b0 (www.
thermochimie-tdb.com). @Traces of kaolinite assumed to be

present.
Parameter Value
pH 8.00
Total dissolved [mol/L]
Al 1.86+107%
cav) 3.36+10°*
Ca 1.47.1072
al 7.42:1072
K 3.38.10°*
Mg 3.69:1072
Na 1.13.107!
Fe 9.03.1077
S(VI) 3.74+1072
Si 1.84.107*
Minerals [wt%]
MMontmorillonite 82.6
@Kaolinite 0.1
Quartz 3.8
Calcite 0.83
Goethite 0.23
Gypsum 1.07
Exchanger [CEC fraction]
NaX 0.74
CaXy 0.18
MgX, 0.07
KX 0.01
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Table 2

Specific mineral surface areas, cation exchange and surface protonation re-
actions, and CEC and surface site capacity values used in this study. @Marty
et al. (2015), @Huertas et al. (1998), (S)Bradbury and Baeyens (2003),

®Kjviranta et al. (2018), (S)Bradbury and Baeyens (1997).

Mineral Specific surface area [mz/g]
M®Montmorillonite 8.5

@Kaolinite 8.2

MQuartz 0.03

®Cation exchange reaction Selectivity coefficient
NaX + K* = KX + Na® 4

2NaX + Mg?* = MgX, + 2Na™ 2.2

2NaX + Ca®" = CaX, + 2Na* 2.6

*cation exchanger capacity [eq/Kgpufter]

CEC 0.93

®gurface reaction logK

>S,0H + H' = >S,0H3 4.5

>S,0H = >S,0” + H' -7.9

>Sy10H + H" = >S,,,0H3 4.5

>81OH = >80~ + H' -7.9

>8,20H + H* = >8,,,0H} 6.0

>Sw20H = >8,,,0” + H" -10.5

Olsite type [mol/kgmontmorillonite]

>S.0H 2.1073
>8,,10H 4.1072
>S,,,0H 4.1072

constant in time and mineral volume changes due to dis-
solution/precipitation reactions are not directly coupled to transport
properties (e.g. diffusivity and permeability) — however, as discussed
below, the potential impact of porosity changes on diffusivity is
simplistically treated in selected sensitivity cases. Also, the concentra-
tion of surface protonation and cation exchanger sites scale with
montmorillonite content (e.g. sorption capacity decreases as a result of
montmorillonite dissolution). For gypsum, calcite and goethite the ki-
netic rate is adjusted to mimic local chemical equilibrium.

—Enu 1 1 7EH 1 1
o a (1 e [ Z_ i
g kgsexp{ R (T 298.15)}+k§5”p{ R (T 29&15)]%

+ kOHexp [7Ez(z)H (l _ ! ):| o [6))
» R \T 298.15)| %"

However, it is known that laboratory-derived mineral dissolution
rates are often several orders of magnitude higher than those found in
nature (e.g. Liittge et al., 2013; Marty et al., 2009; Velbel, 1990; White
and Brantley, 2003; Zhu, 2005). This uncertainty is simplistically
bounded by considering a sensitivity case (Mnt Rate Low), whereby the
alkaline dissolution rate constant of montmorillonite (2.9~10’12
[mol/m?/s]) is decreased 100 000 times (to 2.9-10~ %7 [mol/m?/s]).

Besides primary minerals initially present in the buffer, 33 secondary
minerals are allowed to precipitate, if over-saturated. The minerals are
selected based on a literature data review (Savage et al., 2002, 2007;
Gaucher et al., 2004; Gaucher and Blanc, 2006; Pfingsten et al., 2006;
Gaboreau et al., 2011) and are listed in Table 4.

Precipitation kinetics of many of these secondary minerals is poorly
known (Savage et al., 2007), but the rates are usually expected to be
faster than the rate of montmorillonite dissolution (Steefel and Lichtner,
1998). Therefore, unless indicated otherwise, the precipitation rates of
the neo-formed minerals are adjusted to be in excess of the montmo-
rillonite dissolution rate. In addition to that, an unlikely bounding case
is considered (No Sec Min), whereby the precipitation of all secondary
minerals shown in Table 4 is completely supressed.

2.3.2. Solute transport

Due to low buffer permeability (5-1072! [m?] - Pintado and Rau-
tioaho, 2013), water flow and advective solute transport in the buffer
are negligible. Therefore, aqueous diffusion is the main solute transport
mechanism in the buffer. Diffusion in compacted clays is known to be
complicated by electrostatic interactions due to the presence of charged
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Table 3

Kinetic dissolution rate model parameters (from Marty et al., 2015). Kinetic constants (k) are expressed in [mol/m?/s] and the activation energy (E,) in [kJ/mol].
Mineral o8 ERY kb Ef ' kSE- EQH n°
Montmorillonite 9.3.1071° 63 5.3.107"! 54 0.69 2.9.10712 61 0.34
Kaolinite 1.1.1071 38 7.5.10712 43 0.51 2.5.1071! 46 0.58
Quartz 6.4¢10714 77 1.9.1071° 80 0.34
bl fractured, while the properties of the fractures have been hydrother-

Table 4

List of secondary minerals (as defined in the Thermochimie thermodynamic
database v.9b0 - www.thermochimie-tdb.com) allowed to form, if over-
saturated, due to interactions between the bentonite buffer and the cementi-
tious leachates.

Secondary Minerals

Chalcedony Celadonite-Fe Tobermorite-14A
Nontronite-Ca Celadonite-Mg Gyrolite
Nontronite-Na Tllite-Al Stratlingite
Nontronite-Mg Illite-Felll Katoite
Nontronite-K Illite-Mg Dolomite
Mordenite Beidellite-Ca Siderite
Clinoptilolite_Ca Beidellite-K Brucite
Clinoptilolite_K Beidellite-Mg Hydrotalcite
Clinoptilolite_Na Beidellite-Na Ettringite
Saponite-FeCa Albite-low Ettringite-Fe
Saponite-FeK Tobermorite-11A Gibbsite

montmorillonite surfaces, resulting in partial ion exclusion from the
pore space. For computational feasibility, a simplified model is used,
whereby diffusion takes place within a single (total) porosity of the
bentonite, while all diffusing species have the same constant effective
diffusion coefficient of 4.4.10"'' [m?/s] (Base Case value estimated
based on an empirical relationship reported in Wersin et al., 2014). The
uncertainty related to using such simplified representation of diffusion is
difficult to quantify in a general case. However, based on previous
experience and best judgement, two cases are proposed to bracket this
uncertainty: (a) D, three times higher than Base Case value (High De,
1.3.10°1° [mz/s]), (a) D, three times lower than Base Case value (Low
De, 1.5.10" 1 [m?/s]). Incidentally, the higher end of the diffusion co-
efficient corresponds to an approximately factor 3 increase in diffusivity
related to temperature increase from 25 °C to 70 °C (Wersin et al., 2014).

Mineral reactions associated with cement leachates interactions with
clays are known to induce porosity changes (e.g. Read et al., 2001; De
Windt et al., 2008; Gaboreau et al., 2011). Typically observed is the
formation of a narrow zone of reduced porosity, where water flow and
solute transport are decreased. However, the extent of porosity reduc-
tion and, especially, its impact on flow and transport properties of the
clay are currently difficult to quantify. Therefore, unless otherwise
indicated, the calculations presented conservatively ignore porosity
reduction and its potential effect on water flow and solute transport.
Additionally, two sensitivity cases are defined, whereby porosity is
arbitrarily reduced within a 1 cm by 1 cm thick zone of the buffer along
the fracture/bentonite contact perimeter. The porosity in these cases is
constant in time and space throughout the calculation and reduced to
10% (Skin Poro 10%) and 1% (Skin Poro 1%), respectively (compare to
the Base Case value of 43%). In a simplistic manner, these cases are
meant to provide an illustration of the potential effects related to
porosity reduction and its impact on solute diffusion into the buffer.
Note that a linear dependence of the effective diffusion coefficient on
porosity is assumed, and that the effect of porosity reduction on
permeability is ignored.

2.4. Fracture and the rock

The rocks of Olkiluoto consist of high-grade metamorphic rocks
(migmatised gneisses) and igneous rocks (pegmatitic granites and dia-
base dykes). The bedrock has been affected by deformations and is

mally altered. Groundwater flow concentrates in hydraulically active
deformation zones (hydrogeological zones) and in individual fractures.
The hydrogeological zones and the fractures are collectively termed
water-conducting features, and form a connected network of paths for
solute transport. A general trend is observed whereby the frequency of
transmissive fractures, and the transmissivity of both fractures and the
hydrogeological zones decrease with depth. Details on the geology and
hydrogeology of the site can be found in POSIVA (2012c).

2.4.1. Geometry, flow, transport and chemical reactions

At the prospective repository depth, Discrete Fracture Network
(DFN) models have been used by POSIVA to describe in detail ground-
water flow in the vicinity of deposition tunnels and deposition holes
(refer to POSIVA 2012c and references therein). The DFN models have
been developed based on a detailed statistical analysis of fracture
mapping data from the drillholes, outcrops and rock walls at ONKALO®.
Hydrogeological properties of the stochastically modelled fractures are
derived from pumping tests. The hydro-DFN model is appropriate to
describe groundwater flow at the detailed scale in the vicinity of a
deposition hole (POSIVA, 2012c). Based on this model, unless otherwise
indicated, calculations consider a fracture aperture of 10™* m and a
constant flow of 1073 [m>yater/Mfracture length/Y1, which corresponds to
the 50th percentile of measured values (POSIVA, 2012d). This combi-
nation of fracture aperture and flow yields an average linear flow ve-
locity of 10 [m/y]. The Base Case flow field in the fracture is presented in
Fig. 3. In addition, two sensitivity cases are defined. In the Frac High case
both the aperture and volumetric flow rate are increased ten times
(yielding an average linear flow rate of 10 [m/y], as in the Base Case) —
corresponding to the 90th percentile of the reported values (POSIVA,
2012d). In the Frac Low case the aperture is maintained at 0.1 mm, while
the volumetric flow rate is reduced 10 times (yielding an average flow
velocity of 1 [m/y]) — corresponding to the 10th percentile of the re-
ported flow values (POSIVA, 2012d).

The fracture is idealised to be bounded by parallel, perfectly smooth
planes, with a spatial extent limited to ca. 1 m away from the external

=2
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Fig. 3. Base Case steady state flow field in the fracture (blue) around the buffer
(red). Flow magnitude scale [m/y] refers to arrow colour. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)


http://www.thermochimie-tdb.com

M. Pekala et al.

edge of the buffer. The fracture is assumed to have unity porosity and be
completely water-filled. In the fracture, solute transport is due to a
combination of advection (with no hydrodynamic dispersion) and
diffusion. However, advective solute transport dominates, especially
further away from the bulffer.

The fracture is assumed to contain no primary minerals, however,
secondary minerals (as listed in Table 4) are permitted to precipitate, if
over-saturated. The precipitation of secondary minerals is assumed to
have no effect on the flow and solute transport properties in the fracture
(i.e. no porosity feedback on flow and transport).

2.4.2. Composition of inflowing solution

Cements will be used during the construction and operation of the
repository, mainly, to limit groundwater inflow through fractures, for
stabilisation of the rock, and as plugs in the engineered barrier system
(POSIVA, 2012b). In ONKALO®, standard cement has been used above
the HZ20 fracture zone which is located approximately at a depth of 300
m. Below this feature, low-pH grout has been systematically used, except
for rock bolt grouting. No cementitious materials are allowed in the
deposition hole (POSIVA, 2012b). Presently, limited amounts of
cementitious materials are, however, used in the deposition tunnels,
such as in the end plug, rock bolts and for grouting of fractures. To avoid
significant disturbance of natural groundwater pH conditions, low-pH
cementitious materials producing alkaline leachates of pH < 11 or sil-
ica sol (colloidal silica) are utilised near the disposal depth (POSIVA,
2012b).

As follows from the restricted extent of the model geometry
described earlier, the degradation of these cements and the transport of
the resulting leachates in the repository’s far field are not explicitly
represented in the model. However, these processes are taken into ac-
count implicitly through the definition of transport boundary conditions
on the fracture inflow as discussed below.

Soler (2010, 2011a, 2012) and Soler et al. (2011) performed reactive
transport calculations to investigate the possible formation of a high-pH
plume at the cement grout-rock interface in ONKALO®. The results
suggest that the pH of the leachate near the grout will decrease rapidly
as a result of mineral precipitation and porosity reduction in the grout,
and mixing and dilution due to flowing groundwater. For standard
cement, leachate pH at the cement/groundwater interface was predicted
to decrease rapidly from the initial value of about 12.5 to below 11.5
within the first year of leaching. Furthermore, the model predicted a pH
decrease to below 9 within a few tens of years at a point located 2 m
downstream from the interface (Soler, 2010). These modelling results
are corroborated by field observations in ONKALO®; for example,
borehole monitoring data from sections grouted using standard cement
show a rapid pH decrease from above 12 to below 10 within approxi-
mately 2 years (Soler, 2010).

Koskinen (2013) extrapolated the model results of Soler (2011) to
mimic the expected long-term general cement degradation evolution for
both standard- and low-pH-cements. For the standard cement, the pH of
the leachate at the cement/groundwater interface was conservatively
estimated to decrease below pH 10 within 10 000 years.

Based on laboratory experiments, POSIVA defined three discrete

Table 5

Chemical composition of cement leachates (from Montori et al., 2008).
Total [mol/L] pH 12.17 pH 11.60 pH 9.70
Al 10 10°° 10°
cav)y 107 10°° 107
Ca 0.12 0.11 0.10
cal 0.42 0.42 0.41
K 6+10~* 6.107* 6.107*
Mg 10 4.107° 2.107°
Na 0.21 0.21 0.205
S(VI) 2.3.10°° 4.107° 8.107°
Si 5.107° 2.107° 7.107°
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cement leachate compositions representing distinct stages of progressive
degradation of standard cement (Table 5), which were used in previous
modelling studies (e.g. Lehikoinen, 2009; Montori et al., 2008).

From the above discussion, for the Base Case calculation, we
conservatively select the leachate composition corresponding to pH
11.60 as a constant transport boundary condition on the fracture inflow
during a period of 10 000 years. Beyond that period, it is considered that
a combination of pH decrease at the cement/groundwater interface and
on transport by the groundwater would reduce leachate pH near the
deposition hole to values comparable with those of the groundwater. For
comparison, a leachate composition corresponding to pH 9.70 is also
studied as a sensitivity case (case pH 9.7).

In addition, we define a reference case (Ref Saline), whereby the
inflowing solution has the composition of the Saline groundwater
(Table 6). It is reminded that this case serves for relative comparison
purposes only, and is not intended to represent a specific future hy-
drological and climate evolution scenario. During leachate transport
from the area of their production to the deposition hole (possibly tens to
hundreds of metres), mixing with the groundwater will occur and lead to
secondary mineral precipitation. Rigorous modelling of such processes is
beyond the scope of this study. However, we consider three additional
illustrative cases to simplistically demonstrate the effects associated
with such mixing, dilution and precipitation of secondary minerals. In
these cases the boundary transport solution is defined by mixing the pH
11.6 leachate with progressive amounts of the saline groundwater
(Table 6): 10% Saline (90% leachate and 10% saline groundwater), 50%
Saline (50% leachate and 50% saline groundwater), and 90% Saline
(10% leachate and 90% saline groundwater).

Mixing calculations were performed using the PHREEQC version 3
(Parkhurst and Appelo, 2013) geochemical simulator at 25 [°C] with the
Thermochimie thermodynamic data base v.9b0 (https://www.thermoch
imie-tdb.com/) and the Lawrence Livermore National Laboratory
(LLNL) parameterization of the extended Debye-Hiickel aqueous activity
model (Giffaut et al., 2014). During the calculations, minerals shown in
Table 4 were allowed to precipitate if over-saturated.

The initial solution composition in the fracture corresponds to the
transport boundary composition at the start of the calculation.

2.4.3. Rock

To facilitate calculations, the rock is assumed to be impervious to
groundwater flow and solute transport. Scoping calculations performed
using a simpler cylindrical geometry (not shown) indicate that due to its
low diffusivity and permeability, the influence of the rock matrix is
negligible compared to the effect of the fracture. Furthermore, matrix
diffusion and potential chemical reactions of the cement leachates with
rock minerals (e.g. pH buffering reactions involving Al-silicates) are
ignored. Such processes would tend to neutralise the leachate’s elevated
pH and shift its composition towards that of the groundwater.

Table 6
Composition of the transport boundary solution for cases: Ref Saline, 10% Saline,
10% Saline and 10% Saline.

Ref Saline 90% saline 50% saline 10% saline
pH 7.28 8.93 10.89 11.57
Total component [mol/L]
Al 3.9.107° 3.7.1071¢ 4310718 10710
cav)y 6.6107* 1.9107° 6.910°° 6.7-10°°
Ca 3.31072 4.0102 7.1.107! 107!
cal 1.9-107! 2.1.107} 3.0107! 401071
Fe 9.5107° 9.510°8 3.7.10°1° 6.610°°
K 2.810°* 3.210°* 4.4107* 571074
Mg 2,610 2.21072% 9.7.107° 6.610°°
Na 1.2.107! 1.3.107! 1.6:107! 2.0-107!
S(VI) 2.1.107* 2.010°* 13107 5.810°°
Si 1.810°* 2.2.107° 5.2.107° 4.010°°
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2.5. Summary of calculation cases

All calculation cases considered in this study are summarised in
Table 7. The rationale for selecting these cases and their specific
parameterization was discussed earlier. In summary, relative to the Base
Case:

e The Ref Saline case assumes the saline groundwater as the fracture
transport boundary and initial solution (absence of cement
leachates).

The Frac High case assumes ten times higher aperture and volumetric
water flow (yielding average flow velocity of 10 [m/y], as in the Base
Case), while the Frac Low case assumes the same aperture as in the
Base Case, but ten times lower volumetric flow rate (yielding an
average flow velocity of 1 [m/y]).

Skin Poro 10% and Skin Poro 1% cases assume the presence of a small
(approximately 1 cm by 1 cm) area of the buffer characterised by
reduced porosity (10% and 1%, respectively) at the buffer contact
with the fracture.

De High and De Low cases assume 3 times higher and 3 times lower
effective diffusion coefficients for the buffer, respectively.

Mnt Rate Low case assumes that the maximum dissolution rate of
montmorillonite is 100 000 times lower.

No Sec Min case assumes complete suppression of secondary zeolite
and clay mineral precipitation.

e pH 9.7 case assumes the pH 9.7 cement leachate (Table 5) as the
fracture transport boundary and initial solution.

10% saline, 50% saline and 90% saline cases consider a mixture of the
pH 11.6 cement leachate (Table 6) with 10%, 50% and 90% of the
saline groundwater, respectively, as the fracture transport boundary
and initial solution.

2.6. Numerical implementation

Calculations are performed using the PFLOTRAN code. Details

Table 7
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regarding the technical capabilities of the code can be found in Ham-
mond et al. (2012, 2014 and 2019), or at www.pflotran.org. PFLOTRAN
uses the finite volume method to solve a system of generally nonlinear
partial differential equations describing reactive flow and reactive
transport in porous materials. The spatial discretization is variable in
space (Fig. 4). Cells located near the buffer contact with the fracture are
of 1 cm size and increase gradually further away from the contact. The
Base Case grid, composed of about 15 500 cells, was optimised through a
series of scoping calculations (not presented) to provide fine refinement
in the fracture/buffer intersection area, while allowing for satisfactory
numerical convergence and acceptable solution times. PFLOTRAN uses
an automatic step adjustment algorithm that, based on the user-defined
tolerance criteria, aims to increase the solver time step towards a
user-defined maximum value. In the present calculations, the relative
update of the solution (STOL) with a value of 1075 was used as the
convergence criterion. This value was optimised by running test calcu-
lations and comparing the results against more stringent STOL values.
The maximum time step allowed was defined at 0.1 year. Scoping cal-
culations showed that further decrease in the maximum time size had no
observable effect on the results.

Calculations were performed on the University of Bern High Per-
formance Computing cluster computer Ubelix (https://ubelix.unibe.ch
/). A single calculation typically utilised 80 processors in parallel and,
depending on solution convergence, took up to about 20 h to complete.

Reactive transport calculations were performed at 25 °C using the
Thermochimie thermodynamic data base v.9b0 (https://www.thermoch
imie-tdb.com/) utilising the Lawrence Livermore National Laboratory
(LLNL) parameterization of the extended Debye-Hiickel aqueous activity
model (Giffaut et al., 2014). The primary species include (note that the
sulfate-sulphide redox couple is decoupled): H', Os(aq), Na®, Mg*™,
Ca™™, sr**, K*, Fe™™, Al Hy(SiO4), CI~, CO3", SO;™ and HS™. As
secondary, the following species are considered: OH™, HsS, KSOg,
CaS04, CaCO3, CaHCO¥, CaClt, CaCly, CaOH", SrSO4, SrCl", SrHCO3,
CO,, HCO3, Fe™ ", FeCO30H, Fe(OH),, Fe(OH)3, Fe(OH)3, Fe(OH)3, Fe
(OH)3, Fe(OH)3, FeOH™, FeOH ™", FeCO3, FeCl™, FeCl**, FeCl,, FeCl3,

Summary of calculation cases with main differences relative to the Base Case. a — fracture aperture, v — average linear water flow velocity in the fracture, NA — not

applicable. See further explanations in text.

Flow & transport

Mineral reactions Fracture inflow transport boundary

Fracture aperture & flow  Skin porosity [%] Buffer De [m?/s]

k Mnt OH™ [mol/m?/s]  Second min rate

Ref Saline a=10""m NA 4.4107 1
v=10m/y

Base Case a=10"*m NA 44101
v=10m/y

Frac High a=10"m NA 4.4.1071
v=10m/y

Frac Low a=10"*m NA 4.410711
v=1m/y

Skin poro 10% a=10"*m 10 4.41071
v=10m/y

Skin poro 1% a=10"*m 1 441071
v =10 m/y

De High a=10"*m NA 1.3.1071°
v =10 m/y

De Low a=10"*m NA 1.5.1071
v=10m/y

Mnt RateLow  a=10"*m NA 4.410° 1
v =10 m/y

No Sec Min a=10"*m NA 4.41071
v =10 m/y

pH 9.7 a=10"*m NA 4.4107 1
v =10 m/y

10% saline a=10"*m NA 4.41071
v =10 m/y

50% saline a=10"*m NA 4.41071
v =10 m/y

90% saline a=10"*m NA 4.410° 1
v =10 m/y

2.9.10712 In excess of Mnt diss Saline GW
2.9.10712 In excess of Mnt diss pH 11.6
2.9.10712 In excess of Mnt diss pH11.6
2.9-10712 In excess of Mnt diss pH11.6
2.9.10712 In excess of Mnt diss pH11l.6
2.9.10712 In excess of Mnt diss pH11.6
2.9-10712 In excess of Mnt diss pH11.6
2.9.10712 In excess of Mnt diss pH11.6
2.9-107Y In excess of Mnt diss pH11.6
2910712 Null pH11.6
2.9-10712 In excess of Mnt diss pH 9.7
2910712 In excess of Mnt diss 10% saline
2.9.10712 In excess of Mnt diss 50% saline
2.9.10712 In excess of Mnt diss 90% saline
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Fig. 4. Finite volume computational grid (half geometry) used in the calculations. Orange points schematically indicate the locations of observation points (general
water flow is right to left). Indicated schematically as a red arrow is the position and orientation of a profile used to present mineral data. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

FeCly, Ha(aq), FeCls, FeCls, FeHS ™', FeS0Q4, FeSO4, AIOH", AI(OH)3,
Al(OH)3, Al(OH);, MgCO3, MgCl*, MgHCO3, MgOH", MgSO,, NaCl,
NaHCO3 and NaSO4'.

3. Results and discussion

Results are presented as time-series at three observation points
located: (a) in the buffer directly adjacent to the fracture, (b) at the
buffer’s mid-thickness, (c) in the buffer directly adjacent to the canister.
Fig. 4 indicates schematically the location of the observation points
within the model geometry. In addition, mineral volume fractions are
presented along a profile running in the middle of the fracture from the
buffer/fracture interface in the direction against leachates flow (Fig. 4).
Results for water chemistry are shown as log10(change) of component
concentration and pH difference between the current and initial values.
In the discussion, component concentration change is also used. Results
for cation exchange and surface sites reactions are shown as concen-
tration (mol/m3bu1k).

3.1. Base and reference cases

Time series of total component log10(change) and pH difference at
the three observation points in the buffer over 10 000 years for the Base
Case are shown in Fig. 5. The direction of change in the buffer porewater
composition is largely defined by concentration gradients between the
buffer porewater and the leachate. In addition, changes of dissolved
solutes are affected by chemical reactions within the buffer. For
example, dissolved sulfate from the buffer porewater diffuses into the
fracture, while dissolved Ca diffuses in the opposite direction. Under
gypsum equilibrium in the buffer, the decrease in dissolved sulfate is
consistent with the increase in dissolved Ca. Similarly, dissolved car-
bonate diffuses from the buffer into the fracture, while dissolved Ca
diffuses in the opposite direction. The resulting increase in dissolved Ca
and pH, and decrease in dissolved carbonate are consistent with calcite
equilibrium. The magnitude of the porewater perturbation can be seen
to generally increase in time, albeit at a decreasing rate. For certain
components, notably for hydrogen ion (pH), the perturbation tends to
decrease at later times due to buffering by mineral dissolution/precip-
itation and surface protonation/de-protonation reactions. This is
particularly the case at the observation point located near the fracture,
where concentration changes are strongest.

Maximum buffer perturbation values during 10 000 years calculated
at the three observation points for the Base Case and the Saline Reference

case are shown in Table 8. The greatest perturbation is predicted for
chloride, log10(change) of 0.56 (or an increase by a factor of 3.6 relative
to initial concentration).

As discussed earlier, due to limited vertical extent of the model ge-
ometry and closed top and bottom transport boundaries, the model
tends to over-estimate the buffer porewater perturbation. This affects
especially non-reacting components, such as chloride. Despite this, at
10 000 years, chloride concentration in the buffer is predicted to be
lower than the value of the leachate, which indicates that diffusive
equilibration has not yet been completed — the log10(change) at com-
plete diffusive equilibration would correspond to 0.76 or a change by
factor of 5.7. This slow equilibration is due to limited mass transfer from
the 0.1 mm thick fracture into the buffer, and limited buffer diffusivity.

Relative to the initial value, the concentration of dissolved carbonate
in the buffer porewater is calculated to decrease by a maximum factor of
ca. 2.5 near the canister (logl0(change) of —0.7) or about twice that
value near the fracture. The decrease is mainly due to out-diffusion of
dissolved carbonate from the buffer porewater (initial concentration of
3.36-10~* [mol/L]) towards the fracture (leachate concentration of 10~°
[mol/L]).

The ca. factor 2 decrease in dissolved sulfate concentration at 10 000
years relative to the initial value (log10(change) of —0.29) is in agree-
ment with gypsum equilibrium. Gypsum in the buffer is predicted to
dissolve in the inner parts, and precipitate near the buffer’s contact with
the fracture (where dissolved calcium is supplied by the leachate).
However, even at 10 000 years the extent of gypsum dissolution is
insignificant (not shown). At the theoretical end point of complete
gypsum dissolution, the associated sulfate concentration decrease would
be almost 1000-fold.

The predicted moderate changes in the concentrations of carbonate
and sulfate indicate that in combination with limited mass exchange
between the buffer porewater and the cement leachate, chemical re-
actions in the buffer play an important role in resisting the porewater
perturbation caused by interactions with the leachate. This is even more
pronounced for silicon and aluminium — components involved in mul-
tiple secondary mineral precipitation reactions — the concentrations of
which show little or negligible extent of disturbance.

The concentrations of major cations in solution, Ca%*, Mg?*, Na* and
K, are predicted to increase by a factor of ca. 1.5 to 3. Except Mg?", this
increase is largely due to diffusive supply of these components from the
leachate in the fracture. The concentration of dissolved Mg?" increases
above the initial concentration in the buffer porewater, despite the
leachate having lower Mg concentration than the buffer porewater,
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Fig. 5. Base Case concentration loglO(change) of total components and pH
difference at three observation points (top — near canister, middle — middle
buffer, bottom — near fracture; see Fig. 4) during 10 000 years. The initial
composition of the buffer porewater is shown in Table 1.

which is caused by Ca®" from the leachate replacing Mg?" on the cation
exchanger (Fig. 6).

Over 10 000 years, the predicted pH changes are below 0.1 pH unit in
most of the buffer volume. Only within a restricted zone of the buffer
directly adjacent to the fracture local maximum pH change is predicted
to be in the order of 0.3 pH. Notably, peak pH changes occur at a certain
time (6-8 thousand years within most of the affected buffer volume, or 2
to 3 thousand years in a smaller zone directly at the fracture’s contact),
following which, the disturbance tends to decrease gradually, due to
continued precipitation of secondary minerals and diffusion.

As mentioned in the introduction, to evaluate the potential effects of
cement leachates on buffer porewater composition POSIVA has
employed a conservative approach, whereby a pH value of 10 is imposed

Applied Geochemistry 131 (2021) 105045

Table 8

Comparison of maximum log10(change) of total components and maximum pH
difference at the three observation points during 10 000 years for the Saline Ref
and Base Case. Refer to Table 7 for additional explanations.

Total Saline Ref Base Case

component ] X
near mid near near mid near
can buff frac can buff frac

Maximum log10(change) during 10 000 years

Cl 0.26 0.26 0.27 0.56 0.56 0.56
Ca 0.17 0.17 0.17 0.48 0.48 0.49
Mg 0.16 0.16 0.16 0.45 0.44 0.44
Na 0.09 0.09 0.09 0.25 0.25 0.25
K 0.09 0.09 0.09 0.22 0.22 0.21
Al —-0.01 —0.01 —-0.03 0.08 0.10 0.25
Si —0.01 —0.01 —-0.01 —0.01 —0.01 —0.04
S(VD) -0.13 -0.13 -0.14 -0.28 -0.29 -0.29
C(IV) -0.17 -0.17 -0.15 -0.47 —-0.48 —-0.70
Maximum difference during 10 000 years
pH -0.01 —0.02 -0.03 0.07 0.08 0.28
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Fig. 6. Base Case composition of cation exchanger at the observation point in
the buffer near the fracture (see Fig. 4).

onto the initial buffer porewater leading to a pH change of about 2 units.
The present calculations indicate that, due to strong buffering proper-
ties, even considering a leachate pH of 11.6, the buffer porewater pH
change should be expected to be much lower, below 0.1 pH unit.

A comparison with the reference case (Ref Saline — Table 8) can be
used to put the calculated Base Case buffer porewater perturbation in
further context. Even in complete absence of any cement leachates, a
perturbation of the initial buffer porewater is expected due to in-
teractions with the surrounding groundwater. For example, during the
10 000 years evaluation period, the maximum change predicted for
dissolved Ca, Mg and carbonate is by a factor of ca. 1.5 (Table 8).
Relative to the reference case, the Base Case calculation predicts a
maximum perturbation of the buffer porewater that would be greater
than this "natural” perturbation by a factor of 2 or less in most of the
buffer volume.

In line with the limited extent of porewater perturbation, the initial
composition of the Base Case cation exchanger is predicted to change
little during 10 000 years, including at the contact with the fracture
(Fig. 6) — note a decrease in the CEC (ca 10%) due to montmorillonite
dissolution.

Fig. 7 shows the contribution of montmorillonite surface sites re-
actions (mainly de-protonation of >S,y; OH) to pH buffering in the buffer
pore water.

The calculated maximum extent of montmorillonite dissolution is
from initial 47 vol% to 43 vol% (at 10 000 years near buffer contact with
the fracture — Fig. 8), and is not predicted to occur to an observable
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Fig. 7. Base Case composition of montmorillonite sorption sites at the obser-
vation point in the buffer near the fracture (see Fig. 4).
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Fig. 8. Base Case volume changes of selected minerals at the observation point
in the buffer near the fracture (see Fig. 4).

extent at the other observation points in the buffer (not shown). As
shown in Fig. 8, changes in the content of other minerals are likewise
expected to be limited, except for significant precipitation of gypsum.
Gypsum precipitation in the bentonite buffer concentrates locally near
the contact with the fracture and reaches values (0.9 vol fraction) that
are in excess of the total porosity of the buffer (0.43), indicating the
possibility for complete local porosity clogging.

Secondary mineral precipitation is predicted to occur also in the
fracture due to mixing of the bentonite-derived fluids with the cement
leachates. The mineral precipitation patterns vary in time and space
within the fracture and are not shown here in detail. As an example,
Fig. 9 presents the contents of selected minerals in the fracture along a
profile away from the buffer/fracture interface at 10 000 years. The
figure shows the formation of brucite, calcite, tobermorite and hydro-
talcite as secondary phases in the fracture. In particular, the precipita-
tion of brucite in the fracture is predicted to be locally extensive,
reaching volume fractions (1.17) that are in excess of the total fracture
porosity (unity). This indicates the potential for a localised fracture
sealing.

3.2. Sensitivity cases

For simplicity, sensitivity cases are compared to the Base Case using
maximum logl0(change) of total components and maximum pH dif-
ference at the mid-buffer observation point during 10 000 years. Table 9
shows a comparison for all calculated cases, including the Saline Ref
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Fig. 9. Base Case mineral volume changes along a profile (at 10 000 years)
away from the bentonite/fracture interface (indicated by the vertical dotted
line) into the fracture, in the direction against leachate flow (see Fig. 4).

case.

The results presented in Table 9 indicate that the fracture’s aperture
and the volumetric flow rate constitute an important constraint on the
rate of solute mass transfer between the buffer porewater and the
leachate in the fracture. Under slower advective flow, the mixing zone
between the buffer porewater and leachate becomes broader and ex-
tends deeper into the fracture, away from the buffer; conversely, faster
flow in the fracture tends to sharpen the mixing zone and move it to-
wards the buffer (not shown). Higher aperture and flow in the Frac High
case (aperture of 1 mm and average flow velocity of 10 [m/y]), leads to
an increased extent of buffer porewater perturbation, especially for the
weakly reacting components, such as chloride. At maximum logl0
(change) of 0.75, chloride perturbation is almost identical to the
“diffusive equilibrium” value of 0.76, indicating a near complete diffu-
sive equilibration. Strongly reacting components are affected to a lesser
extent. For example, the maximum pH difference during 10 000 years is
calculated to be 0.09 unit, which is almost the same as in the Base Case
(0.08 unit). On the other hand, a decreased flow rate (Frac Low case —
0.1 mm aperture and 1 m/y average flow velocity) is predicted to result
in a consistently smaller extent of perturbation; notably, practically no
pH change is expected in this case.

As discussed earlier, mineral precipitation reactions induced by
cement leachate interactions with the porewater are expected to occur,
especially near the buffer intersection with the leachate-bearing frac-
ture, but are difficult to reliably quantify. Secondary mineral precipi-
tation in the buffer and fracture due to interactions with cement
leachates reduces porosity, which could decrease the rate of diffusive
transport across the affected buffer zone. In this study, the potential
effect of porosity reduction and its impact on diffusive transport is
studied simplistically by assuming the presence of a ring-like buffer zone
of reduced porosity along the fracture/buffer intersection trace line. The
vertical and radial extent of this zone is assumed to be 1 cm, while the
porosity is reduced to 10% (Skin Poro 10%) and 1% (Skin Poro 1%) from
the Base Case value of 43%. Results shown in Table 9 indicate that
porosity reduction due to mineral precipitation has a significant po-
tential to reduce the extent of buffer porewater perturbation. In partic-
ular, in the case of porosity reduction down to 1%, the buffer is predicted
to be practically “sealed-off” with no appreciable porewater change
during 10 000 years.

To simplistically bound the uncertainty related to the Base Case
effective diffusion coefficient, two sensitivity cases are considered:
values three times higher (High De, 1.3.10°10 [mz/s]) and three times
lower (Low De, 1.5¢10~ ! [m?/s]) than the Base Case value. Both of these
cases yield results as expected: higher buffer diffusivity yields a higher
extent of maximum porewater perturbation, while lower buffer diffu-
sivity, vice versa (Table 9). Interestingly, the 3 times elevated diffusivity
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Table 9
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Comparison of maximum log10(change) of total components and maximum pH difference at the mid-buffer observation point during 10 000 years for all calculated

cases. Refer to Table 7 for explanations on cases.

Total Saline Base Frac Frac Skinporo  Skin De De Mnt Rate  No Sec pH 10% 50% 90%
component Ref Case High Low 10% poro 1% High Low Low Min 9.7 saline saline saline
Maximum log10(Change) during 10 000 years at mid-buffer
Cl 0.26 0.56 0.75 0.43 0.30 0.05 0.67 0.37 0.56 0.56 0.54 0.53 0.43 0.30
Ca 0.17 0.48 0.83 0.32 0.20 0.02 0.64 0.26 0.48 0.48 0.46 0.45 0.34 0.20
Mg 0.16 0.44 0.52 0.31 0.20 0.02 0.54 0.25 0.44 0.46 0.44 0.42 0.32 0.19
Na 0.09 0.25 0.33 0.17 0.11 0.01 0.31 0.14 0.25 0.25 0.24 0.23 0.17 0.11
K 0.09 0.22 0.23 0.17 0.11 0.01 0.28 0.13 0.22 0.25 0.24 0.19 0.18 0.11
Al —-0.01 0.10 0.12 0.03 0.06 —0.01 0.06 0.09 0.10 0.30 0.03 0.10 0.05 0.01
Si —-0.01 —0.01 —-0.01 —-0.01 —0.01 —0.01 —-0.01 —-0.01 —-0.01 —-0.01 —-0.01 —-0.01 —-0.01 —-0.01
S(VI) —-0.13 —0.29 —0.48 —-0.21 —0.14 —0.02 —-0.36 —-0.18 —-0.29 —-0.29 -0.28  —-0.27 —0.22 —-0.15
C(1v) -0.17 —0.48 -0.76 —0.32 -0.25 —0.03 —0.53 —0.33 —0.48 —0.68 —0.41 —0.48 —0.36 -0.21
Maximum difference during 10 000 years at mid-buffer
pH —0.02 0.08 0.09 0.01 0.05 0.00 0.04 0.08 0.09 0.27 0.00 0.09 0.04 0.00

relative to the Base Case results in a smaller pH difference. This is
explained by faster diffusive transport of dissolved carbonates from
within the buffer (carbonate de-protonation reactions resist pH
changes). Overall, the uncertainty in buffer diffusivity as bounded by the
presented cases appears to be small.

The rate of montmorillonite dissolution in the buffer is uncertain. In
this study, this uncertainty is bounded by considering a case where the
Base Case montmorillonite rate constant is decreased 10 000 times (Mnt
Rate Low). The maximum extent of buffer porewater perturbation in this
case (Table 9) is identical to the Base Case, indicating that the contri-
bution of montmorillonite dissolution to porewater buffering is negli-
gible. This is consistent with the observed limited extent of
montmorillonite dissolution discussed for the Base Case.

In a theoretical limiting case (No Sec Min), the precipitation rate of
secondary clay and zeolite minerals was set to zero. The results of this
case (Table 9) suggest that the precipitation of these minerals contrib-
utes considerably to buffering of pH and of Al, but has minor effect on
other components. Overall, this case yields porewater pH perturbation
with a maximum change of about 0.3 units during 10 000 years. Com-
plete suppression of secondary clay and zeolite minerals during cement
leachates reaction with bentonite porewater is unlikely, and this case
should be considered unrealistically conservative. Despite this conser-
vatism, the overall extent of porewater perturbation remains limited.

As discussed earlier, assuming a leachate composition corresponding
to pH 11.6 throughout 10 000 years of the calculation can be seen as
conservative. It is likely that the leachate composition will be charac-
terised by a lower pH value due to extensive mixing with groundwater
and mineral precipitation. Considering a composition corresponding to
pH 9.7 is predicted to result in a maximum porewater composition
change that is comparable to, or slightly lower than, that calculated for
the Base Case. In particular, the pH is predicted to be completely neu-
tralised by the buffer (except for a very small area directly contacting the
fracture — not shown).

Cement leachates will undergo mixing with the groundwater during
transport from the point of their generation towards the deposition hole.
Progressive mixing and mineral precipitation will tend to shift the
leachate’s chemical composition towards that of the groundwater. In
particular, pH of the leachate will decrease. Detailed modelling of
leachate transport via the interconnected fracture network, mixing with
the groundwater and the associated chemical reactions are beyond the
scope of this study. Although not possible to quantify in this model, it is
expected (Soler, 2010) that leachate mixing with the groundwater and
mineral precipitation will significantly restrict the extent of the high-pH
plume. To illustrate this qualitatively, three stylised cases (10% Saline,
50% Saline and 90% Saline) are considered. In these cases the effect of
progressive leachate-groundwater mixing and mineral precipitation on
the composition of the inflowing fluid, and its impact on the buffer
porewater composition is simplistically represented. The results
(Table 9) display a continuous transition from the Base Case towards the

Saline Ref case with increasing degree of mixing. At 50% leachate mixing
with the groundwater, the maximum porewater pH change is 0.04 unit,
and the value tends towards null with further mixing.

4. Conclusions

Long-term predictive modelling of the potential impact of cement
leachates on the chemical composition of the buffer porewater in the
POSIVA disposal concept is challenging due to the complex nature of
such interactions. Perturbation of buffer porewater composition varies
depending on the component considered as well as time and location in
the buffer. From repository safety point of view, the relevance of such
perturbation depends on the impact it might have on the mobility (e.g.
solubility, sorption and diffusion properties) of a specific radionuclide
within the buffer.

Main modelling uncertainties include the composition of the leach-
ates coming in contact with the buffer over time, the type and kinetic
rate of induced mineral reactions, extent of porosity changes due to
mineral reactions, and solute transport within the fracture and com-
pacted bentonite. Although these processes cannot be quantified un-
equivocally, we demonstrate that it is possible to pessimistically bound
their impact by a judicious choice of processes and parameter values.

Overall, the modelling results indicate that a combination of limited
water flow within the fracture, slow diffusive exchange with the buffer,
and mineral reactions will act together to minimise the extent of buffer
porewater perturbation, should cement leachates reach the vicinity of a
deposition hole. The Base Case model conservatively predicts a
maximum porewater pH change to be less than 0.1 unit, except for a
small area of the buffer directly adjacent to the fracture, where a
maximum pH increase of 0.3 unit is predicted. Changes in the concen-
tration of strongly reactive components, such as Al and Si, are expected
to be negligible in most of the buffer volume. Perturbation of concen-
trations of major cations, such as Nat, Ca>", Mg?* and K™, are predicted
to be limited to a factor of 1.5-3 relative to their initial values, while the
maximum change in the concentration of dissolved sulfate is predicted
to be a factor of ca. 2, including near the contact with the fracture.
Considering an additional level of conservatism on top of that already
present in the Base Case (cases considering higher fracture aperture and
flow rates, higher effective diffusivity of the buffer, no montmorillonite
dissolution, or no precipitation of secondary minerals), could increase
the Base Case perturbation values by no more than a further factor of ca.
2.

To put the Base Case results in context, it is useful to compare them
with the reference scenario considering absence of cement leachates (Ref
Saline case). The potential buffer porewater perturbation (concentration
change) due to cement leachates is only about twice (or less) the
magnitude expected to result from “natural” interactions with the
groundwater, in absence of cement leachates.

On the other hand, cement leachate mixing with groundwater during
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transport through the interconnected fracture network, and porosity
reduction in the buffer due to mineral precipitation reactions, have the
potential to cause a further significant reduction in buffer porewater
perturbation. Although the impact of these processes is not possible to
predict using the present model, they could reduce the magnitude of
buffer porewater perturbation to a level comparable with values asso-
ciated with the natural buffer porewater evolution.

As discussed, simplifications and generalisations had to be made
during model development for computational efficiency reasons and due
to lack of knowledge. The effect of some of these simplifications could be
evaluated in a limiting or bracketing sense. For example, simplifications
of model geometry (e.g. the spatial extent of the buffer and the exclusion
of the bentonite backfill) tend to increase the extent of the buffer
porewater chemical composition perturbation by the leachates. Some
simplifications are difficult or impossible to quantify exactly. For
example, ion transport in the compacted bentonite buffer is treated
simplistically by considering a single porosity and a common diffusion
coefficient to all ions. In view of conceptual and parametric un-
certainties, and the computational burden associated with a more so-
phisticated treatment of ion transport in compacted clay, this approach
is deemed justified.

The results of this study can serve as a basis for quantification of the
maximum impact that cement leachates could have on the release and
transport of radionuclides within the buffer. A comprehensive assess-
ment is pending; however, based on previous experience, we expect this
effect to be small relative to the overall uncertainty of the calculation.
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