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Executive Summary
Migration of oxidizing groundwaters to depths being considered in Sweden
for deep geologic disposal of nuclear wastes could adversely affect the ability
of engineered and natural barriers to limit radioelement releases to acceptable
levels. Migration velocities of oxidizing fronts in conductive fracture zones
in granitic host rocks are estimated in this report, and results are evaluated in
relation to future glaciation events that are expected to occur in Scandinavia
over the next 100,000 years. This study addresses specifically whether
oxidizing conditions could be propagated to repository levels over periods of
time that are short compared to periods of recharge (roughly 10,000 to 20,000
years) associated with glacial advance and retreat

Analytical models for the rate of front migration are derived based on the
stationary-state approximation to coupled fluid flow and water-rock
interaction, and are constrained by molar concentrations of ferrous silicate,
oxide, and sulfide minerals in unaltered granites, hydrothermally altered
granites, and associated fractures comprising the host rocks beneath Aspo
Island, southeastern Sweden. Although the models account explicitly for
reaction kinetics, front velocities are time invariant and are readily estimated
under limiting conditions of local equilibrium.

Model results indicate that small amounts of ferrous minerals in Aspo
granites and fractures will retard the downward migration of oxidizing
conditions mat could be generated by infiltration of glacial meltwaters during
periods of glacial maxima and retreat Calculated front velocities are retarded
relative to Darcy fluxes observed in conductive fracture zones at Aspo (0.3 to
3 m yr-») by factors ranging from 10*3 to 10-4. Corresponding times required
for the fronts to migrate 500 meters (i.e., the minimum distance to a
repository) vary from 5,100 to 4,400,000 years. Retardation efficiency
depends on mineralogy, and decreases in the order: fractures > altered granite
£ unaltered granite. The most conductive structures in these rocks are
therefore the most effective in limiting the rate of front migration.

Periods of recharge during glaciation are comparable to times required for an
oxidizing front to migrate to repository levels. This suggests an oxidizing
front could reach repository depths during a single glacial-interglacial event
The persistence of oxidizing conditions could be relatively short lived,
however, because reversal of flow conditions (from recharge to discharge)
driven by the advance and retreat of ice sheets could cause reducing
conditions to be restored. The buffer intensity, capacity, and reversibility of
geochemical processes generating oxidizing, and reducing, fronts could
therefore be important parameters affecting repository performance.
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1 Introduction
A recent safety assessment of the Swedish KBS-3 design for deep geologic
disposal of nuclear wastes concludes that the primary requirement of the host
rock is to provide stable mechanical and chemical conditions over a long
period of time so mat the long-term performance of the engineered barriers is
not jeopardized ( S O , 1991). The redoz potential of deep groundwaters is
particularly important in this regard because reducing conditions will
maximize the stability of canister materials and minimize radioelement
solubilities. Groundwaters throughout Fennoscandia are generally reducing
at depths of more than a few tens of meters (Smellie and Laaksoharju, 1992,
Laaksoharju et al., 1993), which strongly supports the view that the KBS-3
system is an effective design for nuclear waste disposal in Sweden.

The future evolution of this system could, however, include relatively short-
lived transient periods during which oxidizing surface waters migrate in
fractures toward the repository. A plausible sequence of events consistent
with this scenario would be driven by periods of glaciation-deglaciation
(Figure 1) in response to the periodicity in eccentricity, obliquity, and
precession of the Earth's orbit Down-warping and uplift of the Earth's crust
in isostatdc response to the advance and retreat of ice sheets may create, or
reactivate, fractures in repository host rocks. Oxygenated glacial meltwater
could migrate in these fractures during periods of recharge (10,000 to 20,000
years) associated with the advance and retreat of glaciers (King-Clayton et al.,
1995; Provost et al., 1996), which are expected in southern Sweden over the
next 100,000 years (Bjdrck and Svensson, 1992).

The transport rate of an oxidizing front is controlled by the fluid-flow
velocity and heterogeneous oxidation-reduction reactions, which tend to
retard the migration velocity of the front relative to that of the fluid.
Groundwater flow in granitic host rocks is generally confined to conductive
fracture zones, and is limited under natural hydraulic-gradient conditions.
For example, tracer dilution tests in boreholes intersecting fracture zones in
granites, granodiorites, and diorites comprising the Aspo Hard Rock
Laboratory (HRL) indicate that typical Darcy fluxes under such conditions
are in the range 0.3 to 30 m yr-» (Wikberg et al., 1991; Rh6n et al., 1992). This
suggests that oxidizing surface waters migrating through conductive fractures
could nevertheless reach repository levels (500 m in KBS-3) as soon as about
17 years, a time that is extremely short relative to glacial/interglacial time
frames.

This estimate may be too simplistic, however, because it does not account for
possible oxidation reactions among migrating groundwaters and fracture
minerals. Granitic rocks at Aspo and elsewhere in Sweden contain primary
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and secondary ferrous minerals, which upon partial dissolution and aqueous
oxidation of Fe(II) to Fe(H[), could effectively lower oxidant concentrations
in the groundwater. Depending on the redox buffering properties of the rock,
determined by mass-balance, mass-action, and kinetic constraints, redox-
front migration velocities may be significantly retarded relative to the
groundwater flow velocity.

The purpose of this investigation is to estimate rates of redox-front migration
in crystalline rocks in Sweden considering the coupled effects of mass
transport of oxidants in groundwater and water-rock interaction. An
analytical model based on die stationary-state approximation to coupled mass
transport and water-rock interaction is used to calculate redox-front migration
rates. The model is described in Section 2 and its meoretical basis is derived
in die appendix. Mineralogical data on die relative abundances of Fe(II)
minerals at die Aspo HRL are used to constrain die model (Section 3). Front
velocities are calculated in Section 4 for individual minerals and for mineral
assemblages in unaltered Aspo (Smaland) granite, hydrodiermally altered
granite, and fractures. Redox-front velocities are computed assuming
fracture-zone Darcy velocities of 0.3, 3, and 30 m yr-i.



2 Analytical Model of Redox-Front Migration

2.1 The Stationary-State Approximation

Redox-front velocities are estimated under limiting conditions of advective
transport (i.e., negligible diffusion and dispersion) using the stationary state
approximation to coupled fluid flow and water-rock interaction (Lichtner
1985; 1988). The approximation represents the evolution of chemical
conditions in open multicomponent, multiphase systems in terms of a
sequence of relatively long-lived stationary states of the system, which are
linked in time by short-lived transients. Each stationary state is represented
by spatially fixed reaction boundaries, and nearly constant mineral
abundances, porosity, permeability, and reactive surface areas of minerals in
the flow path. A stationary state is an open-system analogue of an
equilibrium state in closed systems insofar as both are independent of time.
A stationary state, however, is not generally at equilibrium. Rather, its
existence depends on the presumption that mineral abundances, reactive
surface areas, porosity, and permeability vary slowly compared to the time
required to form a stationary state. Such conditions are appropriate for
geologic systems because the concentrations of aqueous species in a
representative elemental volume of the system are much less than their
concentrations in coexisting minerals.

An important consequence of stationary-state behavior is that the rate at
which reaction fronts are propagated is fixed relative to the Darcy velocity of
the fluid. The migration velocity of a redox front, or any other reaction front,
is given by:

V / *1 + Ly) (2.1.1)

(Lichtner, 1988; see appendix) where vy stands for die velocity of the front (m
yr-i), v represents the Darcy velocity of the fluid (m yH), and ^ refers to
porosity. The parameter, Lj, is a dimensionless quantity for the^-th aqueous
reactant-

I
r - 1

where M refers to the number of minerals, r, that react with j , \$r represents
the stoichiometric coefficient for j in a balanced dissolution reaction (which
may include oxidation/reduction) involving the r-th mineral, Vr stands for



the molar volume (cm3 mol-1), and {<t>r} and {yj} denote differences in the
volume fraction of the r-th mineral and generalized concentration of thej-th
reactant, respectively, as measured between upstream and downstream
points on either side of the reaction front. The generalized concentration
represents the total concentration among all aqueous species containing j , and
is thus defined at a position in the flow path, x, and time, t, by:

yyj(x,t) = C}(x,t) + ZVjiCfat),
i

where Cj(x, t) refers to the concentration (mol 1-') of the j-th primary species,
and the sum is for all secondary species, s, with concentrations C/x, t). The
concentrations of secondary species are related to the concentration of the
primary species by mass-balance and mass-action relations.

The migration velocity of a redox front is retarded relative to fluid velocity
when \JJ > 0. Moreover, if Ly » 1, the front's velocity is independent of
porosity:

(2.1.2)

The front velocity under such conditions is then proportional to {yj}, and
inversely proportional to the volumetric concentrations of mineral reactants.
The front is stationary until 0r is reduced significantly, at which time a new
stationary state is generated and the front advances.

The absence of kinetic parameters in Equation (2.1.2) implies a superficial
resemblance to mass-balance models. The distinction between the models is
important, however. Local equilibrium is assumed a priori in mass-balance
approaches, whereas reaction rates are considered explicitly in stationary-
state calculations. These rates determine both the position of the front in a
given stationary state and also the time required to generate the next
stationary state. Because the front velocity is given by the ratio of this
distance and time, however, kinetic factors cancel and the front propagates at
a constant velocity that is reaction-rate independent (Ortoleva et al., 1986;
Lichtner, 1988). Kinetic and mass-balance models are equivalent under
limiting conditions of local equilibrium because the product of kinetic
parameters, such as the rate constant for mineral dissolution and the mineral's
reactive surface area, approach infinity under such conditions.
Consequently, kinerically controlled heterogeneous reactions will initially
delay generation of a reaction front, but once formed the front is propagated at
a constant velocity equal to that which would occur under conditions of



instantaneous reaction and local equilibrium (Figure 2.1).

The stationary-state approach is therefore preferred because:

* it provides a scientific basis for assuming local equilibrium to estimate
redox-front velocities, and

• calculated results are independent of porosity if the fronts are strongly
retarded relative to groundwater flow.

This is important for pragmatic reasons because kinetic data for relevant
oxidation-reduction and mineral-dissolution reactions are either lacking or
highly uncertain. Additional uncertainty in quantifying the reactive surface
area of minerals, and porosity, in natural systems (Paces, 1972; White and
Peterson, 1990) further underscores the advantages of adopting the stationary-
state approach.

22 Conservatism in the Modeling Approach

Equation (2.1.1) is valid only for the case of pure advective transport. Such
conditions are reasonable for the assumed case of groundwater flow in
fractures at Darcy velocities between 0.3 and 30 m yr-1. Peclet numbers1

under such conditions are 0.02 and 0.0002, respectively, assuming a
characteristic transport length of 500 m (minimum transport length to
repository depths), a maximal diffusion coefficient of 10-5 m 2 sec-1 and a
highly conservative value for porosity of 1%. Peclet numbers < 1 indicate
that diffusive transport is relatively less important, or negligible, compared to
advective transport.

Calculations using the modeling approach will over-estimate redox-front
migration rates if diffusional transport is non-negligible. Diffusion (including
matrix diffusion) and dispersion would tend to spread an oxidizing front over
larger volumes of host rock compared to advective systems. This would slow
the front's migration velocity in the direction of flow. Modeling redox-front
transport assuming negligible diffusion is therefore conservative because
transport rates are maximized under such conditions.

As discussed in Section 3.3, a temperature of 0°C is assumed in calculations

1 * The dimensionless Peclet number, Pe, is given by

D

where D stands for the molecular diffusion coefficient (m2 sec1), and L represents a
characteristic transport distance (m).
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Figure 2.1. Schematic Diagram Showing die Position of a Reaction Front as a Function
of Time. Solid line - local equilibrium limit: Dashed line - kinetically
controlled reaction.

that constrain Ofaf) solubility in recharging glacial melt-waters. It is noted
here that the aqueous solubility of molecular oxygen decreases with
increasing temperature. The assumed temperature is therefore conservative
because Qsz(H) is then greater than would be the case if a higher temperature
were assumed.

12 Non-Conservatism in the Modeling Approach

Equation (2.1.2) implies that front velocities are inversely proportional to the
volume fractions of reactive minerals, <pr- This assumes that the entire
volume of these minerals is available for reaction. It is possible, however,
that coatings of reaction products could form on the mineral's surface,
thereby limiting the ability of the mineral to react further with dissolved
oxidants. In such cases the model will underestimate the front's velocity in
inverse proportion to the fraction of the mineral's volume that is truly
reactive.

In die absence of data to the contrary, it is assumed in this report that die total
volume of reactant minerals is available for reaction. Although this
assumption is not conservative, it is a simple matter to scale die results of
calculations if worse-case scenarios are considered. For example, if only
10% of a mineral's volume is considered available for reaction, die front will
migrate 10 times faster dian estimated in diis report, and would arrive at a
given distance in die flow padi in 1/10-di die time.



2.4 Previous Applications of the Model

Lichtner and Waber (1992) use the stationary-state model to estimate the
velocity of redox fronts associated with pyrite oxidation at the Osamu Utsumi
uranium mine, Pocos de Caldas, Brazil. The following reaction is assumed to
be rate limiting:

FeS2 + H,O0 + Io2(aq) - Fe2- + 2SOJ + 2H%

and the migration velocity of the corresponding front is calculated using
Equation (2.1.2):

v / =

It is assumed that CQJ^) *> 0 mol H immediately downstream of the front, and
that tpfy « 0 in previously oxidized regions upstream of the front, such that

(*=0, f=0) = Kjf'Po^), and

where K# denotes the Henry's law constant for O^aq) - O^g){ • 102899at
25°C), PQ{({) refers to O2(g) partial pressure (ideal gas behavior is assumed)
and p>pj represents pyrite's volume fraction in unoxidized host rocks (note
that if, as here, K# is expressed in bar -(mol I-1)*1! it is necessary for
consistency among units to multiply the numerator in Equation (2.4.1) by a
conversion factor, 10-J1 cm-J, if V^ is in units of cmJ mol-1).

Lichtner and Waber (1992) assume Po2(j) = 0.2 bar, v d n yr-i and ty>n -
2% (according to field data for this site). With Vo2(«f)># • 3.5, based on
reaction stoichiometry, and Va « 23.99 cm? mol-l (e.g., Johnson et al., 1992),
the calculated front velocity equals 8.6 x 10-5 m yr-i.

A mass-balance model for this system predicts a front velocity of 2.5 x 1O5 m
yr-i (Romero et al., 1990). The rate calculated using both the stationary-state
and mass-balance models exceeds estimates based on natural series
radionuclide profiles, which suggest that maximum front velocities are 1.0 x
10-5 m yr-i (MacKenzie et al., 1991). The higher rate predicted by the
stationary-state model is consistent with the observation that diffusion, rather
than pure advection, appears to be an important transport mechanism in the
near vicinity of the front (MacKenzie et al., 1991). Cross et al. (1990)



conclude that both mass-balance and stationary-state models yield crude, yet
conservative, estimates of redox-front migration rates at Pocos de Caldas.



3 Model Constraints
The analytical model (Section 2) indicates that redox-front velocities are
attenuated by the volumetric concentrations of mineral reactants, &, and by
oxidant concentrations, yj. The mineralogy of host rocks comprising the Aspo
HRL is reviewed in this section to identify minerals in granitic
environments that are susceptible to oxidation-reduction reactions, and to
estimate plausible ranges in their relative abundances. Thermodynamic
constraints on the aqueous solubility of molecular oxygen are evaluated to
define initial oxidant concentrations.

3.1 Geologic Setting of Aspo Island

Aspo Island is part of the mid-Proterozoic Trans-Scandinavian granite-
porphyry belt, which extends from southeastern Sweden northwestward into
central Norway (Gorbatschev, 1980). The rocks at Aspo include the 1760-
1840 million-year-old Smiland granite suite. These rocks are red to gray
porphyritic granites-granodiorites containing microcline megacrysts (Smellie
and Laaksoharju, 1992.)- A redder granite referred to as the Avro "true"
granite is present in die southern part of the island.

Mafic enclaves and dikes within the granitic matrix attest to continuous
magma mixing, which has resulted in an inhomogeneous rock mass ranging in
mineralogic composition from true granites to granodiorites and diorites
(Kornfalt and Wikman, 1988). The granites contain lenses or sheets of fine-
grained greenstones (metabasalt) that have been strongly altered. Smaller
lenses of metavolcanics (dacitic in composition) also occur.

The island is divided into two main blocks by a NE-trending regional shear
zone. Figure 1, modified from King-Clayton et al. (1995), illustrates this
structure schematically. The Smiland granite suite is dominant in both
blocks, but below 300 m in the southern block the granites tend to become
more dioritic in composition. The shear zone is associated with fracture
zones (5 to 10 m wide), in which the fractures are oriented vertically to sub-
vertically. An important group of discontinuous, sub-horizontal fracture
zones also occurs at depths of 300 to 500 m.

The older rocks at Aspo are intruded by several generations of fine-grained
granites related to the 1300-1400 million-year-old Gotemar granite. A period
of post-magma tic hydrothermal activity (300-400°C) altered the host rocks
near water-conducting fractures (Wikberg et al.,1991). The alteration extends
only a short distance into the host rock from fracture surfaces and is
characterized by crystallization of chlorite pseudomorphs after biotite,
sausseritization of plagioclase to form secondary albite, epidote, calcite,

10



muscovite/sericite, and clay minerals, and replacement of magnetite by
hematite (Eliasson, 1993).

The mineralogical character of the host rocks at Aspo has been locally
modified more or less continuously up to the present as hydrothermal
activity waned and cooler groundwaters circulated through new and
reactivated fractures. Fracture mineralogy includes primarily chlorite,
calcite, hematite, and epidote (e.g., Tullborg, 1989). Quartz, laumonrite,
prehnite, fluorite, pyrite, and amorphous Fe(III) oxyhydroxides [Fe(OH)3
(am)] are less common.

32 Mineralogic Constraints

Data characterizing the mineralogy of unaltered granites, hydrothermally
altered granites, and fracture mineral assemblages reported by Eliasson (1993)
and Banwart et al. (1992) are adopted as model constraints in this study in
order to simplify the complex geology and mineralogy of the Aspo granites.
The data are shown in Table 3.2.1, where it can be seen that unaltered and
hydrothermally altered granites and fractures exhibit characteristic
assemblages of Fe(II) minerals. Unaltered rocks contain moderate amounts of
biotite and lesser amounts of chlorite and magnetite. Hydrothermal
assemblages are distinguished by elevated chlorite contents (at the expense of
biotite), and by the presence of hematite (via oxidation of magnetite) and
small amounts of pyrite. Fracture mineralogy is dominated by chlorite, with
minor pyrite. Calcite is present in at least trace quantities in all the rocks at
Aspo, and could contain siderite in solid solution. Clay minerals include
vermiculite, smectite, and smectite/illite (it is unknown whether the
smectites contain ferrous iron). Minerals in Aspo granites do not contain
appreciable amounts of elements other than Fe(H) and S(II) (in pyrite) that
could react with aqueous oxidants.

Biotite and chlorite are solid-solution minerals composed of Mg(II) and
Fe(II) end-members. The volume fraction of the Fe(II) end-member of
biotite (annite) equals 42%, according to electron-microprobe analyses of the
FeO/(FeO + MgO) ratio in this mineral (Eliasson, 1993). Similar data for
chlorite indicate the volume fraction of daphnite, chlorite's Fe(II) end
member, equals 44%.

Mineralogic constraints on redox-front velocities in unaltered granites,
hydrothermally altered granites, and fractures are defined based on the data
reviewed above. The volume fractions of ferrous minerals are given in Table
3.2.2. The data for biotite and chlorite refer to annite and daphnite
components, respectively, based on the analyses noted above by Eliasson
(1993). The highest concentrations of ferrous minerals occur in fractures.

11



quartz

K-Feldspar

plagioclase

biotitt

chlorite

epidote

opaques

sphene

calcite

Fe(OH)3 (am)

pyrite

clay minerals

Unaltered Granite

25-31

24-33

31-36

5.4 -10

0.2 - 0.7

1.3 - 3.0

0.4 - 1.0 (magnetite)

0.2 - 0.6

t

t

Altered Granite

20-27

20-30

29-43

t

4.7-10

1.6 - 8.5

t - 1.0 (hematite)

0.2 - 1.1

0-4.6

t-4 .0

0.1

Fractures

35

13

30

4

0.2

18

Table 3.2.1. Mineralogy (vol. %) of Unaltered and Hydrothennally Altered
Granites of Aspo Island, and Associated Fractures (Eliasson, 1993;
Banwart et. al., 1992). Minerals with ferrous iron are indicated by
italics: t stands for trace amounts ( « 1%)

Nearly equivalent amounts of ferrous minerals are present in altered and
unaltered granites, suggesting that alteration reactions conserve Fe in solid
phases.

13 Constraints on Oxidant Concentrations

Water infiltrating fracture zones during periods of recharge associated with
the advance and retreat of ice sheets may be oxidized by equilibration with
ambient air. Such solutions could be generated by basal melting of glaciers
near the ice-rock interface. In such cases, molecular oxygen will be the most
important oxidant in infiltrating solutions.

biotite (annite)

chlorite (daphnite)

magnetite

pyrite

Unaltered Granite

2.3 - 4.2

0.09-0.31

0.4-1.0

Altered Granite

2.1 - 4.4

0.1

Fractures

15.4

0.2

Table 3.2.2. Model Mineralogy.
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A conservative estimate of O^aq) concentration is given by the solubility of
molecular oxygen at 0°C, the equilibrium temperature for coexistence of
liquid water and ice, according to the reaction Oiitq) mOj(g). The Henry's
law constant for this reaction at 0°C is 102-661 bar-(mol I-1)"1 Qohnson et al.,
1992). Following the approach of Lichtner and Waber (1992) (Section 2.4),

= 4.6x l(r< m ol I1,

assuming future Ojig) partial pressures are similar to those of today (0.2 bar).
This value is adopted in the present study as a conservative constraint on
oxidant concentrations in recharging glacial meltwaters.

Infiltrating groundwaters could become reducing prior to entering fracture
zones by oxidation of surficial organic matter. This may be an important
process under interglacial conditions, as evidenced by recent results of the
Large Scale Redox Experiment at the Aspo HRL (Banwart et al., 1992). The
calculated value for ¥fc»(#f) neglects these potential reactions in order to
conservatively estimate maximal oxidant concentrations.

13



4 Model Results
The analytical model (Section 2) and associated mineralogic constraints for
granitic rocks (Table 3.2.2) are used in this section to estimate the migration
velocities of redox fronts in unaltered and hydrothermally altered granites,
and in fractures. Solutions generating die fronts are assumed to be initially
equilibrated at 0°C with ambient air (Section 3.3), and Oi(aq) is thus assumed
to be the only important oxidant generating the fronts. The stationary-state
approximation to fully coupled fluid flow and kinetically controlled water-
rock interaction is evaluated under limiting conditions of local equilibrium
for all heterogeneous and homogeneous reactions (Equation 2.1.2). Computed
results are identical to those that would be predicted if reaction kinetics
were considered explicitly, however, because front velocities are reaction-
rate independent under stationary-state conditions (Section 2.1).

Stoichiometric and molar volume data for reactions that could generate redox
fronts in granitic rocks are given in Table 4.1. The stoichiometric
coefficients, Voi(H),r correspond to reactions involving fully oxidized
solutions in which redox-sensitive species exist in their highest oxidation
state. Scoping reaction-path calculations [using version 7.2 of the EQ3/6
software package (Wolery, 1992) and its supporting thermodynamic database,
(dataO.com.R22)}, indicate that reactions among these minerals and dilute,
initially oxidizing groundwaters will generate strongly reducing conditions
(e.g., Figure 4.1). It is inferred from such behavior that

(*=0, t=0)=4.6xlO~ 4 moir I

for oxidation reactions involving these minerals.

Stationary-state equations for redox-front velocities corresponding to
oxidation of biotite, magnetite, chlorite and pyrite by oxygenated glacial
meltwaters are given in Table 4.2 (numerical values • 'U02((lf)>r/vr). Front
velocities for given values of Darcy flux, {Vo2(«f)}> and <pr are approximately
equal for all the minerals except pyrite. Pyrite is more effective in retarding
front-propagation because both Fe(II) and S(II) react with dissolved oxygen,
and because pyrite's molar volume is small compared to the ferrous silicates
and magnetite. With the exception of pyrite, the relative efficiency of the
ferrous minerals in retarding front migration depends primarily on their
relative abundances, &.

Calculated front velocities are given in Table 4.3. The ranges in the table
represent maximum and minimum mineral volume fractions in Aspd granites
(Table 3.2.2). Redox fronts are propagated most quickly in unaltered granites
and most slowly in fractures. The spread in the predicted velocities suggests

14



Mineral

biotite (annite)
[KFejAlSi30io(OH)2]

magnetite
[Fe3O4]

chlorite (daphnite)
[Fe5Al2SJjO,o(OH)8]

pyrite
[FeS2]

Reaction

annite + 13H+ + 3/4O2(«?) ••
A13+ + K* + 3Fe*+ + 3SiO2(aq) +
15/2H2O

magnetite + l/4O2(«f) + 9H+ -
3Fe** + 9/2H2O

chlorite + 21H* + 5/4O2(*?)-
2A13+ + 3SiO2(«f) + 5FeJ* + 29/2
H2O

pyrite + 15/4O2(«f) + 1/2H2O -
Fe*+ + H* + 2SO4i-

l)Q2(«f)

0.75

0.25

1.25

3.75

(cmJmol-l)

154.3*

44.5*

213.4"

23.9*

1
•Johnson et al. (1992) "Helgeson et al. (1978)

Table 4.1. Stoichiometric and Molar Volume Data for Fe(II) Minerals.

a rather smooth transition in the ability of unaltered and hydrothermally
altered granites to retard front migration. The transitional nature of unaltered
and altered rocks is due to die fact that chloritization at Aspd conserves Fe(H)
in the solid phases, and that the relative efficiencies of biotite and chlorite in
retarding front migration are nearly identical (Table 4.2). Chlorite is more
abundant in fractures than in adjacent hydrothermally altered granites, and
this accounts for the enhanced ability of fractures to attenuate front
migration.

-80
-5 -4.5 -4 -3.5

Log Moles Reacted

Figure 4.1. Reaction-Path Simulation of Chlorite Oxidation CTable 4.1). The difference
inO.(aq) concentration between initial and equilibrated solutions defines

15



Mineral

biotite (annite)

magnetite

chlorite (daphnite)

pyrite

Redox-Front Velocity

2O6v{^r4lfj}/{^}

171v{^,}/{^}

Table 42. Analytical Equations for Calculation of Redox-Front Velocities.

The low concentrations of pyrite in the altered granites and fractures suggests
that pyrite will be of secondary importance compared to Fe(II) silicates in
controlling front migration in these units. The effects on front propagation of
Fe(II) components in solid solution in carbonates, and possibly smectite
clays, is not evaluated due to a lack of data characterizing the compositions of
these minerals. The effects, if any, are additive, however [Equation (2.1.2)],
and would therefore lead to greater front retardation than calculated in Table
4.3.

The times required for an oxidizing front to migrate the shortest possible
distance to a nuclear-waste repository (assuming a repository depth of 500
meters, according to KBS-3) are given in Table 4.4 for assumed Darcy fluxes
in conductive fracture zones of 0.3, 3, and 30 m yr-1. The "travel times" in
Table 4.4 are calculated by dividing the assumed minimum travel distance
by the front velocities (Table 4.3). The estimated times for an oxidizing front
to arrive at the repository range from a minimum of 5,100 years to a maximum
of 4,400,000 years. The maximum arrival time is predicted for the slowest
groundwater flow velocity, and front migration in fractures. The shortest
arrival time is predicted for the highest groundwater flow velocity, and front
migration in unaltered granite.

Unaltered Granite

O.OO33v - 0.0016v

Altered Granite

0.0016v- 0.001 lv

Fractures

0.00038V

Table 4.3 Estimated Redox-Front Velocities in Unaltered and Hydrothermally
Altered Aspo Granites, and in Fractures.
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Unaltered Granite

Altered Granite

Fractures

Min

Max

Min

Max

v • 0.3 m yr-1

5.1 x 105

1.0x106

1.0x10*

1.5x106

4.4xlO«

v • 3 m y r 1

5.1x104

1.0x105

1.0x105

1.5 x 105

4.4x105

v • 30 m y r 1

5.1 x 103

1.0 x 10*

1.0x104

1.5 x 104

4.4x104

Table 4.4. Estimated Times (yr) for an Oxidizing Front to Migrate 500 m in
Unaltered and Hydrothermally Altered Granite, and in Fractures.
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5.0 Discussion of Results
Small amounts of ferrous silicates, oxides and sulfides in Aspo granites and
fractures would significantly retard the downward migration of an oxidizing
front that could be generated by infiltrating glacial meltwater during
glacial/interglacial periods in Sweden over the next 100,000 years. It is
estimated that front velocities would be retarded relative to Darcy fluxes by
factors ranging from approximately 10-J to 10-4 (Table 4.3). Retardation
efficiencies depend on granite and fracture mineralogy, and are predicted to
decrease, for conditions at Aspo, in the order: fractures > hydrothermally
altered granite £ unaltered granite.

These results are based on several assumptions that are conservative in most
cases because they tend to over-estimate front velocities. Non-conservative
assumptions are particularly important to note, however, and it is therefore
reiterated that the present estimates are based on the assumption that the total
volume of mineral reactants is available for reaction. Several scenarios can
be imagined, however, where this would not be the case, for example if
coatings of product minerals on reactant surfaces effectively decrease the
reactant's ability to consume dissolved oxidants. In such cases the model
will under-estimate the front's velocity in inverse proportion to the fraction
of the mineral's volume that is truly reactive (Equation 2.1.2). Similarly,
extrapolating the results of this study to granitic rocks in general should be
undertaken with some caution regarding possible differences in mineralogy
between Aspo granites and other granitic rocks.

The analytical models in this investigation provide crude estimates of front
velocities attenuated by complex geochemical processes in an inhomogeneous
geologic system. It is of interest, therefore, to test whether the models are
consistent with present-day geologic conditions at Aspo. In particular, model
predictions should be consistent with the observation that oxidizing
groundwaters are currently encountered at Aspo, but only at depths
shallower than about 50 m (Smellie and Laaksoharju, 1992). Infiltration of
fresh or brackish water through this surface region has occurred more or less
continuously over the past 10,000 to 20,000 years (Smellie and Laaksoharju,
1992). If it is assumed that the recharging solutions are initially oxidizing, the
maximum rate at which oxidizing conditions could have propagated 50 m is
therefore 0.005 m yr-i.

Penetration depths of an oxidizing front under such conditions are calculated
in Table 5.1, based on the analytical models summarized in Table 4.3
(penetration depths are given by the indicated front velocities, times the
indicated Darcy fluxes, times a maximum assumed recharge period of 20,000
years). As can be seen, propagation depths less than 50 m are calculated in all
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Unaltered
Granite

Altered
Granite

Fractures

rate*

O.OO33v

0.0016v

0.0016v

0.001 lv

O.OOO38V

v m 0.3 m yr-l

19.8

9.6

9.6

6.6

2.3

v - 3 m yr1

198

96

96

66

23

v « 30 m yrl

1980

960

960

660

230

* - Table 4.3.

Table 5.1. Estimated Depths (m) to Which an Oxidizing Front Would Migrate
after 20,000 Years in Unaltered and Hydrothermally Altered Aspo
Granites, and in Fractures.

the rock units at the lowest Darcy flux, and in fractures if v £ 3 m yr-l. If a
minimum recharge period of 10,000 years is assumed, then similar results are
calculated for all the rock units when v £ 3 m yr-i, except for the case of the
highest front velocity in unaltered granites. Penetration depths greater than
50 m are predicted under all conditions when v • 30 m yr-l. Model estimates
are thus consistent with field observations if relatively low Darcy fluxes and
relatively short recharge periods are assumed, but inconsistent for relatively
high Darcy fluxes and long recharge periods. With more refined estimates of
these parameters it would be possible to evaluate the accuracy of the models
more definitively, but in their absence it is concluded that the models are
provisionally consistent with field observations.

With the provisional nature of these results in mind, it is concluded that
front velocities ccujd. be significant with respect to glacial- interglacial time
frames. As shown in Figure 1, the periodic advance and retreat of ice sheets
is predicted to reverse the direction of groundwater flow in the vicinity of
the repository. During periods of glacial advance, for example, deep
groundwaters would be flushed upward, and these solutions are likely to be
reducing. As the ice sheet continues to advance up to the time of the glacial
maximum, meltwater that could be oxidizing will infiltrate downward toward
the repository. During the ensuing period of glacial retreat, both upward and
downward flow of water will occur, and solutions circulating near the
repository may be either oxidizing or reducing. These glacial cycles occur
over a period of approximately 10,000 to 20,000 years, a time interval that is
bracketed by the times predicted for an oxidizing front to migrate 500 meters
(Table 4.4).
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6 Concluding Remarks and Recommendations
Periods of time associated with the advance and retreat of ice sheets in
Fennoscandia over the next 100,000 years are similar to estimated times
required for oxidizing conditions to be propagated in granitic rocks to depths
being considered for deep geologic disposal of nuclear wastes. This suggests
it is possible for oxidizing groundwaters to migrate to repository levels during
a single glacial or interglacial event. The persistence of oxidizing conditions
could be relatively short lived, however, because reversal of flow conditions,
from recharge to discharge, could cause reducing conditions to be restored.
Both heterogeneous oxidation, and reduction, reactions could therefore affect
the primary requirement of the host rock in providing stable chemical
conditions over a long period of time so that the long-term performance of
engineered barriers is not jeopardized.

Redox-front velocities are controlled by mass-action and mass-balance
constraints. Mass-action constraints (i.e., reaction stoichiometry) determine
a given reaction's "intensity" in resisting changes in redox potential. Mass-
balance constraints (i.e., the volume fractions of reactant minerals) determine
a reaction's "capacity" to resist those changes. Kinetic constraints are also
important for practical reasons because they control the time required for the
relevant reactions to be effective, which may be exceedingly long relative to
experimental time frames. Redox-front velocities are, however, reaction-rate
independent under stationary-state conditions (Section 2.1), and are thus
readily estimated under limiting conditions of local equilibrium.

The requirement of the far field to provide stable chemical conditions over a
long period of time can be made more robust by siting a nuclear-waste
repository in host rocks that contain suitably high concentrations of primary
and secondary reducing minerals. Calculations based on simple models such
as described in the present study can provide estimates of minimum
concentrations of reducing minerals necessary to mitigate redox-front
migration to repository depths over relevant periods of time. This could
provide a useful tool for selection of favorable host rocks for a nuclear-waste
repository from among various possible granites, or other rock types.

Confidence that the models provide reasonably conservative estimates of
redox-front velocities requires further testing of model predictions compared
to observations of redox-front behavior in natural systems (experimental
calibration of the models is probably unrealistic because front velocities are
exceedingly slow). Testing and refinement of the models is therefore
recommended based on a more detailed evaluation of reaction mechanisms,
which can be inferred by inspection of mineralogic variations between
coexisting oxidized and reduced horizons in granites, such as exist at the Aspd
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HRL.

The possibility is also noted in this regard that evidence of deep migration of
oxidizing fronts during past glacial cycles may be preserved in the
mineralogic record by irreversible heterogeneous reactions. It has been
shown, for example, that the Mn(II) and Fe(H) content of authigenic calcites
can be related to the redox potential of coexisting groundwaters at the time of
precipitation (Barnaby and Rimstidt, 1989). Such techniques should be
evaluated for detection of possible "fossil" redox fronts preserved in
Sweden's crystalline bedrock.
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Appendix: Theoretical Basis for the Analytical Model

The following derivation of Equation (2.1.1) is abridged from Lichtner (1988,
Appendix IV) and Lichtner (1985). It is based on a continuum representation
of mass transport in a porous medium involving a multicomponent system of
reacting minerals and fluid. Homogeneous reactions among aqueous species
are assumed to be sufficiently fast to sustain equilibrium. Heterogeneous
reactions among minerals and the aqueous phase are, however, described in
terms of kinetic rate laws, for which local equilibrium is a limiting case.

Lichtner (1985) represents chemical reactions in such systems for primary
aqueous species, j , and irreversibly reacting minerals, r, by the following set
of N + M coupled, non-linear partial differential equations:

" da,

(A.2)

Equations (A.1) and (A.2) refer to aqueous species and minerals,
respectively. The term BEJdt denotes die reaction rate for dissolution of the
r-th mineral and £$ represents the generalized flux (other symbols are as
defined in Section 2). Although Lichtner (1985) defines the flux term
rigorously, this is unnecessary for the present discussion because the
relations to be derived are relevant only for the case of advection-dominated
systems.

Lichtner (1988) combines Equations (A.1) and (A.2) to obtain the transient
mass conservation equations for a single spatial dimension:

where D refers to the diffusion coefficient matrix consisting of equal and
constant elements for primary and secondary species containing j . The
travelling wave approximation (Ortoleva et al., 1986) is then used to derive an
expression for the velocity of a reaction front appropriate for this system.
The approximation is used to specify a coordinate system at rest with respect
to a Lagrangian reference mass of solution moving with the front. It is
assumed that one or more reaction fronts may exist, with the front of interest
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located at position l(t), propagating with velocity vf = dl/dt, and that other
possible fronts in the system are sufficiently well separated so as not to
overlap and interfere with each other.

The approximation assumes that near a reaction front the solution to the mass-
transport equations can be represented in the form of a travelling wave, given
by:

, and

for the generalized solute concentration and mineral volume fraction,
respectively. Equation (A.3) is transformed to:

using die approximations for \ffj(x, t) and &(*, t) with respect to the coordinate
* ' , defined by x' = x - l(t).

From Equation (A.4) it follows that:

dyf, u \) ,

-£ + vy, - v / ^ + I ( Y Wr) = constant. (A.5)
r « l

Evaluating the left-hand side of this equation at two distinct points, one
immediately upstream of the reaction front and the other immediately
downstream, for the case of pure advective transport (i,e, when the first term
is negligible compared to the second term), yields:

V ' ~ w * • ' l f (2.1.1)

where the quantity (1 + LJ) represents a retardation factor, with

, _ ~ ' 1 J (A.6)
J~ *

and the brackets, { } , refer to the difference in the enclosed quantity at the
two chosen points.
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Lichtner (1988, Appendix IV) furthermore proves that the traveling wave
approximation is invalid when diffusional transport is important, and,
therefore, that Equation (2.1.1) is also invalid under such conditions. It is
also shown that Equation (A.6) is formally similar to the result obtained in
the limit of local equilibrium, in which case the brackets are taken to
represent the "jump" in yj and Qr at local equilibrium on either side of the
front

Application of Equation (2.1.1) for the case of reaction fronts in crystalline
rocks is appropriate if fluid-flow behavior approximates that which would
occur in a porous medium. This is a good approximation for two limiting
cases:

* flow occurs, with negligible matrix diffusion, in individual fractures that
are partially filled with alteration minerals, and

* flow occurs in fracture zones, the hydrogeologic properties of which
approximate an equivalent porous medium.

Both these cases are realistic for granitic rocks in Sweden. It is possible that
matrix diffusion could be an important mass-transport mechanism in these
rocks, but this is ignored in the present study to maintain conservatism in the
calculations (Section 2.2). The analytical model may require modification if
applied to situations in which flow occurs in individual "fresh" fractures
containing little or no fracture-fill minerals.
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