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Abstract

Migration of oxidising groundwater could adversely affect the ability of deep repository
systems to limit radioelements releases to acceptable levels. Glaciation-deglaciation
periods enhance the presence of deep oxidising water, thus jeopardising stable chemical
conditions of the repository over a long period. We assess in a quantitative basis the
possibility of such oxidising front to happen, by using limited regional groundwater
flow schemes with heterogeneous models. We consider that the consumption of
oxidants under the soil cover will be governed by the reactions between groundwater
and redox buffering minerals. The ability of the media to buffer an oxidant intrusion
will be dominated by the presence of iron(II) bearing minerals such as chlorite, biotite
and pyrite. The ability of clays containing Fe(II) to act as oxidant sinks has been pointed
out by several authors. Our study approaches the problem under two perspectives:
equilibrium approach, where groundwater reaches equilibrium with minerals able to
release Fe(II), and kinetic approach, where the interaction between oxidants and the
minerals is not instantaneous, but governed by kinetic rate laws. Results show that,
while the equilibrium approach is applicable whenever groundwater residence times are
sufficiently long, kinetically controlled reactive transport gives more accurate results,
provided that characteristic reaction times are longer than groundwater residence time.
Multicomponent reactive transport results show that despite the glacial origin, ground-
water remains anoxic after periods of thousands of years and the redox state is governed
by the presence of iron in the system. We have performed a sensitivity analysis of the
effects of varying the groundwater flow velocity, the available reactive surface and the
presence of minerals. The majority of the simulations indicate that the resulting
geochemical composition of the system would not jeopardise the stability of the spent
fuel, at repository depths . Consequently, the intrusion of melting ice water does not
pose any threat to the chemical stability of the repository system at the depths consid-
ered in the SKB concept.

Introduction

The Swedish concept of deep geological disposal of nuclear spent fuel is based on
geologic environments under reducing conditions. The inflow of oxidising groundwa-
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ters to critical depths could adversely affect the ability of engineered and natural
barriers to limit radioelement releases from the disposal system to acceptable levels. A
safety assessment exercise (SKI SITE 94) considers that a sequence of glaciation-de-
glaciation periods could induce the presence of deep oxidising water, thus jeopardising
the chemical stability of the repository. In this context, studies performed in the
Fennoscandian shield indicate the presence of isotopically light water, of glacial origin,
within major fracture zones at depths down to 400 m (Outokumpu case, Blomqvist et
al., 1992; Glynnetal., 1997).

This work assesses quantitatively the consequences of the penetration of an oxidising
front due to the infiltration of de-glaciation water. We will proceed with a number of
assumptions and simplifications, due to the complexity of the problem and the uncer-
tainties associated to some critical parameters and conditions.

Water infiltration due to de-glaciation will last for approximately 5000 years (Bjorck
and Svensson, 1992). The next major glaciation is expected to occur in about 60000 to
75000 years. The melting rate can be extrapolated from present measurements that
indicate some 50 mm/year (Boulton et al., 1995 in Svensson, 1996), however, it is not
clear how long it will last and which are the expected fluctuations of such a rate.

The data concerning oxygen content in ice sheets and in ice melting water has been
taken from research projects in polar areas -Antarctica and Greenland- and other glacial
areas. Most of the data from polar programmes concerns the stable isotopic composition
of ice, information on oxygen and major components contents in melt water is less
abundant.

The reductive capacity of the system (RDC) will be mainly given by minerals which
alteration will release reductants such as Fe(II). Pyrite, biotite and chlorite are reason-
able candidates. Their thermodynamic evolution in contact with groundwater is rather
well established. However, the knowledge about their kinetic alteration is far more
limited and some assumptions have to be taken in order to perform the reactive transport
calculations.

The problem is approached by two different methods. First, whenever the residence
time of groundwater lasts longer than the characteristic reaction time (groundwater
velocity, v <3 m/y) water-rock interactions are assumed to be governed by thermody-
namic controls. In this case, the geochemical evolution of the system is assessed by
using the PHREEQC code (Parkust, 1995) with the associated databases. Also, the
stationary-state approach (Lichtner, 1988) is attempted.

For faster groundwater velocities (v>3 m/y), as equilibrium cannot be assumed for the
main water-rock interactions, we have performed reactive transport simulations to
couple groundwater flow and the kinetically controlled geochemical system. The
reactions are assessed by means of the ARASE code (Grindrod et al., 1994).
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2 Conceptual model

The geology of the target area consists of fractured rocks of low permeability in top of
which, advance and retrieval of ice sheets takes place. The depth of the repository is
estimated to be 500 m below surface. The host rock is divided into two regions which
are geochemically different: an upper one, where redox conditions are likely to be
oxidising, extending down to 100 m below surface, and a lower one of 400 m thick
which reaches the repository top. Groundwater redox conditions are reducing in this
latter zone, in accordance with the data from the Aspo site and other site characterisa-
tion programmes. The system considers hydraulic steady state during a period of some
1000 years (Svensson, 1996). with a infiltration rate around 50 mm/year. The oxygen
content in ice is estimated to be 1.4 mM (about 45 mg/1, pe = 11 to 13, Ahonen and
Vieno, 1994).

We start by defining the system as ID. The system is viewed as a column of two
different materials: an upper part of oxidising conditions and a lower one which is
reducing. The reducing capacity of the top soil due to the presence of organic matter and
microbial activity is not taken into account, although some studies showed that it is not
negligible in this context (Banwart et al., 1995). The infiltrating water is considered to
be in redox equilibrium with the oxidising bedrock; consequently, reactive transport
simulations are carried out in the reducing zone, where the evolution of the redox front
is presumed to display more variability.

The problem has also been approached in 2D. For that, the flow field has been varied to
reproduce the most likely real flow conditions. In spite of the limitations of the
multicomponent reactive transport codes, different material zones simulating fractures,
host rock and reducing and oxidising conditions have been included.

The redox state in granitic groundwaters is governed by electron transfer between Fe(II)
and Fe(III) aqueous and mineral species. Therefore, the largest reductive capacity of
such systems will be given by the iron(II) content. The occurrence of iron(II) in nature
is dominated by minerals such as Fe(II) sulphides, carbonates (siderite) and clay
minerals. White and Yee, (1985) propose an structural oxidation of Fe(II) in which
Fe(II) is oxidised without being released to the aqueous phase. Also homogeneous
Fe(II) oxidation has been reported, in which Fe(II) is released in the form of Fe2+ from
the clay and it is subsequently oxidised to Fe(III) in solution (Malmstrom et al., 1995).

A potential repository will be located in a reducing zone in which mineralogy changes
according to the water flowing fractures and the host-rock. Chlorite represents a 35% of
the fracture coating in the fracture fillings of Aspo, with an average content of 20% wt.
in FeO (Banwart et al., 1995). Chlorite can be regarded as a solid solution whose end-
members are Daphnite (FesAkSisOiotOITjg) the ferrous end-member, and Clinochlore,
the magnesian end-member. We have assumed that it behaves ideally and, according to
the calculated stoichiometry, the following solubility constant has been used:

ChloriteMA (FeuMgj.sAkSijCoCOEQs) + 16H+ = 1.5Fe+2 + 3.5Mg+2 + 2A1+3 + 3H4Si04 + 6H2O (1)
with logKso = 59.9
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Pyrite and biotite are the most abundant iron (II) rich minerals in the host rock. Biotite
can be regarded as a solid solution whose end members are Annite (ferrous,
KFe3AlSi30io(OH)2) and Phlogopite (magnesian). We have considered an ideal solid
solution of these two end members to generate the biotite phase:

Biotite (KMg2AlFeSi3O10(OH)2) + lOH* = K+ + 2Mg+2 + Al+3 + Fe+2 + 3H,SiO4 (2)

with logKso = 35.88.

Preliminary calculations

The equilibrium approach considers that the extent of oxygen consumption is limited by
the equilibrium state. For that, the PHREEQC code (Parkhust, 1995) has been used and
the system is envisaged as two compartments: oxidised and reduced zone. The oxidised
zone considers as initial groundwater the shallow groundwater reported by Banwart et
al. (1995) equilibrated with calcite and Fe(OH)3(s). The reduced zone considers native
Aspo groundwater as initial groundwater.

Fractured media simulations assume that chlorite oxidises and it produces Fe(0H)3(am).
In order to keep controlled the chemistry of the system, the precipitation of clinochlore
has been allowed. Thus, the system behaves as if the structural iron of chlorite is being
released to the system and equilibrated with Fe(0H)3(am). For host rock calculations
equilibrium with pyrite and biotite was assumed. In this case, both minerals are able to
accept oxidants and to precipitate in the form of Fe(0H)3(am).

The oxic intrusion is buffered by the dissolution of chlorite in the fractured medium.
The pH evolves from 7.7 to 8.3 and the initial pe (-2) slightly increases due to the
equilibration of the system with chlorite (final pe = -1.07). The dissolution of chlorite
gives rise to a precipitation of Fe(0H)3(am). In the host rock simulations the oxic
intrusion is buffered by biotite and pyrite and the chemistry of the system is very
efficiently buffered to a pH of 8.27 and a pe of-4.37. The redox effect exerted by biotite
is negligible if pyrite is present in the system.

Although the equilibrium approach is efficient at understanding the system, it presents
severe limitations since it assumes that the water replacement is complete. Therefore,
the validity of the approach largely depends on the number of cells considered. Another
limitation is that water is assumed to equilibrate with the minerals present in the system
which is valid only when the characteristic times of reaction are lower than the
residence times of groundwater. Therefore, it can lead to important misinterpretations
when considering dissolution of aluminosilicates (such as chlorite and biotite) or
sulphides (e.g. pyrite) due to their slow kinetics of dissolution under most natural
groundwater conditions.

4 Multicomponent reactive transport model

An advantage of the use of multicomponent reactive codes is that both hydrodynamics
and geochemistry are lumped together, so as enabling to envisage a problem under a
more reliable approach. The counterpart is that the numerical problem solves thousands
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of equations at every time step. As a result, the CPU times may become impractical.
Therefore, it is advisable to reduce the number of variables which are not dominating
the geochemical system and to use domains as simple as possible to optimise the
performance of the problem. In order to do so, preliminary calculations are an efficient
way to constrain the model. Thus, the weathering equations of the minerals participating
in the RDC of the system (chlorite, biotite and pyrite) have been reduced to a function
of Fe(II) release which is dependent on pH in the case of the silicates and on the oxygen
content in the case of pyrite. Also, the number of thermodynamic equations has been
reduced to less than 20.

Measured groundwater compositions in the Aspo site and in Antarctic research
programmes were used as initial and chemical boundary conditions respectively. As
regards to parameters and water composition, the first have been kept as close as
possible to realistic values either by using field measurements (Rhen et al., 1997) or
expected values during glaciation periods (Boulton and de Marsily, 1997).

Some 30 cases were analysed in ID by combining hydrodynamic parameters (basically,
groundwater velocity), type of mineral and its reactive surface. Figure 1 summarises the
most relevant results. At first glance, we observe that the arrival time depends on the
groundwater velocity and that the magnitude of the redox front -that is, the final pe
value- depends on the surface area of the mineral considered. Despite the relevance of
the first arrival time of the redox front, we observe that the effect of groundwater
velocity on the final pe value is important when the mineral is assumed to dissolve
independently on the state of saturation of the system. In this case, differences of one
unit pe are obtained. On the other hand, when the kinetic rate law depends on the
saturation index, i.e., when the rate of dissolution decreases as the system approaches
equilibrium, then the final pe values are exactly the same.

In all the calculations the dissolved oxygen concentration obtained is lower thanlO"30

mol/1 at relatively early times. This has two main implications: First, that the oxidants
of the system will not be those entering within the melting water, but the ones resulting
from the subsequent water rock-interaction processes. Second, that at this low oxygen
contents pyrite does not contribute to the reductive capacity of the system, because its
kinetics of oxidation is directly proportional to the oxygen content.. Therefore, the
effects of the advance of the oxidant front have to be analysed in terms of the evolution
of the reductive capacity (RDC) of the system. Differences in dissolved Fe+2, which is
the dominant aqueous contributor to the RDC, are usually small, - 6.75xlO"5mol/l -. The
dissolution of chlorite becomes null far from the oxidant boundary. Moreover, after 100
years the system reaches saturation and a slight precipitation occurs (few milimoles).

Six cases were analysed in 2D according to different flow field configurations. Main
differences relied on the groundwater residence times down to depths of the repository,
since a considerable part of water flows through the top oxidising zone in some of the
cases, without affecting the repository depth. In terms of the consequences for the
performance of the repository, the most conservative simulations showed variations of
the RDC comparable to those produced in ID (see Figure 2).
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Figure 1. Comparison of the evolution ofpe at repository depth for different cases.
Different minerals and reactive surface areas are compared across the graphs.

The resulting pe either hardly displays any variation or it attains values up to 4-5.
Consequently, the RDC of the system at certain locations barely changes or decreases
down to 4 orders of magnitude. This latter would be the case where downward flow is
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considered along a highly transmissive fracture (Figure 3, groundwater velocity around
10"5 m/s, which by no means reflects "low permeability").

5 Implications for safety assessment

The arrival of oxidising fronts within a glaciation time span is feasible. An oxidant mass
balance is indicative of the real threat of the geochemical conditions for the repository.
For this purpose, we use the fracture distribution measured at Stripa (Abelin et al.,
1991) and we attribute a certain oxidant mass flow to the various fracture types.. Thus,
Fe(OH)3(aq) is the relevant oxidant in solution and its cumulative mass flow reaches
values up to 10'8 mol/m2 after 1000 years. Only very fast flowing fractures -
groundwater velocities on the order of 10"5 m/s - produce a dramatic change in the

redox state of the interface geosphere-near field. We should not expect to place the
repository under such a fracture and consequently the chances for this negative case can
be dismissed by proper site characterisation.

Conclusions

A quantitative analysis of redox front advance in a granitic environment due to melting
of ice during deglaciation periods has been done. To evaluate the consequences we have
used the following three approaches: the stationary state, the system is in equilibrium
with redox buffering minerals and the dissolution (weathering) of such minerals
happening at a slower rate than groundwater flow. The hydrogeochemical systems
considered have been: preferential flow through fractures, where the redox system
isdominated by the presence of chlorite and flow through the host rock, where the
dominant reducing minerals are biotite and pyrite.

The equilibrium approach is fairly optimistic since pressumes that the whole mineral
content is available for groundwater interaction, and reacts until equilibrium is reached.
Accordingly, the redox front progresses slowly and oxidising conditions do not reach
the repository depth in a million years period. The equilibrium calculations showed the
differences exerted by the minerals considered on the migration velocity of the redox
front. For instance, in the host rock environment, pyrite becomes determinant while the
effects of biotite are less important.

The multicomponent reactive transport approach showed the relevance of two items: the
reactive surface area (SA)and the velocity of groundwater. SA determines the pe value at
which steady state is reached and the velocity controls the time at which certain steady
state is reached (it may well be that such state is not reached). Dispersion became
relevant in terms of first arrival times but it was not crucial in terms of final values of
the redox state. Hydrodynamic conditions are conservative given that, in general terms,
most of the cases assume relatively fast groundwater velocities. On the contrary, the
geochemical perspective is slightly optimistic: we consider that all the mineral content
is available to reaction, that reactive surface area does not vary with time neither with
the extent of dissolution, and the formation of a protective coating formation is not
taken into account.
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Figure 2. Evolution of the Fe(II) species in a 2D model at repository depth when about
half of the melt water flows by the top zone and half down to repository depths
with considerable flow along and across a fracture zone. Note that Fe+2 is the
main species contributing to the RDC of the system. Below: Point 3 pertains to
a fast flowing fracture, while the rest are located within the host rock



261

pe
- 2 - 1 0 1

500

~ 400 ••

Q.
<D

•D
£>
2

o
Q.

o
•Q

300-•

200-•

1 0 0 - •

Fracture

3 4
pe

- 2 - 1 0 1
500

OA

o

0 P A x
& S A X

d A x
• A X

Q A

o

• A X

• A X

f
400 4- j&.er'x

4
300 El A X

200-•

100 - •

Host rock

- - - O - .

- - - - - -

- - -A- -

--X--

-t=1

- t=10

- t=100

-1=1000

Figure 3. pe profiles at different simulation times for host rock and fracture respec-
tively. Note that the top 100 m (from 500 to 400m) are the oxidising zone and
the repository altitude is 0.

The effects of the oxidising front migration has been analysed in terms of variation of
the reduction capacity (RDC) of the system given that minerals dissolution is negligible
in most of the cases. Thus, Fe+2 is the main contributor to the RDC. The cases analysed
show that RDC in the host rock barely changes due to that oxidant mass flow is small
too. On the contrary, changes up to four orders of magnitude are found in fractures.
Such difference between host rock and fractures has been corroborated by means of
oxidant mass balance as well. This is important since if a decrease of the release of
reductants - in terms of coating phenomena or reactive surface area diminishing - were
accounted for, redox conditions at the repository level could be more oxidising.

In terms of safety assessment analysis neither of the cases considered could seriously
jeopardise the geochemical conditions of the repository system, in spite of the fast
velocity or the relatively small reactive surface area adopted for some of the runs.

Acknowledgements

This work was carried out under contract of SKB, the project being lead by P. Wikberg.
Authors express their gratitude to J.P. Humm and S. Crompton for their skills and
technical support in the use of the ARASE code.

References

Abelin, H.; L. Birgersson; J. Gidlund and I. Neretnieks (1991) A large-scale experiment
in granite 1. Experimental design and flow distribution. Wate Resour. Res. 27(12) 3107-
3117.



262

Ahonen, L. and T. Vieno (1994) Effects of glacial meltwater on corrosion of copper
canisters. Report YJT-94-13, nuclear waste commission of Finish Power Companies. 20
pp.

Banwart, S and Gustafsson, E. (1991) Scoping calculations of surface water and redox
front breakthrough. Large scale redox experiment. SKB PR25-91-06.

Banwart, S. (ed.) (1995) The Aspo redox investigations in block scale. Project
summary and implications for repository performance assessment. SKB TR 95-26.

Bjorck, S. and N.O. Svensson (1992) Climatic changes and uplift patterns - past present
and future. SKB Tech. Rep. 92-38.

Blomqvist, R.; S.K. Frape, P. Nissinen, M. Ivanovich, P. Vuorela, A. Blyth and T.
Ruskeeniemi (1992) Crustal rebound-relate groundwater flow and calcite formation in
the crystalline bedrock of the Fennoscandian shield: new observations from Finland.
Paleohydrogeological methods and their applications. Proc. of NEA workshop, Paris, 9-
10/11/92,161-167.

Boulton, G. and G. de Marsily (1997) Hydrogeological aspects of glaciation. in King-
Clayton et al. (eds) Glaciation and Hydrogeology. Workshop ofn th impact of climate
change and glaciations on rock stresses, groundwater flow and hydrochemistry - past,
present and future. Stockholm, April 1996.

Glynn, P. D.; C. Voss and A. Provost (1997) Deep penetration of oxygenated meltwa-
ters from warm based ice-sheets, in "Use of hydrogeochemical information in testing
groundwater flow models" OECD/NEA SEDE workshop, 1-3 September, Borgholm.

Grindrod, P., S.P. Crompton, J.A. Woods and R.C. Arthur (1994) ARASE: Multibarrier
geometry in two dimensions. QuantiSci rep ID3830-4 Version 2.

Lichtner, P.C. (1988) The quasi stationary approximation to coupled mass transport and
fluid-rock interaction in a porous medium- Geochim. et Cosmochim. Acta, 52, 143-165.

Malmstrom, M; Banwart, S.; Duro, L.; Wersin, P. and Bruno, J. (1995) Biotite and
chlorite weathering at 25°C. SKB TR 95-01.

Parkhurst, D.L. (1995) User's guide to PHREEQC- A computer program for speciation,
reaction-path, advective-transport, and inverse geochemical calculations. USGS, Water-
Resources Investigations Report 95-4227. Lakewood, Colorado.

Rhen, I. (ed), G. Backbom (ed), G. Gustafson, R. Stanfors and P. Wikberg (1997) Aspo
HRL Geoscientific evaluation . 1997/2. SKB TR 97-03, Sweden.

SKI SITE-94. (1996) SKI Site 94 Deep Repository performance assessment projects.
SKI Report 96:36.

Svensson, U. (1996) Regional groundwater flow due to an advancing and retreating
glacier - scoping calculations. SKB PR U-96-35

White, A.F. and Yee, A (1985) Aqueous oxidation-reduction kinetics associated with
coupled electron-cation transfer from iron-containing silicates at 25°C. Geochim. et
Cosmochim. Acta, 49, 1263-1275.


