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Abstract

The effect of acidification on deep groundwater is assessed with a geochemical box model
based on the STEADYQL code. The application of the model to the Klipperas study site
shows a remarkable agreement between observed and predicted groundwater composition and
offers an adequate description of the geochemical evolution of the aquifer. Proton fluxes are

shown to be controlled mainly by calcite weathering and organic carbon degradation

processes.

The impact of increased acidification is evaluated on the basis of various test cases and by
including the soil compartment in the model framework. The results indicate that calcite
weathering will be increased by a factor of two to three as a result of increased acidification.
Furthermore, the calculations suggest that, once the powerful carbonate buffer is depleted, the
buffer capacity is provided mainly by anaerobic respiration and ion exchange processes.
Further ongoing acidic loading would lead to neutralization of alkalinity fluxes leaving the

system with a very low buffering capacity towards fluctuations in proton fluxes.

Estimation of time scales of aquifer acidification was assessed under the focus of calcite
depletion with aid of two acidification scenarios. These predict a time range of 12'400 to
370'000 years for calcite depletion to take place down to 500 meters depth. It is suggested
from inherent model assumptions that these estimated time scales are conservative.
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1 Introduction

Acid deposition has an increasing impact on the natural environment. Due to the combustion
of fossil fuels, the natural balance between atmosphere, pedosphere and hydrosphere is
disturbed in many regions. In southern Sweden, for example, the high acid load and the weak
buffering capacity of the soil and subsoil has resulted in an increasing acidification trend of

the shallow groundwaters (Bromssen, 1989).

The impact of acid atmospheric deposition on the pedosphere may induce the exceeding of
the buffering capacity of the soil and lead to increased weathering. This effect is enhanced by
the process of deforestation which occurs concurrently under severe conditions. In a previous
report (Nebot and Bruno, 1991) we have studied these aspects on the basis of different
scenarios and viewed the consequences of erosion with regard to the safety of a HLW
repository. In this work we investigate the impact of soil acidification on the chemistry of the
deep granitic groundwater and take the Klipperds study site as a test case. The goal is to

explore the consequences of increased soil acidification on the geochemical stability of a

HLW repository.

This study is presented in the following way. First, we introduce the acid neutralizing capacity
concept and review the relevant processes consuming or producing acidity in aquifer systems.
Then, after summarizing the geochemical and hydrological situation of the Klipperés area, we
develop a geochemical model based on the STEADYQL algorithm (Furrer et al., 1989),
which assesses the proton fluxes at steady-state in a granitic fracture system. From the
imposed boundary conditions we apply the model to the present situation at Klipperas. We
compare obtained results of groundwater composition with the measured levels and derive
acidity and alkalinity fluxes. Furthermore, we model various test cases which represent
different possible stages resulting from acidification and also include the soil compartment in
the model. Thereof we derive the evolution of the aquifer affected by acidic influx. Finally,
we assess time scales of acidification of the lower aquifer by critically viewing the

uncertainties of geochemical and hydrological factors.



2 Concept of acid- and base neutralizing capacity

2.1 Definitions

The pH of natural waters is regulated by the acidity which in turn is determined by the
dissolved species present. Thus, one needs to distinguish between proton concentration (or
activity) as an intensity factor and the availability of protons, the H* reservoir, as given by the
base neutralizing capacity (BNC). The BNC is equivalent to the total acidity or simply the
acidity. The acidity, [Acy] (or H,,,), may be defined as the sum of the concentrations of all
species containing protons in excess, minus the concentration of protons containing protons
in deficiency with respect to a proton reference level. For natural waters the common
reference level used is H,O and H,CO; (Schnoor and Stumm, 1985; Zobrist et al., 1987):

[Acy]* = [H*] + v[AIY*] - [HCO5] - 2[CO5%] - [OH]

where v [AIY*] depends on the speciation which depends on pH. The acid neutralizing

capacity (ANC), or alkalinity [Alk] is defined as:
[AIK] = - [Acy] = [HCO5] + 2[CO5%] + [OH] - [HY]
Considering the charge balance of the water, the acidity may be defined alternatively as:
[Acy]l = 2[SO42] + [CI'] + [NO57] - 2[Ca®*] - 2[Mg?*] - [Na*] - [K*]
= X[conservative anions] - £ [base cations]

This means that any changes in the concentrations of cations or anions is accompanied by a

shift in the acidity.
2.2  Processes affecting the H* balance in groundwater systems
Table 1 lists the main processes modifying the H* balance in groundwaters. Note that every

process is expressed as stoichiometric reaction from which the change in acidity can be read

from the H* per mole of reactant needed to balance the reaction.

* This definition neglects the contribution of weak acids (e.g., organic acids).
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2.2.1 Weathering reactions

Chemical weathering reactions in groundwaters principally involve carbonate and silicate
minerals. Dissolution of calcite, if present, is the main source of alkalinity. Weathering of
silicates (feldspars, epidote, chlorite, micas) also leads to alkalinity increase. Contrary to
carbonates, silicate dissolution is slow and kinetically driven; therefore, it strongly depends
on hydrological conditions and on the nature of secondary precipitates (Drever and Zobrist,

1992; Velbel, 1985).

2.2.2 Ion exchange

Cation exchange occurs at the negatively-charged layer surfaces of phyllosilicates. Thus, in
principle, protons may be exchanged for Na* or K+. The relevance of proton exchange at
neutral or slightly acidic conditions in clay systems (pH 4 - 6) is still controversial (Avena et
al. 1990; Wieland pers. comm.). The process is also limited by the cation exchange capacity
which, in the case of groundwater medium, is difficult to estimate. A further potential
reaction involves the exchange of sulphate with surface-bound OH- which occurs below pH 5

(Sposito, 1983) and decreases acidity.
2.2.3 Aluminium equilibria

Aluminium concentrations are predominantly controlled by gibbsite or kaolinite equilibria
(see Table 1). Depending on the pH of the inflowing solution these minerals are dissolved or
precipitated and thus the speciation of dissolved aluminium which strongly depends on pH is
altered. Through this process buffering occurs between pH 4 to 6.

2.2.4 Redox processes

Table 1 lists some changes in the proton balance resulting from redox processes. Reduction
reactions involve the microbially-induced interaction between organic matter and electron
acceptors which lead to an increase in alkalinity. In most natural groundwaters iron oxides
and sulphates are the dominant electron acceptors. The contribution of nitrogen via
nitrification and/or denitrification may be significant in areas of high loads of acid deposition
and of intense agriculture. In particular, loading of soil by airborne ammonia leads to
increase of acidity via the nitrification process (Zobrist et al., 1987). Another oxidation

process producing acidity involves sulphide oxidation (e.g., pyrite) with molecular oxygen.



Table 1 Main processes which modify proton balance

Weathering

calcite CaCO;(s) + 2H* <---> CaZ* + H,CO;4

feldspar, e.g., NaSi;Og(s) + H* + 7H,0 ---> Na* + 3H,Si0, + Al(OH);(s)
epidote Ca,Al; (Fe, Si;01,(OH)(s) + 4H* + 8H,0

(x = mole fract. Fe3+)

Ion exchange

proton exchange

sulphate sorption

Aluminium equilibria
gibbsite

Redox reactions
sulphide oxidation, e.g.,

nitrification

sulphate reduction

iron oxide reduction
Mn(VI) oxide reduction

denitrification

---> 2Ca?* + 3H,Si0, + (3-x)Al(OH)4(s) + xFe(OH)5(s)

XNa + Ht <---> XH + Na+

2ROH + SO,2- <--->R,SO, + 20H-
Al(OH)(s) + 3H* <---> A3+ + 3H,0

FeSy(s) + 15/,05 + 7/, HyO ---> Fe(OH)s(s) + 25042 + 4H*
NH,* + 20, --->NOj;- +2H* + H,0

SO4% + 2CH,0 + H* ---> HS- + 2H,CO4

Fe(OH);(s) + 1/,CH,0 + 2H* ---> Fe2+ + 1/,H,CO; + 3/,H,0
MnO,(s) + /,CH,0 + 2H* --->Mn2* + 1/,H,CO; +H,0

NO;- +%/,CH,0 + H* -—-> 1/,N, +5/,H,CO;5 +!/,H,0

<---> refers to fast reaction, ----> refers to slow reaction

3 The Klipperas study site

3.1 General

This site was investigated by SKB during the years 1984-1985. Main geological,
hydrological, and geochemical results are reported by Olkiewicz and Stejskal (1986),
Sehlstedt and Stenberg (1986), Gentzschein (1986), Tullborg (1986), Laurent (1986), Smellie
et al. (1985; 1987), and Wikberg et al. (1987). A comprehensive summary of the Klipperas
site investigations has been recently presented by Ahlbom et al. (1992). In the following only

the major background information is given and special focus is addressed to the hydrological
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and geochemical information and corresponding uncertainties which are used in the

modelling section (section 4).

The Klipperas study site is located in Kalmar county (SE Sweden) about 35 km WNW of
Kalmar. The larger area displays a flat topography, slightly dipping W-E. This direction also
determines the surface water and regional groundwater flow. The ground is mainly covered
with coniferous forest. The soil depth measured in the test site varies between 0.5 and 11 m,
with mean value of 4.2 m (Smellie et al., 1987). The annual precipitation is around 760 mm,

reflecting the relatively humid climate of southern Sweden.

3.2 Geology

Klipperés lies in the sub-Cambrian peneplain covered with Quaternary moraine deposits of
several meters of thickness. Because of the scarcity of outcrops the main available geological
information derives from cored drillings and surface geophysical surveys (Ahlbom et al.,
1992). The bedrock underlying the moraine is mainly composed of granite, so-called Sméland
granite which constitutes 85% of the drilled rock volume. Further greenstone (7%) and
different types and generations of dikes are found. These are composite dikes constituted of
so-called Smaland porphyries (5.5%), dolerite dikes (1.5%) and aplitic dikes (1%). The rock
is strongly fractured. The fracture frequency is lowest for the Sméland granite (4.3 fr/m) and
highest for dolerite dikes (6.4-18.7 fr/m). Due to the limited geological data there are rather
high uncertainties with respect to spatial distribution of rock types and of fracture zones as

well as to the structural and tectonic interpretations.

33 Hydrology

The shallow groundwater system exhibits a low hydraulic gradient of about 0.5% from NW to
SE. Due to the large uncertainties with regard to fracture zones only crude estimates of the
hydraulic properties of the rock body have been performed. The hydraulic tests indicated a
large scatter in hydraulic conductivity with a consistent decrease with depth (Gentzschein,
1986). Moreover, at a depth of 800 m a horizontal fracture zone with high conductivity
(2-10-6 m/s) was observed. The estimated average effective hydraulic conductivity for the
rock mass at 500 m depth are in the range of 10-2 m/s and are one to three magnitudes higher
at shallow levels depending on the hydraulic model used (compare Lindbom et al., 1988 and
Winberg and Gentschein, 1987). The hydraulic conductivity of the fracture zones at deep
levels is estimated to be around 100 times the one of the rock mass. The applied hydrological
models yield groundwater flow rates ranging from 40 - 300 mL/m?2/yr at a depth of 500 m.



In general, the calculated effective hydraulic conductivity and flow rates are significantly
higher than the ones calculated in other SKB sites, such as Fjallveden, Gidea, Svartboerget,
and Kamlunge.

34 Geochemistry
3.4.1 Deep groundwaters

Within the Klipperas test site programme the geochemistry of some deep level groundwaters
in combination with hydraulic tests was investigated (Smellie et al., 1985; 1987; Laurent,
1986; Wikberg et al., 1987). Table 2 lists composition of representative groundwaters for
which contamination due to the drilling procedure is considered negligible. Also, the fracture-
filling minerals encountered in the analyzed fracture zones and estimated hydraulic
conductivities are indicated (Table 3). The major-ion chemistry reveals that there is relatively
little variation in composition. All waters are of rather low salinity with the predominance of
Na+*, CaZ*, and HCOj5". According to the major composition all waters are of near-surface and
intermediate origin (Smellie et al., 1987) and no deep saline-rich varieties were found.
Environmental isotope data indicate that groundwaters are of meteoric origin. Another typical
feature of the deep groundwaters is their low redox potential, also reflected by the measurable

Fe(II) and sulphide content and low sulphate concentrations.

Table 2 Major ion composition of representative deep groundwaters at
Klipperas (Smellie et al., 1987) Groundwaters where contamination
due to sampling procedure has occurred are not given here.

borehole depth pH  Na+  Ca2* MgZ* K+ HCO; ClI' SOz
no. m mM mM mM mM mM mM mM
KKL02 326 7.6 1.26 0.76 0.041 0.028 2.29 0.48 0.001

KKLO1 406 8.3 2.04 0.34 0.095 0.026 1.31 1.27  0.016
KK1L.09 696 7.6 0.65 0.71 0.12 0.033 1.97 0.17  0.045

Calcite was observed in all fractures associated with the extracted waters. This observation is
consistent with the fact that the waters are close to saturation with respect to calcite. A
detailed study on the mineralogy of fractures (Tullborg, 1986) shows that for the great
majority of fractures at deeper levels calcite is the dominant mineral, whereas the upper part
shows depletion with regard to carbonates. Other fracture minerals include chlorite, epidote,

ferric oxide, clay minerals, gibbsite, and occasionally siderite and pyrite (Table 3).



Table 3 Redox sensitive parameters of deep groundwaters at Klipperas.

borehole depth Ey  Fe(Il) S(-I) NO;» NH,* TOC
no. m mV uM uM uM uM mg/L
KKL02 326 -290 232 3.11 1.42 2.50 2.0

KK1.01 406 -300 0.14 2.81 0.36 0.72 3.7
KKL09 696 -270  1.61 0.32 1.42 1.42 1.2

In general, the data suggest a gradual evolution of dilute meteoric water by mineral-water
interactions, anaerobic respiration and ion exchange processes through a downward hydraulic
gradient. This is supported, e.g., by the distribution pattern of calcite in the fractures and by
the evidence of anaerobic respiration processes. The relevance of mixing with groundwater of
different sources cannot be elucidated with the available data (cf. Smellie et al., 1987).
Ahlbom et al. (1992) suggest the presence of old glacial melt water at depth.

Table 4 Fracture minerals and hydraulic conductivities of fracture zones.
borehole section minerals K-values
no. m/s
KKLO02 328-331 m chlor-cc-epi 4.7 10-10
623-628 m  chlor-cc-Fe(IIT)ox-(sid)-(gibb)-(kao) 5.510-10
741-746 m cc-chlor-musc-Fe(IIT)ox 8.2 107
792-804m  cc-chlor-Fe(Ill)ox-pyr-(epi) 1.2 100
865-870 m epi-chlor-cc 6.9 10
KKI1.01 25-30 m Fe(III)ox-chlor not tested
280-295 m clor-cc-(Fe(IlI)ox) 9.3 1077
450-564 m chlor-cc- epi- musc- (kao)- (gibb) 6.6 10-10
KKL09 120-160 m chlor-cc-qz-Fe(III)ox 54107
615-665m  clay-Fe(Il)ox 3.110°10
696-701 m chlor-musc-epi-sid-gibb-goe 9.4 108

Fe(IIox: ferric oxides; chlor: chlorite; cc: calcite; epi: epidote; musc: muscovite; kao: kaolinite;
gibb: gibbsite; sid: siderite; pyr: pyrite; clay: clay minerals; goe: goethite

3.4.2 Shallow groundwaters

The shallow groundwaters in the Klipperds area have not been investigated in the SKB
studies. However, there are a number of data available concerning the shallow aquifers in the
area around Klipperds (Knutsson, 1970; Knutsson, 1971; Jacks and Knutsson, 1981) since
many of them are used for local water supply. Most groundwater analyses have been derived
from the moraine which is mainly constituted of coarsely grained till soil whereas some data

reflect samples of the underlying rocks (granite, porphyry, and greenstone). Table 5 gives the
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range of major composition of 32 groundwaters extracted from forested springs and wells
near Emmaboda (Jacks and Knutsson, 1981), about 10 km south of Klipperéas. This shows
that these waters are very low in dissolved salts, as also indicated by the low electrical
conductivity which is found to be 3-10 mS/m. Moreover, the waters are low in alkalinity and
display CO, contents of 0.5-2 % of the soil atmosphere. Some of the spring waters which
generally reflect short residence times (weeks to months) in the soil are slightly acidic as will

be further outlined in the next section.

Table 5 Range of major composition and estimated average of 32 forest
wells and springs extracted in Kalmar County (Jacks and Knutsson,

1981).

Nat Ca2+ CI SO42- HCO3 Al pH
mM mM mM mM mM mM

minimum 0.10 0.10 0.06 0.10 0.00 0.002 4.2
maximum 0.30 0.50 0.20 0.25 0.30 0.27 6.8
est. average 0.20 0.20 0.14 0.20 0.15 0.005 5.8

3.5 Acidification trends

Acid precipitation in southern Sweden has strongly increased since the late fifties (Rohde and
Granat, 1984), although since the eighties a decrease due to lower SO, emissions has been
noted (Bromssen, 1989). A further general increase for the next 300 years is expected, whose
extent depends on the climatic scenario invoked (Hordijk et al., 1989; Nebot and Bruno,
1991). As a result of acid precipitation, sulphate in shallow groundwaters has increased
notably. In some areas in southern Sweden the acidity input has exceeded the buffering
capacity of the soil and a significant drop in pH has been noted (Bromssen, 1989). In Kalmar
county (vicinity of Emmaboda) an acidification trend between 1964 and 1980 was observed
from forest well and spring analyses (Jacks and Knutsson, 1981), which show an increased
total hardness/alkalinity ratio between 1964 and 1980.

The extent of acidification in Kalmar County is illustrated by the acidity of some soil waters
which were extracted from three springs and one well (Jacks and Knutsson, 1981). Table 6
shows the major composition of these waters. Also, the estimated composition of the rain
and/or snow water using chloride as conservative tracer is given. This indicates that
interaction with the soil matrix results mainly in Al and Si release, whereas the other
components are not much affected. Thus, it appears that the ANC capacity of the soil is very



limited in some parts of the area and is provided mainly by weathering of Al and Si bearing

minerals.
Table 6 Composition of some acidified soil waters and estimated
composition of atmospheric water (rain/snow) (from Jacks and
Knutsson, 1981).
Na2+  Ca2+ Cl- SO4% HCO; SiO, Al pH
mM mM mM mM mM mM mM
Tallebo spring 0.18 0.09 0.19 0.16 0.00 0.12 0.27 4.2
atmosphere 0.21 0.19 0.19 0.30 0.00 0.00 0.00
Etskogen well 0.08 0.06 0.06 0.11 0.00 0.07 0.02 45
atmosphere 0.07 0.06 0.06 0.09 0.00 0.00 0.00
Peppar spring 0.25 0.11 0.17 0.24 0.01 0.13 0.01 4.8
atmosphere 0.19 0.17 0.17 0.27 0.00 0.00 0.00
Margareta well 021 0.14 0.14 0.20 0.15 0.00 0.00 5.4
atmosphere 0.16 0.14 0.14 0.22 0.00 0.00 0.00

4 The model

4.1 General concept

The effect of acid precipitation on a granitic aquifer is schematically shown in Fig. 1. In a
general view, it can be regarded as a two-step process involving (1) the interaction of the
acidity with the forest and soil system and (2) the interaction of the shallow groundwater with
the granitic bedrock system. The first process, which has been extensively investigated over
the past years (e.g., Ulrich et al., 1980; Ulrich, 1981; Schnoor et al., 1984), mainly includes
biomass synthesis (aggrading forest) and soil weathering (Schnoor and Stumm, 1985; Driscoll
and Likens, 1982) whose balance is affected by acid precipitation. As a result the soil
solution, surface water, and shallow groundwater may become acidified when the ANC of the
soil system is exceeded. Thus, the second process is an imprint of the H+ buffering capacity of
the overlying soil. The ANC of the granitic aquifer is determined on one hand by the
weathering of primary and secondary minerals and oxidation of organic matter and by the

hydraulic conditions on the other.
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Fig. 1 Simplified concept of acidification for a granitic aquifer

system. Processes affecting acid neutralizing capacity (ANC) and base
neutralizing capacity (BNC) processes can be viewed in the soil and in the
granitic bedrock compartment separately (see text). "k" refers to hydraulic
conductivity.

Various models have been used to predict the influence of acidic precipitation on aquatic
systems. In the "trickle-down" model (Schnoor et al., 1984; Nikolaidis et al., 1988) changes
of alkalinity in surface water, soil water, and groundwater resulting from different chemical
and biological processes are quantified using a single parameter approach for transfer
between compartments. In the "Rains" model (Horjik et al., 1989) predictions of acid loads on
the environment are assessed based on climatic scenarios. Other models have focused on the
chemical and hydrological processes affecting soil acidity; e.g., the "Magic" model (Cosby et
al., 1986) or the ILWAS model (Integrated Lake Water Acidification Study: Gherini et al.,
1985; Davis et al., 1987). In a recent study Furrer et al. (1990) used a relatively simple, yet
mechanistic model based on the STEADYQL algorithm to describe interactions among soil
solids, biota, and atmosphere and to predict acidity in forest soils. In this work we apply the
STEADYQL approach to the prediction of deep groundwater composition resulting from
acidic inflow (process (2), see above) in the Klipperas area. Thus, this progress report focuses
on the acidity/alkalinity fluxes within the granitic aquifer arising from realistic inflow
solutions. Subsequently, the modelling approach is extended by including the overlying soil

compartment.
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4.2 Description of the model
4.2.1 Geochemical and hydrological boundary conditions

In our model we consider a hypothetical volume element of the fractured granitic bedrock
through which groundwater moves downwards (cf. Fig. 1). The boundary conditions for this
compartment are imposed by (1) the hydraulics, (2) interaction of the solution with primary
and secondary minerals, (3) decomposition of organic matter by microbial activity, (4) the
composition of inflowing solution. A schematic presentation of the processes which influence
the groundwater composition is given in Fig. 2. Furthermore, in the first stage of model
testing, we do not take mixing of different water qualities into account. From the available
hydrological and geochemical data (section 3) we attempt to define these boundary conditions
within the framework of the STEADYQL modelling approach.

Inflow

ia

0 : )
— _— (Org. Carbon>
< 2 |

EQUILIBRIUM
REACTIONS e
]
id
Outflow
FLUXES

a Shallow groundwater composition (outflow from soil compartment)
b Weathering and precipitation of minerals (not in equilibrium with solution)
c Aerobic and anaerobic respiration: O,, sulphate, Fe(lll) reduction, denitrification
d Outflow of deep groundwater
e Complex formation in solution, ion exchange at mineral surfaces,

solubility equilibria

Fig. 2 Processes which influence composition of groundwater (modified
from Furrer, 1991).
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Hydraulic conditions: In the STEADYQL approach water movement is presented as average
flow velocity. In a highly fractured granitic medium such as Klipperas flow predominantly
occurs through fracture zones whose hydraulic conductivity is around 50 - 100 times higher

(= 108 - 106 m/s) than in the whole rock mass (Ahlbom et al., 1992). The estimated average
flow velocity in the rock mass, as calculated by hydrogeological models, is around 60 - 300
mL/m?/yr at 500 m depth and 300 - 3000 mL/m2/yr in the upper part depending on the
models used (Lindbom et al., 1988; Winberg and Gentschein, 1987). Thus, we take the
average flow velocity of the fracture zones (between O - 500 m depth) to range between 4.5 -
225 L/m?/year or 0.0045 - 0.225 m/yr. In addition, the effect of highly permeable fractures
which are also encountered in fractured granitic rocks (SKB-91) is considered, taking a high

flow velocity of 3.17 m/yr.

Mineral-water interactions: The relevant mineral-water interactions are identified by their
historical record as given by the nature of fracture filling minerals (Table 4) and by the water
composition (Table 2 and 3). Here we are principally interested in the processes that

neutralize or produce acidity. Calcite weathering
CaCOs(s) + 2H+ <---> Ca?* + H,CO;4 (1)

is the dominant process controlling alkalinity as revealed from the abundance of this mineral
in fracture zones and the composition of deep groundwaters which are roughly in equilibrium
with respect to calcite (Smellie et al., 1987). The identification of gibbsite precipitates
(Tullborg, 1986) in a number of locations suggests equilibrium with respect to this aluminium

(hydr)oxide phase:
Al(OH)5(s) + 3H* <---> AI3* + 3H,0 2

The frequent presence of ferric oxides appears to indicate equilibrium conditions with regard
to this phase. On the other hand, the measured redox potentials suggest that the solutions are
not in equilibrium with respect to the Fe3+/Fe2* couple (Wikberg et al., 1987). In the
STEADYQL modelling approach this apparent controversy is not relevant because reductive
dissolution of ferric oxides is treated as kinetic process (see following section).

Silicate weathering is another source of alkalinity. Primary silicate minerals include mainly
feldspars, biotite, and quartz, identified secondary silicate minerals include chlorite, epidote,
clay minerals. Generally, alkaline minerals such as plagioclase weather faster than acidic ones

(K-feldspar, quartz, biotite) or stable weathering products (Velbel, 1985). Therefore, as an
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upper limit for alkalinity production, we consider albite (Na-plagiocase) weathering (Banwart
et al., 1994). The incongruent dissolution of albite can be expressed as

NaAlSi;Og(s) + 7HyO + H* ---> Na* + 3H,SiO4 + AI(OH)s(s) (3)
Ion exchange reactions involving clay minerals (kaolinite, illite, smectite) may also provide a
buffer to acidic influx. Such reactions mainly occur at the permanently charged layer sites

which are defined by the cation exchange capacity (CEC). The cationic displacement of the
main counter ion by other ions, I (H*, K+, Ca2*) is schematically expressed as

zXNa + I#* <-—--> X, I+zNa* 4)
where X is the exchangeable site at the clay surface and z is the charge of the ion I
Oxidation of sulphides constitutes a process for production of acidity. Pyrite has been
identified as fracture-filling mineral in some locations (Tullborg, 1986). Pyrite surfaces show
high reactivity with regard to molecular oxygen and oxidize to ferric oxides.

FeS)(s) + 157,05 + 7/, HyU —-> Fe{OH)5(s) + 250,42 + 4H* (5)
Decomposition of organic matter: The presence of considerable levels of total organic carbon

~ 1-4 mg/L, Table 4) and the relatively high pco, levels in the deep groundwaters of

Klipperas indicate that respiration processes are important. From the composition of the water

and from general information on granitic groundwaters (e.g., Banwart et al., 1992; Wikberg et
al., 1987), the main electron acceptors involved in the oxidation of carbon are molecular O,,

ferric iron, and sulphate:

02 + CHzo ---> H2C03 (6)
Fe(OH)4(s) + 1/,CH,O + 2H* > Fe2+ + 1/,H,CO; + 5/,H,0 7
SO, + 2CH,0 + H* —> HS- + 2H,CO, )

Studies on redox processes performed at the Aspd Hard Rock Laboratory indicate that organic
carbon is the major source of electrons for electron acceptors, including molecular O,
(Banwart et al., 1992) and therefore aerobic respiration (Eq. 6) will likely predominate over

pyrite oxidation (Eq. 5) with regard to O, fluxes.
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The frequent occurrence of ferric oxides as fracture-filling minerals at all sampled depths
indicates that Fe(IlIl) is an important electron acceptor but gets reduced at a relatively slow
rate in the anoxic groundwater system. The slow reductive dissolution of ferric oxides both by
biotic and abiotic means has been demonstrated experimentally (Lovley, 1987; LaKind and
Stone, 1988) and in the field (Canfield, 1990; Wersin et al., 1991). The low concentrations of
sulphate in the deep groundwaters and the relatively elevated levels of dissolved sulphide
(Tables 2 and 3) indicate that biologically-mediated reduction of sulphate is significant.

The relatively low concentrations of Fe(Il) observed in the groundwaters suggest a sink for
this component by secondary precipitation. Siderite has been observed in some locations,
however groundwater compositions exhibit significant undersaturation with regard to this
mineral (Smellie et al., 1987). On the other hand the similar levels of dissolved Fe(Il) and HS-

are compatible with the formation of iron sulphide:
Fe2+ + HS- <---> FeS(s) + H+ 9

The solubility of FeS depends largely on the crystallinity of the precipitate. The observed
concentrations indicate that groundwaters are close to equilibrium with respect freshly
precipitated FeS (Berner, 1981). This suggests that precipitation of FeS is an active process.

The low concentrations of nitrogen compounds (<5 uM N,,,) in the deep groundwaters reveal
that denitrification or nitrification play a minor role in the production or consumption of
alkalinity. Similarly, the absence of manganese oxides in the mineralogical investigations
(Tullborg, 1986) indicates that reduction of Mn(III, IV) is not significant.

Composition of inflowing solution: In our modelling concept the solution composition of the
inflow in the granitic fracture zone represents the very shallow groundwater or soil water
which has been affected by the acid load. Thus, the appropriate constraints on the average
composition of this water are critical for assessing the effect of acidification on the deeper
groundwater. Here we will follow a two-step procedure. First, the present situation will be
modelled (section 4.3) with aid of the approximate composition of the shallow medium
(given as average composition in Table 5). The water composition taken from the forest wells

indicates a dilute, slightly acidic water, undersaturated with respect to calcite. This agrees
with the mineralogical observations which indicate the lack of calcite at the shallower levels
of the fractures (Tullborg, 1986). Moreover, although no aluminium data is reported, we
assume gibbsite equilibrium which is known to control Al levels in most soil and shallow
groundwaters (Appelo and Postma, 1993) at pH values above 4.5 and provides an important
buffer to alkalinity/acidity fluctuations at acidic to neutral conditions. The second step
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involves the estimation of future inflow compositions arising from increased acid load by
assuming various test cases of different inflow acidity. In the third step we will include the
soil compartment and assess the influence predicted acid deposition rates on deeper

groundwaters.
4.2.2 Application of the STEADYQL approach

The STEADYQL code is very versatile with regard to defining the geochemistry of the
system of interest. Fluxes within the system are viewed under the focus of long time scales.

Chemical reactions that produce or consume acidity are treated as fast or slow processes.

Fast processes are treated as equilibrium reactions. In the present case this includes (a) fast
mineral-water interactions, such as dissolution of calcite, dissolution of gibbsite, precipitation
of iron sulphide (b) acid-base and complexation reactions within the groundwater. Ion
exchange at clay surfaces is also fast. This process is expected to significantly contribute to
the increase of Na* in granitic groundwaters (Banwart et al., 1992) (Eq. 4). In the present
version of STEADYQL this type of process is not taken into account because all surface
processes are regarded under the constraint of steady-state which means that the solution
composition of the modelled volume is not affected by surface reactions. In view of this, we
approximate the sodium exchange process by considering it as ligand exchange reaction
(Wanner, 1986) and estimating the cation exchange capacity (CEC), as outlined in section
4.3.1.

Slow_ processes are described with rate equations and rate constants and include all other
processes contributing to acidity/alkalinity production. These are oxidation of organic matter
by O,, Fe(Ill) and sulphate reduction, silicate weathering, and pyrite oxidation. Furthermore,
inflow of acidic solution is viewed as slow process. Because of the large uncertainties with

regard to a number of critical factors, such as hydraulic conditions, mineral surface areas, and
biological activity, we assign a zero-order rates for each of these slow reactions. The
estimation of the rate constants is assessed in the following manner

- Silicate weathering: Albite weathering (Eq. 3) is selected as upper limit for alkalinity
production (cf. section 4.2.1). According to Knauss and Wolery (1986) dissolution of fresh
albite at neutral conditions yields a rate of 6-10-7 mole Si m2 wk-!. From experimental data
derived from the Aspd Hard Rock Laboratory Banwart et al. (1992) estimated an upper limit
of wetted surface area of about 10 m2 L-! and an upper porosity of the rock mass of 2-10-4.
Using these values we obtain ky, = 1-10-13 mole L-1 s-1,

- Aerobic respiration: The kinetics of this process strongly depend on the reactivity of the
organic matter and hydrological conditions. Results from the Aspo study indicate fast
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depletion of O, in a granitic aquifer. For simplicity we assume pseudo zero-order reaction,
then by estimating a dissolved O, concentration in the aerated soil of about 0.1 mM, we
obtain, from an imposed flow of 10- m/s, a rate constant: ko, = 10-12 mole L-1 s-1,

- Reductive dissolution of Fe(Ill): The kinetics of reductive dissolution of ferric oxides (Eq.
7) have shown to be surface-controlled (Sulzberger et al., 1989; LaKind and Stone, 1988) and
to follow pseudo zero-order kinetics. From field investigations on anoxic lake sediments
(Wersin et al., 1991) the rate of Fe(Ill) transformation has been estimated to be about 10-12
mole Fe per L porewater and seconds. Assuming that reactive surface area of ferric oxide per
L of water in a granitic fracture zone is similar or lower, we estimate a range for the kinetic
constant to be Kgeqyy = 51013 - 5:10-12 mole L1 s°1.

- Sulphate reduction: An assessment of the redox kinetics of sulphur (Eq. (8)) is difficult
mainly because of the large uncertainties concerning the nature of organic matter and
biological activity involved in sulphate reduction. However, the reduction rate is constrained

by the fixed activity of reduced sulphur via FeS precipitation (see following section).

4.2.3 Coupling of iron and sulphur cycles

In the modelling concept the fluxes of iron and sulphur are coupled via iron sulphide
precipitation (Eq. 9). Combining this equilibrium reaction with Egs. (7) and (8) we obtain:

9/,CH,0 + 2H* + SO4% + Fe(OH)s(s) ---> 9/,H,CO; + FeS(s) + 19/,H,0 (10)
This implies that the Fe(III) and SO4Z reduction processes are coupled and that

(1D

Kpern = Keuir
4.2.4 Definition of steady-state condition

At steady-state the fluxes of each chemical component balance out, which means that the sum
of all fluxes entering the volume compartment are exactly compensated by the ones leaving it.
Therefore, at steady-state the outflowing solution has the same composition as the one of the
modelled compartment. The system is defined by the mass action equations, the kinetic rate

expression and the rate constants. The principles of the algorithm are extensively described in

Furrer et al. (1989).
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4.3  Modelling present situation
4.3.1 "Calibration" of system

The purpose of this exercise is to validate the proposed model which should predict the
composition of the deep groundwater from the imposed input parameters. These are
constrained by the laws of mass action, equilibrium constants, the estimated inflow
composition, and the imposed flow velocity. However, the kinetic rate constants of the slow
redox processes including aerobic respiration, Fe(IlI) reduction, sulphate reduction are not
precisely known for the modelled system. Preliminary calculations showed that the system is
very sensitive to these variables which strongly depend on the flow velocity. Therefore, we
vary these variables for a given flow velocity under the condition imposed by Eq. (10) in
order to determine the "operational” zero-order constants of the system. These constants are
then compared to realistic kinetic constants, as outlined above. In the modelling procedure it
is convenient to define a reference case which is based on realistic estimates of the
geochemical variables. The validity of these estimates is then checked by a sensitivity
analysis in which the uncertainties within the assumed values is taken into account. In this
case we will, after presenting the results obtained for the reference case, assess the influence

of flow, inflow composition, and mixing of different waters (section 4.3.3).

Inflow: The inflow composition of a realistic average shallow groundwater has been
estimated, by taking the average major composition of forest springs and wells, as given in
Table 4. A representative pco, from the measured soil air (Jacks and Knutsson, 1981) is =
0.01 atm. Dissolved O, has not been reported; it is estimated to be about 0.1 mM. [Fe(II)] and
[HS-] are assumed to be below 10-° M. Furthermore, gibbsite equilibrium is assumed.
Equilibrium modelling is performed with the MICROQL code (Westall, 1986) which yields

the speciation of the inflow solution.

Jon exchange: The increase of Na in the deeper groundwater can be largely explained, in the
absence of significant mixing processes, by NaCl dissolution and ion exchange reactions.
Preliminary calculations indicated that silicate dissolution (e.g., albite, Eq. 3) is of minor
importance in this regard because of its slow weathering kinetics. Compositions at Klipperas
(Table 2) reveal that Na* is in excess relative to Cl- by a factor of = 2. In view of this, we
suggest that this difference is caused by Na-Ca exchange at clay surfaces. From this and under
the assumption of ideal exchange behavior (Sposito, 1983) a crude estimate of the
exchangeable sites can be made. Taking an average concentration of Na* of 1.3 mM and
attributing half of the increase (1 mM) to ion exchange an amount of = 1 meqg/L of

exchangeable sites is obtained.
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Flow velocity: The average flow velocity in the fracture zones is estimated to roughly vary
between 10-8 and 10-10 m/s. As a reference case we assume an intermediate flow velocity of

10-9 mys.

With these additional geochemical specifications the system is defined and the model can be

run and validated by comparing the results with the measured groundwater composition.

4.3.2 Results for reference case

Table 6 shows obtained steady-state concentrations of the modelled volume (fracture zone).
Also, the average concentrations and standard deviations derived from the three
representative groundwaters are given. A comparison with the modelled results shows that
they are very similar to the actually measured concentrations. All concentrations of major
components are within the standard deviation of the three selected representative deep
groundwater samples. This results indicates that the applied STEADYQL approach predicts

the geochemical evolution of the major components of the groundwater reasonably well.

Table 6 Average composition of deep groundwaters (KKLO1, KKLL02, KKL.09) with
standard deviation (measured) and the predicted one with STEADYQL
approach (model).

pH Na* Ca?+ HCO; CI SO,  Fe(dD S(-I)
mM mM mM mM mM uM uM
measured 7.8 1.30+0.70 0.60+£0.23 1.86+0.50 0.64+0.57  0.021£0.02 1.36+1.11 2.08%1.53

model 8.0 0.98 0.64 1.40 0.66 0.010 1.49 2.66

Redox rates: As mentioned in the above section, the selection of the rate constants associated
with redox processes is found to be a critical step in the modelling procedure. The selected

values for the assumed zero-order reactions are:

Aerobic respiration (Eq. 6): ko, =1.001012 mole L-! 51
Ferric oxide reduction (Eq. 7): Kger = 1.95 1012 mole L1 57!
Sulphate reduction (Eq. 8): kgye =1.951012mole L1 5!

Calculations showed that these three redox processes are sufficient to describe the system. As
a test, the reduction of O, by reaction with pyrite was included instead of aerobic respiration.
Similar results in term of proton fluxes and pco, were obtained. The optimal rate found for
reductive dissolution of ferric oxide is in the range of the ones estimated in anoxic sediments
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(2-10°13 - 5:10'12 mole L-! s°1, section 4.3.1). This good consistency of the obtained
"operational” kinetic constants suggests that the assumed average flow velocity, v, of 10 m/s
is a reasonable upper estimate, independently of the hydraulic data, since the chosen constants
are closely linked to this parameter. Thus, a decrease of v by a factor of 10 implies the same
decrease of the kinetic rate constants in order to obtain the same solution composition. In
summary, the obtained rate constants for ferric oxide dissolution are compatible with a flow
velocity of 10-10 - 10-9 mys.

Proton fluxes: The relative contribution of each process in affecting the flux of H*, or the
change in alkalinity is illustrated in Fig. 3. The flux is expressed in equivalents alkalinity or
acidity per L of groundwater and year. The largest contribution to the alkalinity flux arises
from weathering of calcite fracture minerals. This process, however, is strongly influenced
mainly by the considered redox processes. Thus, biologically-mediated reduction of sulphate
and Fe(III) produce increase in alkalinity and pco,. On the other hand, precipitation of ferrous
iron provides a sink for alkalinity. Note that aerobic respiration does not influence
alkalinity/acidity fluxes. STEADYQL calculations show that redox processes must be
invoked to explain the resulting pH and alkalinity that is observed in the deep groundwater.
Neglecting these redox processes in the calculations leads to unrealistically high pH (= 10)
and low pco,. It must be pointed out, however, that this statement only holds when the lower
aquifer is closed with respect to CO, exchange. This assumption appears reasonable since the
relatively high CO, flux from the. overlying soil compartment will be dispersed to a large
extent in the large granitic reservoir. Nevertheless, we have run calculations at an imposed
constant pco, in the range of the one observed in the deep groundwaters and lower rates of
sulphate/Fe(III) reduction. These results indicate that similar composition is reached except
for observed sulphate concentrations which are too high compared to observed levels. This

further supports the validity of the selected geochemical boundary conditions.

The results indicate that weathering of silicates does not provide a significant alkalinity flux
in the studied groundwater system. This is consistent with modelling studies performed
within the Aspo Hard Rock Laboratory (Banwart et al., 1992). Fluxes involving aluminium
do not notably affect alkalinity. Cation exchange at clay surfaces does not have a direct
influence on alkalinity fluxes. However, our results show that calcite weathering is increased

(ca. 4%) due to simultaneous Na-Ca exchange:
2XNa + CaCO; + H* <---> X,Ca + HCO5" + 2Na* (12)

As mentioned in the above section, the ion exchange processes occurring at clay surface
layers have been modelled on the basis of the observed increase of Na* with depth (Eq. 4).
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This implicitly implies that the distribution of cations (mainly Na/Ca) changes with time.
Therefore, this representation of ion exchange implies a transient rather than a steady-state
behavior. At steady-state the solution composition is independent of fast (equilibrium) surface
reactions. This shows an important limitation of the steady-state assumption. In view of this,
we have approximated ion exchange as ligand exchange reactions in solution assuming an
initial distribution of Na/Ca of 1.5 and a cation exchange capacity (CEC) of 1 meq/L (see
above section). We are aware that this approximation is arbitrary. We are presently in the
process of including the possibility of transient behavior of surface reactions into the
STEADYQL code.

inflow
albite weath.
aerobic resp.
Fe(lll) reduct.
S04 reduct.

FeS prec.
Al(OH)3 equil.

CaCO03 weath.

R S T T O T S S S W S D S T E Y E S Y

015 -0.10 -005 000 005 010 0.5 020 025 0.30

meq/L yr

Fig. 3 Modelling present situation. Alkalinity (+) and acidity (-) fluxes caused by
chemical processes and inflow. Flux due to outflow (not presented) accounts for
difference between presented alkalinity and acidity fluxes.

Summary: The results obtained from STEADYQL show that the imposed boundary
conditions are adequate and allow prediction of the chemical composition of the deep
groundwater. The relevant processes contributing to alkalinity fluxes are in the order of their
importance: calcite dissolution, sulphate reduction/ferric oxide reduction, and Na-Ca
exchange. Acidity fluxes are induced by precipitation of ferrous sulphide. The kinetic
constants used for the redox processes are consistent with previous kinetic data from
experimental and field observations. The obtained fluxes are directly related to the selected
average flow velocity of 10 m/s. The overall consistency obtained by the model suggests
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that this estimate is appropriate in spite of the large uncertainties regarding hydraulics of the
deep groundwater system. The modelling of ion exchange process has been done in a
preliminary way due to large uncertainties in the CEC and because of the probable transient

rather than steady-state behavior of this process.
4.3.3 Sensitivity analysis

In order to assess the sensitivity of the proposed model, we have run additional calculations
by taking into account the uncertainties of the input variables assigned to the reference case,
as defined above. In particular, the effects of inflow composition, flow conditions, and mixing

of different waters on the model predictions have been studied.

Inflow composition:

The effect of deviations from the estimated average composition of the soil water has been
evaluated by taking into account the range of major ion concentrations from well and spring
analysis (Table 5). Fig. 4 shows the influence of changing concentration (or activity) on the
predicted Ca in solution (and thus on the flux of weathered calcite). The results are presented
in the form as relative variations with regard to the reference case (factor f). Thus, a factor f =
2 represents a two-fold increase in concentration with regard to the average concentration.
Note that the filled circle shows the result for the reference case. The dashed lines refer to the
observed range of Ca concentrations in the deep groundwaters. The results indicate that, in
general, model predictions, are not largely affected by realistic variations in the inflow
composition. Thus, increase of proton concentrations (or decrease of pH) at constant pco,, or
increase of Ca2*, SO42-, or O, leads to only slight changes in the predicted compositions and
are within the range of the one observed. Increase in inflow pH to a value above 6.3 induces a
decrease in calcite dissolution. A much stronger effect on the end composition arises from
variations in pco,. The effect of CO, on alkalinity fluxes will be further discussed in section
4.4. However, we would like to point out here that the model suggests that an inflow pco, of
around 0.01 atm is a reasonable upper estimate for shallow groundwaters of the Klipperas
area. This is also consistent with measurements of soil air compositions (cf. Jacks and

Knudsson, 1981).
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Fig. 4 Sensitivity analysis of major inflow parameters. The factor f refers to the
variation with regard to the reference case (f = 1), indicated by filled circle. Dashed
lines give range of observed concentration of Ca in the deep groundwater.

Flow conditions:

As discussed above, the component fluxes are closely related to the flow velocity, v. In the
case of fast chemical processes, at steady state, fluxes are linearly dependent on v. For slow
chemical processes, such as redox processes, there is no simple relationship between v and
fluxes and therefore we have estimated rates of transformation for a reference case. The fact
that the obtained rate of ferric oxide weathering agrees fairly well with previous field
estimates for flow velocities of 10-10 - 10-2 m/s suggests that the obtained rates are reasonable
estimates for the granitic aquifer. Since fracture zones with considerably higher water
movement have been reported (up to 100 times), the effect of higher v on composition and
flow has been viewed, under the assumption that obtained rate constants for redox reactions
remain unchanged, thus depend only on chemical (and biological) but not on hydraulics. Fig.
5 shows the effect of variations of v under these conditions. At increased v (> 0.03 m/yr)
alkalinity decreases because of the relative decrease of alkalinity flux from redox processes
(Fig. 5A). This also leads to much higher amounts of SO42- (data not shown). Hence, for
faster flows, a composition differing from observed ones is predicted. On the other hand, it is
obvious, that, assuming an equal increase of transformation rates, the same result is obtained
as for the reference case. This, however, would imply rate constants ferric oxide and sulphate
which are considerably higher than the ones reported from previous studies. Moreover, this
would result in high rates of transformation with the formation of significant amounts of
Fe(IT) sulphide and/or siderite precipitates within the highly permeable fracture zones, which
is not commonly observed (Tullborg, 1986). Therefore, we argue against the possibility of

high flows (> 0.1 m/yr) controlling the major ion evolution in the deeper groundwaters. Fig.
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5B shows the increase of calcite weathering (assuming calcite equilibrium) as a result of
increasing v, as predicted by the model. Thus, a two-fold increase in v would give rise to a
similar increase in the flux of weathered calcite. However, retardation of such high fluxes is
expected by processes not considered in the model, due to diffusion and mixing with waters
in the smaller fractures. This is further discussed in the section on time scales (section 5).
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Fig. 5 Influence of flow velocity on predicted alkalinity (A) and calcite weathering
rate (B). All other conditions same as for reference case, indicated by dashed line.

Mixing of different water gualities

In the modelling approach it has, so far been implicitly assumed that no mixing of waters of
different origin takes place. It has been suggested (Ahlbom et al., 1992) that mixing of waters
of strongly different composition does not play a major role at Klipperés, because no saline
varieties have been encountered and stable data indicate meteoric origin for the water types.
Nevertheless, we have tested the possibility of mixing of the shallow groundwater with a
saline groundwater type, as found at Aspo. Table 7 gives the compositions of the used
endmembers. The composition of mixed water (Table 7) is calculated from the average
chloride concentration in the deep water, assuming chloride behaves as conservative
component according to the formula: mixing ratio = (X - A)/(B - A), where X is the measured
Cl-concentration in the deep groundwater, A is the Cl-concentration of endmember 1 and B is

the Cl-concentration of endmember 2.
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Table 7 Evaluation of possible mixing on groundwater composition. Concentrations

in mM.
endmember 1  endmember 2

component  shallow water2  saline waterP deep water® mixed water
Na* 0.20 64.3 1.30 0.433

Ca2+ 0.20 31.3 0.60 0.313

Cr 0.14 138.0 0.64 0.64

SO42- 0.20 0.624 0.021 0.202
HCO3" 0.10 0.667 1.86 0.102

a: average composition of spring and well data (Table 4)
b: saline water from Aspo Hard Rock Laboratory (no. KAO438A) (Banwart et al 1992)
c: average composition of observed deep groundwater (Table 6)

The effect of such as mixing process has been taken into account by inserting the composition
of the mixed water in the inflow. The results indicate a small difference with regard to the
model that neglects mixing. A slight decrease in alkalinity fluxes (3 %) and calcite
weathering fluxes is predicted which indicates that mixing with saline water would have no

significant effect on the proton balance.
44 Modelling increase in acidity
4.4.1 Test case: calcite present

Based on the modelling of the present situation ("reference case") we now study the effect of
acidified shallow groundwaters on the geochemistry of the deeper groundwater system. Thus,
we increase the acidity of the inflow solution (by adding H,SOy4) under the constraint of
gibbsite equilibrium. Also, in these test cases the pco, in the inflow is kept equal to the
reference case (pco, = 0.01 atm). The influence of pco, is viewed subsequently. All other
boundary condition remain unchanged. Since the kinetic processes are considered as zero-
order reactions, their rates of transformation are not affected by acidifying the inflow solution.
Therefore, the impact of acidity is reflected in the fast processes. In Fig. 6 the effect of
acidification on pH and calcite dissolution in the deeper groundwater at steady-state
conditions is illustrated. These results indicate that the composition is not significantly
affected over a relatively large pH range of the inflow (pH 6-4.2) due to the high buffering
capacity of the carbonate-bearing system. At lower inflow pH values the alkalinity increases

due to the concurrent increase of pco, and calcite dissolution:

CaCOjy(s) + HyCO3 > Ca2* + 2HCO5" (13)
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This process is closely related to the solubility of aluminium hydroxide which strongly
increases at lower pH. Thus, aluminium provides the largest pool of acidity below pH values
of 4.5 which is removed via simultaneous calcite dissolution and Al(OH); precipitation. The
other potential buffering processes, such as redox processes, ion exchange, and silicate

weathering yield comparatively low fluxes under these conditions.
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Fig. 6 Effect of increase in acidity in inflow (inflow pH) on predicted pH in
lower aquifer (steady-state pH) (A) and amount of dissolved calcite in M (B).

In the next stage the effect of changing pco, in the inflow solution is studied. This is because
relatively large variations in pco,, depending on acidity, nutrient loading, and hydraulic
conditions can arise from microbial degradation of organic matter in the soil compartment
The other boundary conditions are kept as in the reference case. As shown in Fig. 7 the
response of the groundwater system in terms of pH and proton fluxes as a result of pco,
changes at shallow levels is significant. Thus, a strong decrease of pH and simultaneous
increase of calcite weathering occurs at pco, inflow values above about 0.01 atm. An ten
times higher increase of inflow pco, leads to about four-fold increase in calcite weathering.
At lower pco, levels than 0.005 atm, the system is not much affected by fluctuations. The
results indicate that pco, is the most sensitive chemical variable in terms of proton fluxes.
On the other hand, since the model assumes a completely mixed reactor system, dilution of
CO, gas within the aquifer with regard to soil CO, is not accounted for. Therefore, the model

yields upper, conservative estimates for CO, fluxes.
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Fig. 7 Effect of the increase of pco, in the inflow on predicted pH (A) and amount of
dissolved calcite (B).

4.4.2 Test case: no calcite present

Let's consider a hypothetical future scenario where all calcite in the system has been
dissolved. We again assess the effect of acidity of the inflow solution, assuming that the
boundary conditions remain unchanged. Fig. 8 shows the alkalinity/acidity fluxes at steady-
state with an acidified inflow solution displaying a pH of 4.5. The dominant fluxes arise from
redox processes which are constrained by reaction given in Eq. 10. They are identical with the
ones obtained for the reference case (Fig. 3) because the boundary conditions other than
calcite equilibrium have been left unchanged. The buffering capacity of this system is largely
decreased with regard to the calcite-bearing system. This is illustrated by the lowering in pH
and decrease in alkalinity of the steady-state groundwater composition (Fig. 9). Nevertheless,
the results indicate that relatively acidic influxes are buffered by the system. Thus, for inflow
conditions higher than pH > 4.4, the main alkalinity producing processes induce buffering
with a resulting pH of about 6.5. A significant contribution to the overall buffering capacity is

provided by (fast) proton exchange at clay surfaces:
XNa +H* = XH + Na* (14)

The equilibrium constant for Eq. 14 has been estimated from recent acid-base titration
experiments of montmorillonite suspensions (Wanner et al., 1993; Wieland pers. comm.) to
be about Ky, = 3. Although there are, so far, few experimental data available to support
this preliminary estimate, proton exchange processes at clay surfaces appear to provide a
significant acid-base buffer below pH 6 (Avena et al.,, 1990). Due to the uncertainties

involved in the equilibrium constant, the effective CEC of the system, and the approximation
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of the ion-exchange process in the present STEADYQL approach, we can, at this point only
qualitatively estimate the buffering effect of proton exchange.

inflow
albite weath.
aerobic resp.

Fe(lll) reduct.

S04 reduct.

FeS prec.

AI{OH)3 equil.

ion exchange

Y

015  -0.10  -0.05

0.00 0.05 0.10 0.15
meqg/L yr

Fig. 8 Modelling groundwater system without calcite; inflow pH = 4.5.
Alkalinity (+) and acidity (-) fluxes caused by chemical processes and inflow.
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Fig. 9 Modelling system without calcite. Effect of increase in acidity in
inflow on predicted pH (A) and alkalinity (B).
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4.4.3 Adding soil and atmosphere

In this modelling exercise we include the soil compartment by extending our simple single-
box model to a two-box model. Fig. 10 illustrates this approach schematically: Acidic
atmospheric deposition (acidity input as H,SOy) is included as inflow into the soil
compartment which reacts with the acidic influx via gibbsite equilibrium and silicate
weathering. The outflow of this box is then used as inflow for the bedrock which constitutes
the same model as elaborated so far. Note that the choice of different flows for each box (high
in the soil and low in the bedrock) implicitly accounts for the different hydraulic regimes near
the surface and at greater depths. The buffering capacity of the soil due to calcite weathering
and cation exchange is assumed to be exceeded. Moreover, organic matter degradation is
assumed negligible. This leaves weathering of aluminium oxide and aluminium silicate
bearing minerals as main ANC process. Al is assumed to be controlled by gibbsite
equilibrium, whereas silicate weathering is kinetically-controlled. Under acidic conditions,
silicate weathering is enhanced compared to neutral conditions. The rate of weathering has
been estimated from field data of dissolved Si concentration in the soil water (Table 6) and a
flow velocity of 1m/yr to be about 3.2 10-1! mole Si dm-2 s-1. The approximate composition
of precipitation (rain or snow) is taken from estimations of Jacks and Knutsson (1981).
Furthermore, a precipitation rate of 1000 mm/yr with an acid load of 100 meq m=2 yr! is
converted to 0.5 mM H,SOy in the inflow. This acidity influx is, according to the Rains
model (Alcamo et al., 1989), a reasonable estimate for in southern Sweden strongly affected

by acidification.

atmosphere | H;SO4 l
Vi
|silicate weathering——— soil | AlOH), |
V2
" redox processes | " AIOH)y;
redox processes bedrock
lsilicate weatheringi—ﬁ—m ————-1_ _CaCO3__ J

Fig. 10 Schematic view of two-box model which includes interaction of
atmospheric precipitation with soil (box 1) and subsequent interaction of soil
water with granitic bedrock (box 2). Each box is modelled according to site

specific parameters (see text).
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The results obtained for the soil box calculations indicate a solution composition similar to
the one observed for the most acidic soil water (Tallebo spring, Table 6). Thus, the obtained
pH = 4.2, Al = 0.29 mM, and Si = 0.10 mM agree well with observed values. The obtained
SO,4?- concentration (0.57 mM) is considerably higher than observed levels which could arise
from the fact that a part of the acidity arises from the nitrogen influx (Rohde and Granat,
1984) and/or from sorption of SO42- at low pH. Nevertheless, the overall results suggest, that
the proposed, very simple model predicts composition of poorly buffered granitic soils

reasonably well. The proton fluxes within the soil are summarized in Fig. 11.

acid prec.

silicate
weath.

Al(OH)3
equil.

bt

-10.00 -5.00 0.00 5.00 10.00

K

atk(+)/aci(-) flux (meg/L yr)

Fig. 11 Alkalinity/acidity fluxes in the modelled soil compartment. For
boundary conditions see text.

acid influx acidified soil

O reference case

CaCO3
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alk (+) / aci (-) (meg/L yr)

Fig. 12 Alkalinity/acidity fluxes predicted for the deeper aquifer as a result of
increased soil acidificatior (shaded area). Predicted fluxes for actual situation also

shown (unshaded area).

In the next step the influence of the acidified soil on the deeper groundwater is modelled. The
results show that the increased acidity influx leads to a higher flux of dissolved calcite with
regard to the reference case. Fig. 12 illustrates there is a predicted ten-fold increase of acidity

229.



influx for the acidified soil compared to the actual situation whereas the resulting alkalinity
flux increases by a factor of 2.2. This indicates that under severe conditions of soil
acidification the granitic aquifer buffers the acidity load such that calcite weathering increases

relatively moderately.

4.5  Summary of buffering mechanisms

The main process buffering acidity is calcite weathering which provides the dominant source
of alkalinity. Thus, the deeper groundwater system shows inert behavior towards a large range
of acidic influx. Processes involving iron, sulphur, and organic carbon cycling strongly affect
alkalinity fluxes and lead to enhanced calcite weathering. Acidity fluxes due to aluminium
mobilization are strongly increased above a threshold value of acidic input. This, in turn,
leads to a strong increase of calcite weathering. A further important factor is pco, at shallow
levels which may strongly depend on microbially-induced degradation of organic matter in
the soil. Thus, high levels of pco, in the inflow also result in increased calcite weathering.
The effect of a weathered, acidified soil on the proton fluxes of the deeper aquifer is not very
large. Thus, an enhancement of the weathered calcite flux by a factor of about two is expected

once the shows no buffering capacity other than through Al and Si weathering.

In a system where all calcite has dissolved, the acid neutralizing capacity (ANC) is largely
decreased. Acidity is neutralized to a certain extent by redox processes and proton exchange
processes. Once the acidity flux, which is dominated by aluminium equilibrium reactions
exceeds the alkalinity fluxes provided by the former processes, the ANC of groundwater
system becomes very low. It would be then mainly provided by silicate weathering whose

contribution to alkalinity is much lower compared to the other processes invoked.

From these findings the effect of acidification on a groundwater fracture zone (Klipperas) can
be schematically presented by Fig. 13 which qualitatively shows the alkalinity of the deep
groundwater solution as a function of time. At stage 1 the effect of acidification (present
situation) is insignificant since there is still sufficient buffering capacity in soil (low Al
mobility). Once Al is mobilized because the buffering capacity of the overlying soil has
largely diminished or if pco, strongly increases at shallow levels, calcite weathering and
alkalinity will increase until a new constant acidity or CO, influx is reached (stage 2) After
exhaustion of the carbonate buffer, the buffering capacity will be reduced and controlled by
redox processes and proton-clay surface interaction which still provide a notable buffering
mechanism (stage 3). At stage 4, once the acidic influx exceeds the alkalinity fluxes, the
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system will react much more sensitively to changes in acidity fluxes, the principal remaining

process contributing to the ANC being silicate weathering.

A
Alk

Sy

>

time

Fig. 13 Possible qualitative evolution of alkalinity in granitic groundwater
as a result of acidification, as predicted by the model. For explanations see
text.

5 Time scales

5.1 Concept

The model we have presented so far has shown to give consistent results for a granitic
aquifer. In this section we discuss the implications of the modelling results in the light of
HLW repository safety. The main factors which contribute to the decrease of the buffering
capacity in the deeper aquifer will be highlighted. This particularly concerns factors which
lead to enhanced calcite weathering. The main emphasis is to focus on time scales of calcite
depletion (stages 1 and 2 in Fig. 13). The evolution of the buffering capacity of the aquifer
depleted with carbonates (stages 3 and 4) which is difficult to estimate quantitatively due to

the lack of available data, will not be considered.
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5.2 Major factors
5.2.1 Acidification scenarios

The time evolution of acid load depends on climatic scenarios and the reduction measures put
into place (Nebot and Bruno, 1991). Here we will limit the discussion to the case where
control measures are low in order to be conservative in the assessment of time scales. Using
predictions of the Rains model (Alcamo et al., 1989), for sulphur and nitrogen deposition
rates in southern Sweden, conservative estimates for the next decades yield 1-2 g S m2 yr-1
and 1 g N m2 yrl. These values are considered to be beyond critical loads for sensitive
ecosystems. The deposition rates are converted to acidity fluxes by attributing half of S to
sulphuric acid (the other half to aerosol particles) and all N to nitric acid. This amounts to an
acidity load of 103 - 134 meq m2 yr-! which is about the same as assumed in our previous
calculations on soil acidification (section 4.4.3). Acid precipitation is expected to decrease
beyond about the year 2300 because of depletion of fossil fuels. After this time, since the

residence times of SO, and NOj are short, rapid decrease of the acid load will occur.

In the subsequent estimations we assume that by the year 2000 the soil will be acidified to
conditions outlined in section 4.4.3, which include calcite depletion, depletion of the organic-
rich layer, and excess of the buffer capacity of the cation exchange range. This assumption of
rapid degradation of the soil may be over conservative for the forested Klipperds area with a
thick soil layer but may well apply to other granitic areas in Sweden which often display very
thin podsolic layers. After the year 2300 a ten-fold decrease of the acidic influx to

10 meq m2 yr-! is assumed.
5.2.2 Hydraulic conditions

The modelling results suggest an average flow velocity for the Klipperds aquifer of 10-10 -
10-9 m/s (section 4.3.3). For a block of 500 m this would correspond to a residence time for
the waters of 160'000 to 16'000 years. In SKB 91 (1992) the hydrologic pathways of a highly
fractured aquifer (Finnsjon) are summarized as travel times from the repository to the ground
surface (Fig. 14). The major fraction of water is predicted to have travel times of 10'000 years
which is somewhat shorter than predicted for the Klipperas area. A minor fraction of water,
however, moves significantly faster with a peak of a factor of 100 with regard to the major

fraction (Fig. 14). This reflects flow through highly permeable fractures.
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Fig. 14 Histogram of travel time for water from repository to surface
estimated for Finnsjon area. Taken from SKB-91.

The impact of the fast moving water fraction on the buffering capacity of the aquifer towards
acidic influx is difficult to predict with our simple steady state model. As discussed in section
4.3.3 if fast flow were controlling major chemistry an increase of alkalinity fluxes and redox
transformation rates, according to the model, of almost two order of magnitude would result.
On the other hand dilution will occur via dispersion and mixing with waters of slower flow
velocities (Appelo and Postma, 1993). Furthermore, it is likely that the pco, is decreased due
to the relative decrease of organic matter transformation rates and diffusion-limitation of the
high CO, flux from the soil. All these factors would retard high calcite weathering fluxes and
contribute to a more homogeneous distribution of acidity and alkalinity fronts within the
aquifer. The relevance for these retardation mechanisms is supported by the usually relatively

homogeneous chemistry observed in most granitic aquifers.

5.2.3 Amount and distribution of calcite

Estimation of the calcite concentrations in the aquifer is critical for assessing time scales.
This is a difficult task due to the scarcity of data. Fortunately, in the case of the Klipperas
study site there is some information concerning calcite-coatings in fractures (Tullborg, 1986;
Tullborg, pers. communication). Thus, according to Tullborg, in the near-surface region (0-
40/50 m) calcite-fillings are nearly absent, whereas they are present in most fractures (60-80
%) below 100 m and cover 15 to 30 % of the surfaces. Thin section analysis suggests coating
thicknesses of about 0.5 mm. In the fracture zones between 50 and 100 m the frequency of
calcite-bearing fractures strongly varies. In some high conductivity fractures calcite has found
to be absent down to more than 100 m. These observations indicate that calcite weathering is

in fact an active process and support findings from our model. Furthermore, it reveals the
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front character of calcite decrease which is not accounted for in the single-box model. A
refinement to a multi-box model would require an extended set of depth-depended
geochemical data. However, results from the presented single-box model are useful, since
they yield conservative estimates of weathering fluxes compared to more refined models

which account for propagation of fronts.

The amount of calcite in the fracture zones of the deeper aquifer (below 100 m depth) can be
roughly estimated from above information by assuming that fracture-coatings are the only
source of calcite. Taking radar measurement data by Andersson et al. (1989) who estimated
flow porosities of about 2-10-4 and wetted surface areas 0.7 - 4 m? per m3 of rock and taking
an average of 20 % of surface coverage for calcite particles with a thickness of 0.5 mm then
the percentage of calcite in the rock is 0.007 - 0.04 %. Taking a density of 2.65 kg/dm3, this
corresponds to 9.3 to 53 mole calcite per L of porewater. For fracture zones of high hydraulic
conductivity flow porosities of around 0.01 are reasonable (Andersson et al., 1993).
Assuming that the wetted surface area increase proportionally to the increase in porosity, the
proportion of calcite, at the same surface coverage, should also increase proportionally to
0.035 - 0.2 %. Thus, the same calculation as above yields very similar calcite amounts (9.2 -
52 mole L-1). Note that the estimated calcite amount corresponds to the pool of calcite-
bearing fractures. On the other hand, small fractures (~ 1 mm) filled with fracture minerals
(mainly calcite, epidote, chlorite, and/or ferric oxide) indicate an additional calcite-pool

(Banwart et al., 1992). Therefore, the suggested values corresponds to conservative estimates.

The observations above further suggest that calcite in high-conductivity fractures has been
depleted to greater depths compared to the main bulk of fractures. This is qualitatively in
agreement with model calculations which predict higher weathering rate at higher flow
However, the weathering rate does not appear to increase linearly with flow but increases
much more slowly. Assuming a simple steady weathering rate over a depth of 100 meters and
the same amount calcite per volume of water (see above), the increase of calcite weathering
would be about a factor of two for a fracture of 50 to 100 times higher hydraulic conductivity.
This suggests that the factors outlined in above section, in fact, do retard high weathering

fluxes in high conductivity zones.

5.2.4 Partial pressure of CO,

As model calculations have revealed (sections 4.3.3 and 4.4.1) pco, is the most critical
chemical variable influencing acidity/alkalinity fluxes in the presence of calcite. As has been

pointed out, the model assumes a closed system with regard to CO, exchange. Moreover,

since an inherent model assumption is complete mixing in the reactor box, the high CO,
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influx from the soil is assumed to be mixed throughout the deeper aquifer. This is in fact a
conservative assumption because losses of CO, pressure in via diffusional processes are
expected to occur. Therefore, the predicted pco, and resulting calcite weathering rates
represent upper estimates. Fig. 15 shows the relationship between pco, in the deeper aquifer
and calcite weathering rate. The range of expected pco, from model calculations (section

4.3.3) is also shown.

log p(CO2) (atm)

Fig. 15 Relationship between partial pressure of CO; vs. calcite weathering rate in

the lower aquifer. Dashed lines illustrate range of expected pco,-

Besides influx from the top layer, pco, is affected by organic matter degradation in the deeper
parts. Enhanced soil weathering as a result of acidification is expected to decrease amount of
degradable organic matter. This, in turn, may decrease microbiological activity in the lower
aquifer which lead to lower pco,. Thus, acidification may trigger a negative feed back
mechanism for CO, evolution. This would further limit the amount of weathered calcite flux.

5.3  Synthesis

From discussion of the range of the major factors which influence calcite weathering we now
attempt to estimate time scales of calcite depletion. A step-wise procedure will be followed:
First time scales of depletion obtained directly from the single-box model taking realistic
ranges of pco, and calcite concentrations will be deduced. Second, the influence of fast flow
and front propagation on time scales will be discussed. Third, the time evolution of

acidification will be taken into account. Finally, two scenarios will be proposed.
The impact of the uncertainty range of pco, and calcite amount in the lower granitic aquifer

on time scales of calcite depletion under conditions of an upper range of bulk flow velocity
(10-9 m/s) are presented in matrix form in Table 8. The range of uncertainty for pco, is about
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5 104 - 10-2 atm and for calcite 0.007 - 0.04 weight % or 9.3 - 53 mole per liter of water.
Taking calcite weathering rates illustrated in Fig. 15 time scales of calcite depletion range
from 22 500 - 658 300 years.

Table 8 Time scales of calcite depletion in the granitic aquifer
at 500 m depth calculated from the single-box model
for a flow velocity of 10 m/s at different pco, (atm)
and weight % calcite (% cc) in the aquifer.

o \ pCo2 104 5104 103 5103 10-2
0 CC

0.007 209009 115202 66 235 49 261 22509
0.01 298 585 164 574 94 621 70 373 32155
0.02 597169 329148 189243 140747 64311
0.03 895 754 493 722 283 864 211120 96 466
0.04 1194 338 658 297 378 486 281 494 128 621

Furthermore, time scales are affected by the transport mechanisms occurring in the aquifer
which mainly include fast flow in high conductivity fractures and front propagation of the
weathered zone. The former will enhance whereas the latter will retard calcite weathering.
From mineralogical observation it is suggested that the zone of calcite depletion is about
twice as deep for high conductivity fractures compared to the main fracture zone. On the
other hand, calcite-filled micro fractures are present which will contribute to retardation.
From these observations and the factors discussed in section 5.2.2 we assume that fast flow
increases the overall rate of depletion of calcite by a factor of between 2 and 5. The transient
behaviour of calcite depletion is not accounted for in the proposed steady-state model.
However, this behaviour can be roughly approximated by assuming various boxes of certain
thickness. From mineralogical observations it can be inferred that the upper 0- 40/50 m are
strongly impoverished in calcite whereas the zones below 100 m contain significant
concentrations of calcite precipitates. The intermediate zone indicates partly decreased
amounts of carbonate. On the basis of this information let us assume that a box of 50- 100 m
thickness can be roughly approximated by steady-state conditions and assign five boxes for
the interval of 0-500 m depth. Under conditions of no change in flow properties in time and
space, depletion of calcite at 500 m depth would then be retarded by at least a factor of 4-5
depending on how long the top box is expected to be completely depleted in calcite.

The influence of acid deposition will, under severe conditions, lead to a strong decrease of the
soil buffering capacity and depletion of the organic-rich soil layer in the next 300 years, as
outlined in section 5.2.1. This is predicted to enhance calcite weathering in the lower aquifer
by a factor of 2.2 to 3.0. An assumed subsequent decreased acidity input of a factor of ten
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would strongly decrease calcite weathering, especially under the condition of no organic layer
in the soil which decreases pco, in the soil. This would lead to a predicted decrease of calcite
weathering by a factor of about two with regard to the reference case. In the case, that soil
conditions similar to the present situation reasons will reestablish, the weathering of calcite is
expected to be only slightly lower than predicted at present.

Two different scenarios are proposed to estimate time scales of calcite depletion and

decreased buffering in the granitic aquifer down to a depth of 500 m. In scenario 1 a very

conservative case is envisioned:

- influence of high-conductivity fractures increases overall weathering rate by factor of five
with regard to reference case

- minimum amount of estimated calcite: 0.007 % (9 mole per L water)

- acid precipitation load: 134 meq m2 yr-! for 300 years, then soil conditions according to
present situation

- steady-state condition for entire depth of S00 m (one-box model).

In scenario 2 a more realistic case with regard to discussed is assumed:

- influence of high-conductivity fractures increases overall weathering rate by factor of two

- average amount of estimated calcite: 0.02 % (26.5 mole per L of water)

- acid precipitation load: 103 meq m-2 yr-! for 300 years, then soil conditions according to
present situation

- steady-state conditions for compartments of 100 m (five-box model).
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Fig. 16 Time evolution of calcite decrease in the aquifer according to two different
scenarios (see text).
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The outcome of both scenarios is illustrated in Fig. 16. Thus, according to scenario 1 calcite

depletion will occur after 12 400 years whereas in scenario a time scale of 370 000 years is

predicted.

5.4 Further uncertainties

The range of uncertainty of the major parameters (hydrology, pco,, calcite content, acidity
scenario) affecting the carbonate buffer has been discussed in above sections. Here, we briefly

discuss the impact of other factors.

Al-mobility: Under acidic conditions Al-mobility dominates the acidity flux. In the model we
have assumed Al(OH)3 equilibrium which in fact is a conservative assumption since, via ion
exchange with clay surfaces and humic material, observed dissolved Al concentrations are
considerably lower at pH < 4.5 (Appelo and Postma, 1993; Mulder and Stein, 1994).

Temperature: The model takes into account thermodynamic constants valid for 25 °C. This is
a somewhat an intermediate temperature for the granitic aquifer which increases from about
10 °C at the top to about 50-60 °C at 500 m depth. The increase of temperature with depth

contributes to retardation of calcite weathering due to the lower solubility of calcite at higher

temperature.

6 Summary and conclusions

We have presented a simple box steady-state model based on the STEADYQL algorithm
which describes the effect of acidification on the geochemical behaviour of a granitic aquifer.
This model is applied to the Klipperas study site in order to test its validity and to evaluate
proton fluxes in granitic fracture zones. The boundary conditions are assessed on the basis of
the available hydrogeological and geochemical information on the Klipperas site and from
recent work performed in the Aspd Hard Rock Laboratory. These include (1) inflow of
slightly acidic shallow groundwater, (2) constant downward flow through a fracture zone of
relatively high permeability, (3) interaction of moving groundwater with fracture-filling

minerals, (4) biologically-mediated degradation of organic matter.
The modelling results show that the derived composition of the deep groundwater is in

remarkable agreement with the observed levels of major components. This indicates that the

model offers an adequate description of the geochemical evolution of the aquifer. The
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dominant acid neutralizing process is calcite weathering. Microbially-mediated degradation of
organic matter significantly affects the proton balance and their interplay with the carbonate
equilibria determines alkalinity and pco,. Ion exchange at clay surfaces notably increases
calcite weathering via Na-Ca exchange. Silicate weathering is found contribute only slightly
to alkalinity production. The derived rate constants for Fe(Ill) oxide under the constraint of
iron sulphide precipitation and the imposed flow velocity are consistent with reported
experimental data. A sensitivity analysis of the inflow variables indicates that the modelling
results are not significantly affected by uncertainties associated major ion concentration.
However, the model is found to be very sensitive with regard to soil pco,. Furthermore, the

model results are not significantly affected when mixing of different water qualities is

included.

The model is further used to predict the effect of acidification on deep groundwater and three
different test cases are constructed. In the first, the impact of increased acid load via addition
of sulphuric acid to the shallow groundwater is evaluated. The results indicate that the
granitic aquifer is an effective buffer up to relatively high levels acidic influx. Beyond this
level, the flux of dissolved calcite strongly increases and resulting pH decreases mainly as a
result of increased aluminium mobility in the inflow. In the second test case the effect of CO,
partial pressure in the inflow is evaluated. The results are analog to the first case, in that they
indicate inert behaviour of the system over a large range of pco, conditions and increase in
calcite weathering and alkalinity beyond a threshold of pco, = 5-10-3 atm. In the third case a
potential future scenario is envisioned in which all calcite has been removed by continuos
weathering. The buffering capacity which is now dominated by anaerobic respiration
processes is largely reduced. Also, the results suggest that proton exchange reactions at clay
surfaces provides a significant fraction to the acid neutralizing capacity. At high ongoing
influxes of acidity the alkalinity fluxes are neutralized and the system reacts strongly to small

fluctuations in the proton balance.

The model is extended to a two-box model by including a simplified soil compartment and
the actual acidic load from the atmosphere. The results indicate that the model shows good
agreement with the composition of strongly acidified soil waters found in the area. The
increase in alkalinity fluxes in the deeper aquifer as a result of increased soil acidity 1is

predicted to be a factor between 2 - 3 with regard to the actual fluxes.

An estimation of time scales of aquifer acidification under the focus of calcite depletion has
been assessed by taking into account mineralogical data on calcite distribution in fracture
zones and radar data on flow porosity and wetted surface area. Further, the influence of the

fast moving water fraction on calcite weathering is considered. The effect of increased acidity
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within the next 300 years is also included in two acidification scenarios. From the two
scenarios a time scale of 12 400 to 370 000 years is estimated for calcite depletion down to
500 m depth. It is suggested that this presents a conservative time range, since estimates are
based on assumed steady-state conditions over large depths (100 - 500 m). Furthermore,
model assumptions with regard to Al-mobility and temperature also point to the conservative

character of the proposed estimates.
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