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PREFACE

This report concerns a study which is part of the SKI performance assessment project
SITE-94. SITE-94 is a performance assessment of a hypothetical repository at a real site.
The main objective of the project is to determine how site specific data should be
assimilated into the performance assessment process and to evaluate how uncertainties
inherent in site characterization will influence performance assessment results. Other
important elements of SITE-94 are the development of a practical and defensible
methodology for defining, constructing and analyzing scenarios, the development of
approaches for treatment of uncertainties and evaluation of canister integrity. Further,
crucial components of an Quality Assurance program for Performance Assessments
were developed and applied, including a technique for clear documentation of the
Process System, the data and the models employed in the analyses, and of the flow of
information between different analyses and models.

Bjorn Dverstorp
Project Manager
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Summary

A sufficiently accurate understanding of groundwater chemistry and interactions

between minerals and groundwater is of fundamental importance for performance

assessment in connection with a repository for nuclear waste.

Rock samples often consist of a variety of heterogeneous ly distributed minerals. Thus,

the heterogeneity of rock on both small and large scales puts a limit to what can be

achieved with the common types of geochemical modelling tools. By necessity, the

groundwater chemistry varies according to the mineral composition along a fracture

system.

In this report a model is described, which has been able to give agreement between

observed and modelled values for more than ten element concentrations (including pH

and pE values). The model makes use of a number of steady state waters (end member

waters) which are mixes naturally after which the mixtures react with minerals in the

fractures. The end member waters are supposed to have been present in the fracture

system during a time interval which is long enough for the rock groundwater system to

have reached a steady state.

Some elements, e.g. chlorine, is modelled as conservative (inert with respect to the

rock). The concentrations of such elements are linear with respect to mixing ratios of

end member waters. Most element concentrations cannot be explained from mixing

alone. Rather reactions with the fracture walls have to be taken into account. This is the

case for e.g. iron, potassium, carbon, calcium, magnesium as well as for pH and pE.

The situation is complicated by the fact that a system comprised of groundwater and a

number of fracture minerals may violate Gibb's phase rule. In such a system, no global

equilibrium state exists, and thus the water can never reach equilibrium with respect to

all the fracture minerals. The end member waters eventually formed can be expected to

be in a steady state condition rather than equilibrium with respect to the fracture

minerals. It should be noted that such a steady state is not an equilibrium state. Rather,

the water chemistry has to fluctuate as a result of spatial variability in the local mineral

set. In most cases when an end member water is sampled, a large number of local

waters are mixed causing the fluctuations to cancel out.

The CRACKER is a program has been developed to handle this complicated chemical

situation. It couples chemistry and transport, using elaborate chemical modelling in



combination with a simplified transport model. The program simulates chemical

reactions of groundwater flowing through a plane fracture. In the CRACKER model, a

rock is represented by a distribution of minerals across the surfaces of a fracture

through which water is moving. In most cases, a pseudo random mineral distribution is

used.

The simulation results show that although the end member waters are far from

equilibrium with respect to most of the minerals, they are in a steady state with respect

to the rock. In other words, dissolution and precipitation reactions are approximately

balancing, resulting in fairly constant overall conditions.

The chemistry of the groundwater appears to be mostly a consequence of chemical

reactions between water and fracture filling minerals. This has been studied in

simulations where rain has been allowed to enter a fracture. Although there are some

differences, the results found in this modelling generally are similar to the observed

values. The deviations suggest that the fracture filling minerals alone are not enough to

explain the observed groundwater chemistry. This should not be expected, since the old

waters found hundreds of meters below the surface have been able to react with other

mineral sets as well.

As reference water for SITE-94, a sample from the borehole KAS 02 at about 500

meter was chosen. This water has been simulated with CRACKER using the end

member water model. It is found that in spite of the fluctuations found during

simulations, the observed water is essentially a steady state water. In the CRACKER

simulations it has been found that the simulated waters are similar to observations with

respect to redox properties. The Aspo groundwaters have iron concentrations which are

low compared to those found in other deep Swedish groundwaters. By inhibiting

reactions in the simulations, it has been found unlikely that the Fe(II) - Fe(III) redox

couple is the main controller of the redox properties in Aspo groundwaters. Rather, it

appears that the redox properties can be maintained even if reactions with this couple

are inhibited. According to the simulation results,

reactions in which dissolved hydrogen, carbonates and methane are participating are

important. This does not mean that iron species and minerals are not involved in redox

processes.

The simulation methods have been applied to possible future events and processes. As

examples of such, the effects of elevated temperature on the groundwater properties

have been investigated as well as a prediction on possible effects of in Baltic Sea water

intrusion.



Sammanfattning

En god förståelse för grundvattenkemin och för växelverkan mellan mineral och

grundvatten är av fundamental betydelse i arbetet med att analysera säkerheten i

samband med ett slutförvar för radioaktivt avfall.

Berg utgörs ofta av ett stort antal oregelbundet utspridda mineral. Därför utgör

heterogeniteten hos berget både i stor och liten skala en begränsning för vad som kan

uppnås med konvetionella modelleringsverktyg. Variationerna i bergets kemi ger med

nödvändighet upphov till variationer även i kemin hos grundvattnet när det rör sig

genom sprickor i berget.

I den här rapporten beskrivs en modell som har givit god överensstämmelse mellan

observerade och modellerade värden för mer än tio kemiska egenskaper, såsom

grundämneskoncentrationer, pH-värden och redoxegenskaper. Modellen utgår från ett

antal hypotetiska vatten, s.k. ursprungsvatten (end member waters), som är i gamla nog

för att ha nått stationära kemiska tillstånd i förhållande till reaktioner med berget. Dessa

ursprungsvatten blandas naturligt när grundvattnet rör sig genom berget. De blandade

vattnen modifieras genom reaktioner med mineral i det omgivande berget.

Vissa grundämnen, t. ex. klor, modelleras som konservativa, dvs de antas inte reagera

med mineral i berget. De konservativa ämnenas koncentrationer antas vara lineära med

avseende på proportionerna av olika ursprungs vatten i blandningarna. De flesta

grundämnenas koncentrationer kan dock inte förklaras enbart med hjälp av blandnings-

processer. Detta gäller t.ex. för järn, kalium, kol, kalcium och magnesium liksom för

pH och pE.

Situationen kompliceras av att ett system som består av grundvatten och

sprickfyllnadsmineral sällan kan uppfylla Gibbs fasregel. Det betyder att vattnet aldrig

kan nå jämvikt med avseende på alla de tillgängliga mineralen. När vattnet har

uppehållit sig länge i en sådan omgivning kan dess kemi nå ett stationärt tillstånd i

förhållande till mineralen och bilda ett ursprungsvatten. Det bör påpekas att ett sådant

stationärt tillstånd inte är ett jämviktstillstånd. Istället tvingas vattenkemin att fluktuera

som en följd av rumsliga variationer i sprickväggarnas kemi. När

provtagning av ursprungsvattnet sker, blandas vanligtvis vattenvolymer från olika delar

av spricksystemet och de kemiska fluktuationerna utjämnas.



Programmet CRACKER har utvecklats för att kunna hanera den komplicerade kemin i

ett sådant här system. Programmet kopplar kemi och transport på så vis att kemin

behandlas ingående medan transporten hanteras med hjälp av en starkt förenklad

modell. Programmet modellerar kemiska reaktioner mellan mineral i sprickväggar och

grundvatten som flyter genom sprickan. Berget representeras av sprickytor som vattnet

passerar. Mineralkorn placeras ut på sprickytorna, i allmänhet slumpmässigt.

Simuleringsresultaten visar att trots att ursprungsvattnen är långt ifrån jämvikt med

avseende på de flesta sprickfyllnadsrnineralen så är de ändå i stationärt tillstånd med

avseende på sprickan som helhet. Med andra ord så sker inga nettoförandringar av

kemin när vattnet rör sig genom sprickan. Istället balanserar upplösnings- och

utfällningsreaktioner varandra så att vattenkemin hålls stationär.

Grundvattenkemin tycks i huvudsak vara en följd av kemiska reaktioner mellan vatten

och mineral i sprickväggarna. Den slutsatsen är en följd av resultat från simuleringar

där regnvatten har fått rinna genom en spricka tills det har nått ett stationärt tillstånd.

Det visar sig då att det uppkomna vattnet kemiskt sett liknar det observerade, även om

det finns vissa skillnader. Avvikelserna mellan simulering och observationer visar att de

observerade sprickfyllnadsmineralen ensamma inte räcker för att förklara

grundvattenegenskaperna. Det skall man inte heller vänta sig eftersom de gamla vattnen

hundratals meter under markytan har haft möjlighet att reagera med helt andra

mineraluppsättning och även genomgå andra typer av processer.

Som referens vatten för SITE-94 har ett prov från borrhålet KAS 02 på ca 500 meters

djup använts. Ursprungs vattenmodellen har använts för att med CRACKER-

programmet simulera detta vatten. Trots de lokala fluktuationerna i vattenkemin, är

vattnet enligt simuleringarna i huvudsak ett vatten i stationärt tillstånd.

Vattnets redoxegenskaper har studerats med hjälp av simuleringarna. Genom att i

simuleringarna inhibera vissa redoxreaktioner kan man bilda sig en uppfattning av vilka

reaktioner som styr dessa egenskaper.

Grundvattnen från Äspö skiljer sig många andra svenska djupa grundvatten på så vis att

järnhalterna är ovanligt låga. Som en följd av det har det visat sig osannolikt att

redoxparet Fe(II) - Fe(III) är viktigast när det gäller redoxegenskaper hos grundvatten

på Äspö. Snarare förefaller det som om de observerade egenskaperna kan återges väl

även om reaktioner av det slaget inhiberas. Enligt simuleringsresultaten är

redoxreaktioner mellan upplöst vätgas, karbonater och metan betydelsefulla. Det

hindrar inte att mineral och upplösta föreningar med järn deltar i redoxprocesser.
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Simuleringsmetoderna har ocksa tillampats pa ett antal tankbara framtida handelser och

processer. Som exempel pa sadana har studier gjort av inverkan pa grundvattenkemin

genom att varme frigjord fran det radioaktiva sonderfallet hojer bergets temperatur. I ett

simuleringsexempel har ocksa undersoks hur kemin skulle kunna utvecklas om vatten

fran Ostersjon tranger in i slutforvaret.

left BLANK
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1. Background

The SITE-94 project is a performance assessment exercise focused on building

institutional competence and methodology needed to fulfil the reviewing needs in

connection with future license applications for a repository in which spent nuclear

fuel could be disposed. The purpose of SITE-94 has not been assessment of the safety

of a repository at Aspo, but rather to understand what knowledge and tools are needed

to perform such an assessment. To gain that knowledge, a hypothetical repository at

Aspo has been used.

In the case of a canister failure, there will occur an intrusion of groundwater. Since it

has passed the bentonite barrier, its chemical properties have been changed, but it also

differs chemically from the original pore water of the bentonite. Inside the canister,

the fuel will start dissolving under formation of secondary phases. Under some

circumstances, radiolysis may cause an oxidation of the spent fuel to take place,

during which the solubilities of some components increase dramatically.

The released radionuclides will diffuse through the bentonite buffer and enter

fractures containing groundwater. Due to the groundwater flow, migration of

dissolved radionuclides will occur and there is a possibility for released radionuclides

to reach the biosphere.

In the bentonite and in the surrounding fracture systems, chemical processes may

delay the migration of the radionuclides. Examples of such processes are the possible

occurrence of a redox front, precipitation, sorption and co-precipitation.

In the safety assessment, a large number of properties have to be evaluated, e.g. those

related to geology, hydrogeology, rock mechanics, climatology and chemistry. The

present work focuses upon the chemical properties of present and possible future

groundwaters.

A sufficiently accurate understanding of groundwater chemistry and interactions

between minerals and groundwater is of fundamental importance for performance

assessment in connection with a repository for nuclear waste. Since the safety

assessment is dealing with the behaviour of the repository over at least ten thousand

of years (or more), it is necessary to rely on modelling as well as experimental results.

The complexity of the systems in connection with a limited capacity of computers,

makes it impossible to perform detailed simulations of the entire system. Thus, one

13



has to rely on an approach in which parts of the systems are modelled in a detailed

way. The results from such detailed calculations can then be used to calibrate models

covering larger scales and more processes.

A fundamental test for a model predicting the future chemistry of the groundwater

surrounding a repository is to check how well the model describes the groundwater

that is sampled today. In earlier attempts to model groundwater properties either the

model results have deviated from the observations by orders of magnitudes or it has

been necessary to neglect reactions which are important for the groundwater

chemistry. In the later kind of approaches, the authors (Lunden, 1992; Laaksoharju,

1988) have focused upon properties which the utilised method has been able to

describe. As an example, comparison between observed and modelled concentrations

of elements like Fe and S in groundwaters if minerals like hematite or goethite are

allowed to react with the water, suggest deviations of several orders of magnitude.

The approaches in which too many reactions are excluded may only give a partial

knowledge about the rock - groundwater interactions.

In this work, a model for the groundwater evolution is described, which makes use of

a number of original waters, end member waters which are supposed to be in steady

state with respect to minerals in the surrounding fracture walls. In the model, new

water chemistries are created by natural mixing through groundwater flow and

artificial mixing during the process of sampling the groundwater from boreholes. The

model takes into account spatial variability of the fracture mineralogy as well as the

possible violation of Gibbs1 phase rule which occurs in the fracture - groundwater

systems (see section 4.2). To perform simulations according to the model, the

CRACKER program package has been used in different running modes.

14



2. Introduction

2.1 The static end member water model

It has been observed by several authors that the observed concentrations of certain

elements in a large number of water samples may often be explained by mixing of a

small number of waters (Laaksoharju, 1988; Glynn and Voss, 1996; Rhen et al.,

1997). hi the present work, such waters will be referred to as end member waters. The

mixtures may occur as a result of the sampling procedure as well as natural mixing of

waters from different parts of the bedrock. The end member waters are supposed to

have been present in the rock long enough to have reached equilibrium with respect to

secondary minerals in the local surroundings. Although the end member waters

themselves would be in equilibrium with respect to fracture filling minerals, the

sampled mixtures do not necessarily have to be in equilibrium with any mineral.

Such a model, the static end member water model, for formation of sampled ground-

water is described schematically in Fig. 2.1.1. The end member waters are assumed to

originate from primary waters like glacial melt water, rain, sea water, etc. Reaction

between rock and the primary waters eventually leads to formation of the equilibrated

end member waters. These processes are taking place during time periods of hundreds

I Original I I Original

Figure 2.1.1. The static end member water model. In this model the original waters

have been able to equilibrate with all minerals for which the dissolution/precipitation

rate is high enough and which are wetted by the water. Thus end member waters are

formed. In the sampling process such equilibrium waters are mixed without further

mineral - water reactions taking place.
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or thousands of years. During sampling different end member waters are entering the

bore-hole where they are mixed. At this stage, there is no time for reactions with

minerals, which means that the mixture remains in a non equilibrium state with

respect to fracture minerals.

Some elements, like chlorine or deuterium can be assumed to be almost inert with

respect to rock - groundwater reactions (conservative elements). Since mixing does

not change the total concentrations of dissolved elements, it is possible to use

concentrations of conservative elements to classify the waters and to identify possible

end member waters (Glynn and Voss, 1996). When end member waters are mixed,

the concentrations of dissolved elements should be expected to be linear combinations

-90

- 1 0 0 -

O
0) - 1 1 0 -
o

Q

-120 -

-130

931 m

616 m

131 m

0 0.1 0.2 0.3
Clcone (M)

0.4

Figure 2.1.2. Deuterium (D) vs. Cl concentrations in KAS 03. Proposed end

members: 131 m, 616 m and 931 m. Between 131 and 616 mD concentration is

approximately a linear function ofCl concentration. (Data from Smellie and

Laaksoharju, 1992)
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of the corresponding concentrations in the end member waters, hi particular, if a set

sampled waters are essentially mixtures of two end member waters, the concentrations

of elements in the sampled waters should be expected to be situated along straight

lines when plotted against one another.

This explains the linear relationships shown in Fig 2.1.2. As is seen from this figure,

waters from different levels in the borehole KAS 03 down to 600 m may be

interpreted as mixtures of water from 130 m and 600 m. A different slope below 600

m indicates that the deeper waters essentially are mixtures between the 600 m water

and water from 1000 m. With the aid of such diagrams Glynn and Voss (1996) have

proposed a set of five end member waters including the 130 m, the 600 m and the

1000 m water from KAS 03.
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2.2 Proposed redox controlling reactions

Several reactions for redox control of deep granitic groundwaters have been proposed

in the literature. Allard et al. (1983) proposed that Fe(II)- and Fe(III)- minerals and

the corresponding redox couple in the water are responsible for the redox control. The

same kinds of reactions were also investigated by Grenthe et al. (1992). In their

paper, they assumed that the redox conditions were controlled by a hypothetical

mineral with a solubility intermediate between that of goethite and amorphous

Fe(OH)3.

Iron as the key element for redox control may involve other kinds of minerals than

oxi/hydroxides and carbonates. Emren et al. (1998b) proposed mineral sets that

included epidote or daphnite to control the redox properties of ground water.

Nordstrom and Puigdomenech (1986) proposed that polysulphides control the redox

properties of the groundwater. Polysulphides may be considered as composed of

S(-II) and S(0) in different proportions. The mean oxidation state of sulphur is able to

take a range of values between zero and minus two.

A fourth possibility is that methane - carbonate reactions have a significant impact on

the redox conditions. Although these are often assumed to have negligible reaction

rates at normal temperatures, it has been observed that the methane concentrations in

natural water often are fairly close what would be expected at equilibrium with

respect to carbonate (Smellie et al., 1987). The explanation for this might be

microbial activity and/or catalysis by certain minerals. It has been reported that

semiconducting minerals, like pyrite, are able to catalyse reactions involving organic

matter (Shock, 1994).

The sulphide - sulphate reaction is generally too slow to influence the redox

properties of ground water. It has been pointed out by Glynn (1995) that the sulphide

/ sulphate ratios are fairly close to the values expected at equilibrium in some

groundwaters. This might be explained by microbial activity or other types of

catalysis as discussed above.

A potential redox controlling element is uranium, which is able to change between

several oxidation states in aqueous solutions. Ahonen et al. (1994) have shown that in

uranium rich groundwaters, the measured values of pH and redox potential plotted in

a diagram of Eh vs. pH follows close to the phase boundaries of uranium oxides. The

18



same kind of reactions could be involved in redox control even at lower uranium

concentrations if other kinds of redox controlling elements are also present in low

concentrations, or if the redox reactions of elements with higher concentrations are

inhibited due to slow kinetics.

The ultimate redox controlling reactions are oxidation and reduction of water itself.

At very high and very low pE values the water instability overrides all other kinds of

redox controlling reactions due to the simple fact that water is the main component in

all aqueous solutions. At intermediate pE values, the water decomposition reactions

may still influence the redox properties of the solution if other redox reactions are

blocked due to low reactant concentration or negligible reaction rate.

Some potential redox controlling reactions, in particular those governing the nitrogen

system, normally are far from equilibrium at the measured pE values in natural

groundwaters. Such reactions are used by some microbes to gain energy or nutrients

and may take place to a limited extent. Nevertheless, their influence has been

neglected in the present work.

Finally, the redox properties might be controlled not only by one redox reaction but

by several reactions occurring simultaneously. The situation is complicated to

describe mathematically since the mineral sets found in the nature are too large to

fulfil Gibb's phase rule (Emren, 1991a). A consequence is that no global equilibrium

exists until the groundwater is sampled and looses its contact with the minerals.

Consequently, one would expect groundwater at different locations to exhibit

different pE values. Some of the deviations from equilibrium found in groundwater

might reflect the mixing of groundwaters that have reacted with different minerals.

NEXT P
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3. Inhomogeneous modelling approach

3.1 Limitations of the static end member water model

Although the static end member water model is successful in explaining

concentrations of conservative elements, most other concentrations cannot be

explained by this model. An example is seen in Figure 3.1.1 where the iron

concentration vs. the chloride concentration in the borehole KAS 03 (Wikberg et al.,

1991) is shown.

o

u.ut-o -

5.0E-6 -

4.0E-6 -

3.0E-6 -

2.0E-6 -

1.0E-6 -

0.0E+0 -

a

a '
* X

a
X

d

1 1 1

0 0.05 0.1 0.15 0.2

Clcone (M)

Figure 3.1.1. Iron concentration vs. chloride concentration in KAS 03. The line

segments represent the position along the bore hole. Water is sampled at levels

represented by points. Starting from left, the levels are 130, 250, 360, 470 and 610 m

respectively. Data from KBS 91-22 (Wikberg et al, 1991)

It is obvious that the iron concentrations at intermediate levels cannot be obtained by

mixing of water from the levels 130 and 600 m. The same is true for several other

elements, e.g. potassium, carbon, calcium, magnesium as well as for pH and pE. The

obvious conclusion is that in the formation of groundwaters at levels between 130 and

600 m, reactions with fracture minerals are important.
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3.2 The dynamic end member water model

To overcome the difficulties discussed in the previous section, the dynamic end

member model has been formulated (Figure 3.2.1). Since a system comprised of

groundwater and a number of fracture minerals may violate Gibb's phase rule (Emren,

1991a), no global equilibrium state exists, and thus the water can never reach

equilibrium with respect to all the fracture minerals. The end member waters

eventually formed can be expected to be in a steady state condition rather than

equilibrium with respect to the fracture minerals. It should be noted that such a steady

state is not a true equilibrium state. Rather, the water chemistry has to fluctuate as a

result of spatial variability in the local mineral set. When an end member water is

I Original j | Original I

[ Reactions]

End member]

I Reactions]

I
I End member]End member Local fluctuations

Mixing, | Natural mixing
Reactions Local fluctuations

j Mixing ]

I

Sample ]

Sampling process

Figure 3.2.1. The dynamic end member water model. The boxes above the dotted line

represent slow processes which take place during days, years or millennia. The end

member waters are usually not in equilibrium with the surrounding rock. Rather,

reactions are progressing indefinitely maintaining a steady state for the chemical

conditions. In subsurface mixing takes place as a natural dispersing process. The

mixed waters undergo reactions with the rock causing its composition to fluctuate

around new steady states. During the sampling process with a time scale of hours or

less, waters from different positions in the fractures are mixed, but due to the short

time scale, mineral - groundwater reactions do not significantly change the chemical

composition of the groundwater.
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sampled a large number of local waters are mixed causing the fluctuations to cancel

out. Thus, several saturation indices of minerals with respect to end member waters

should be expected to deviate considerably from zero. This should be the case also for

very old waters.

In the model, intermediate waters are formed as result of an initial mixing of end

member waters that takes place due to dispersion in connection with natural flow.

Reactions with minerals continue after the initial mixing. In this way, the water

properties are changed as compared to those of the original end member water

mixtures. Those modified waters undergo fluctuating chemical reactions for the same

reasons as the end member waters. Depending upon the time since they are formed,

they may or may not reach steady state with respect to the minerals the entire set of

minerals present at the fracture surfaces. Finally, in the sampling process, waters from

different positions in the fractures are brought together and mixed. Again, the local

fluctuations cancel out and due to the short time scale, no further mineral -

groundwater reactions are able to take place.

This model differs from the static end member model in the following ways:

• The end member waters remain far from equilibrium with respect to most

minerals in the fracture walls.

• A step of natural mixing has been added.

• The sampling process involves mixing from a large number of positions.
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3.3 The CRACKER program

CRACKER is a program coupling chemistry and transport, using elaborate chemical

equilibrium modelling in combination with a simplified transport model. It simulates

chemical reactions of groundwater flowing through a plane fracture. The program is

able to predict the local heterogeneous groundwater compositions in fractures inside a

rock consisting of a large number of minerals. Such rocks mostly contain too many

minerals to fulfil Gibbs' phase rule. Properties such as initial composition of the

water, mineralogical composition of the rock, temperature gradients and flow velocity

of the water serve as inputs for the modelling. In particular, CRACKER is designed to

handle heterogeneous rock properties, like redox fronts, regions with different

mineralogy etc.

The fracture model used here consists of a slit between two parallel plane rock

surfaces. Minerals are randomly distributed across the surfaces. Each mineral grain is

considered to cover a hexagonal area of the rock surface.

t

Flow direction

Figure 3.5.1. Waterfront different cells is mixed as the water flows through the

fracture. The dashed hexagons indicate pseudo cells present due to periodic

boundaries. Thus, the dashed hexagon in the lower right corner is identical to the cell

in the lower left corner of the figure.
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At each time step, PHREEQE is used to first equilibrate the mixture from the

previous step and then to equilibrate the resulting solution with the mineral (or

minerals) present in each diffusion cell. Since both random walk (diffusion) and the

mixing process described here give rise to binomial distributions, a proper scaling of

the diffusion cells causes the mixing process to give a good approximation to

diffusion. In the present version of CRACKER, any diffusion perpendicular to the

flow is considered but not longitudinal diffusion. For a more detailed description of

the CRACKER program see Appendix 1.
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4. Groundwater simulations

4.1 The dynamic end member water model and
CRACKER

The present version of the CRACKER program is not able to handle the entire

dynamical end member water model in one simulation. Therefore, the simulations

presented here have been subdivided in five groups (Fig. 4.1.1).

I Original j

Reactions

Simulation 1

Formation of

end member

11 End member] I End member]

End member Local fluctuations

Mixing,
Reactions

Natural mixing

Local fluctuations

Simulation 4

Formation of

intermediate

waters

End member

Local fluctuations

Simulation 2

Stability of

end member

I End member]

I Mixing I

Sample

Simulation 3
Sampling of

end member

Mixed,
waters

j I Mixing

: [ Sample I

Local fluctuations

Simulation 5
Sampling of

intermediate waters

Figure 4.1.1. The dynamic end member water model simulated with the CRACKER

program. The model has been interpreted as five separate kinds of CRACKER

simulations.

Simulation types one, two and four make use of the main group of programs forming

the CRACKER package. In simulation type 1, an attempt is made to model formation

of end member water from rain water that enters a fracture. Simulation type 2 deals

with the chemical stability of the end member waters and simulation type 3 deals with

formation of intermediate waters from mixtures of end member waters reacting with

minerals in the fracture walls.

In simulation types three and five, the MIXER subprogram of CRACKER is used to

simulate the sampling procedure in which waters from different positions and with
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different chemistry are mixed to form a sample which is used for measurement of

chemical properties.

The CRACKER program has been used in combination with the Hatches 5.0

thermodynamical data base (Bond et al., 1992). First, two of the end member waters

suggested by Glynn and Voss (1996), the waters from the borehole KAS 03 at levels

131m and 616m were simulated. This corresponds a simulation of type 2, "local

fluctuations" (Fig. 4.1.1). The results provide simulated end member waters with

spatial variability in their compositions. The end member waters have then been

mixed according to ratios found from concentrations of chlorine. This natural mixing

has been achieved by letting simulated end member waters enter different parts of the

fracture (left and right hand side of the model fracture in Fig 4.1.1, simulation 4). In a

third step, the mixtures have been allowed to react with the minerals of the walls of a

simulated fracture. Finally, the sampling process at the field-scale has been simulated

by letting a large number of waters (typically 900) from different positions in the

fracture be mixed.

Table 4.1.1
Sets of main minerals used in the simulations. Values shown give the fraction of

surface area (percent) covered by the mineral considered. Aspo epidote and Aspo

chlorite are solid solutions as described in section 6.1.

Aspo epidote
Hematite
Goethite
Fe(OH)3 (amorphous)
Pyrite
Siderite
Aspo chlorite
Calcite
Illite
Smectite
Quartz
Fluorite

A
5

0.5
0.25
0.25

0.5
0.25

63
10
5
5
5
1

B
16
6
6
6
1
1

16
16
9
8
8
2

C
16
16

1
1
1
1

16
16
9
8
8
2

D
47

0.2
0.2
0.2
0.2
0.2
19
19

0.2
0.2
0.2
10

E
0.2
0.2
0.2
0.2
10

0.2
19
56

0.2
0.2
0.2
10

F
0.21
0.21

10
0.21

2
0.21

29
0.21

27
27

0.21
0.21

G
5

0.5
0.24
0.24

0.5
0.24

63
10
5
5
5
1

H
5

0.5
0.5

0.25
0.5

0.25
63
10
5
5
5
1
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From observed abundances of minerals present at fracture surfaces (Tullborg et al.,

1991; Tullborg, 1992), a few reasonably realistic sets of minerals have been chosen.

These sets differ from each other in a way such that they represent different main

types of observed mineral sets. In addition to the main fracture minerals (Table 4.1.1),

small quantities of the following minerals were assumed to also be occasionally in

contact with the groundwater: albite (NaAlSi3Og), anorthite (CaAl2Si2Og), barite

(BaSO4), biotite (KFe3AlSi3O10(OH)2), chalcedony (SiO2), dolomite (CaMg(CO3)2),

gibbsite (A1(OH)3), hydroxyapatite (Ca5(PO4)3OH-2H2O),

kaolinite (Al2Si207(0H)4), microcline (KAlSi3O4(OH)4), magnetite (Fe3O4),

muscovite (KAl3Si3O10(OH)2), rhodochrosite (MnCO3),

sepiolite (Mg4Si609(0H)14), strontianite (SrCO3), vivianite (Fe3(PO4)2), and

U(OH)4. The quantities of trace minerals were adjusted to give 100 percent overall

coverage. When trace quantities of gypsum were included the results became

unreasonable (discussed below) and thus gypsum was excluded from all the mineral

sets.

One might expect to find small quantities of a very large number of minerals in the

deep bedrock. The set of trace minerals was chosen in an arbitrary scheme to handle

the enormous chemical variability on a microscopic scale and also to increase the

possibilities for spatial variability in the system to be simulated. Uranium hydroxide

(U(OH)4) was included merely as a representative of the uranium minerals, to make

fluctuations in the uranium concentration possible. If no uranium mineral is included

in the mineral set, uranium is treated as a conservative element in the simulations.
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4.2 Simulations performed

The model described in section 4.1 has been used to perform five kinds of

simulations. In all the simulations, mixing of a large number of randomly chosen

simulated waters was used to simulate the sampling process.

1. Stability of end member waters.

Here, attempts have been made to find a mineral set which is in accordance with

observed mineralogy at Aspo and with respect to which one of the end member

waters (KAS03 level 130 m) is in steady state according to the simulations. The other

end member water studied was then found to also be in a steady state with respect to

the same mineral set.

2. Formation of groundwater from rain.

In the second set of simulations, the mineral set found was used to simulate the

formation of the KAS03 129 m water from rain. The purpose was to investigate the

extent to which the groundwater properties can be explained from the fracture

mineralogy.

3. Formation of intermediate waters.

The third kind of simulations were focused on formation of the intermediate waters

from mixtures of end member waters and reactions of the mixtures with the fracture

filling minerals.

4. Redox chemistry of the groundwater.

The redox chemistry was studied by blocking certain reactions in the simulations to

find whether this caused deviations from the observed properties.

5. Possible changes of the water due to future events.
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5. Simulation of End member waters

5.1 Simulated and observed chemistry

Since the end member waters may to have been present in the rock for thousands of

years, one would expect them to have reached a steady state with respect to fracture

minerals. This suggests that if an end member water is used as an input in a

CRACKER simulation with a reasonable mineral set, almost the same water should

appear as output from the simulation. It was found that mineral sets A, C, D, E and H

(Table 4.1.1) best fulfilled this requirement, while the sets B, F and G caused

considerable deviations for at least one chemical property. Rather than choosing the

set giving best fit to observations, a set with a number of typical fits was chosen to

represent the fracture mineralogy. In this way, the simulation results might be

expected to be more typical than if a single set is used, which is able to reconstruct a

particular groundwater. In some cases, the use of several sets might make it possible

to better judge the uncertainties in the simulation results.

Set A, which was ranked as number four and was chosen below as a typical mineral

set. For this set, the property that deviated most in the simulation results was the pE

value, which deviated by 0.71 units from the observed value.

Since the water is out of equilibrium with most minerals, water - rock interactions

result in changes in the composition of the aqueous phase. This is clearly seen in

diagrams showing concentrations vs. position (c.f. Fig 5.3.3). After a certain distance,

the general pattern in such diagrams does not change any more, which means that

although the chemistry still fluctuates, a steady state has been reached. The sampling

process has been simulated by mixing a large number of waters (typically 900) from a

rectangular area close to the end of the simulation. The real sampling, is supposed to

be comparatively fast, and thus no mineral - water reactions are allowed to occur in

the simulated sampling process. Speciation reactions in the mixed water are

considered fast enough and are thus allowed to occur in the CRACKER simulations.

The resulting waters have been used as simulated end member waters to use as input

in simulations of intermediate waters.
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Figure 5.1.1. Simulated and observed properties of the end member water from KAS

03 at ISO m. The simulations were performed with the CRACKER program using

mineral set A of Table 1 and the observed water as input. The water chemistry does

not change significantly showing that the water is in steady state with respect to the

mineral set.

In most simulations with mineral sets violating the phase rule, the results suggest

irreversible changes of the chemistry (discussed in Appendix 6). Typically,

concentrations or other chemical properties change by several orders of magnitude. It

is found, however, that very special mineral sets do not change the global chemistry

of the groundwater, although virtually no minerals in the set is in equilibrium with the

water. In such cases, the irreversible reactions between the minerals and the

groundwater are cancelling each other in the long run. As has been mentioned above,

some of the mineral sets A, B,....,F are reacting like that when they are used in

simulations with the 130 m water of KAS 03. Groundwater to with chemical

properties close to the observed values has been allowed to enter a simulated fracture.

The groundwater remains almost stable in the simulations which means that the water

from the simulated sampling process is similar to the original water. Fig. 5.1.1 shows

the result for a simulated water with mineral set A of Table 4.1.1.

The saturation index of the groundwater with respect to a mineral is a quantity that

indicates what will happen if the water is brought in contact with the mineral for an

extended period of time. It should be pointed out that the saturation index of the

ground water with respect to a certain mineral is a property of the groundwater and

not of the minerals with which the water is in contact. The saturation index gives
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information about the combined effect of a large number of chemical properties and is

far more sensitive to errors in the simulation results then the individual concentrations

themselves.

This will be exemplified with UC^CC^s). When this mineral dissolves, the primary

reaction (for which the equilibrium constant is valid) can be written

UO2CO3(s) + 2H2O -> U 4 + +CO~2 +4OH" 5.1.1

The U4 + ion may undergo several speciation reactions, e.g.

U 4 + +5OH~->U(OH) ' 5.1.2

Other uranium species are also expected to form, e.g. carbonate- and phosphate

complexes. Similarly, the carbonate ions are involved in reactions forming

bicarbonate ions and several metal complexes. Consequently, although it is unlikely

Vivianite

UO2CO3

Hi Observed

• CRACKER

mgeaa^gg

Sepiolite ••~"T™^
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Rodochrosite153^
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Figure 5.1.2 Saturation indices for a number of minerals with respect to the observed

and CRACKER-simulated end member water from KAS 03 at 130 m and mineral set

A (Table 1).
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that UO2CO3(s) is in contact with the groundwaters at Aspo, there is a good

agreement (Fig. 5.1.2) between the saturation indices calculated from observations

and simulations. This shows that a large number of chemical properties are treated in

a realistic way by the simulations.

Minerals such as goethite and amorphous iron hydroxide are observed in Aspo

fractures along with hematite in spite of the fact that and they react with water at a

higher rate than hematite. Further, the good agreement between simulations and

observations seen in Fig. 5.1.1 and 5.1.2 is possible only if minerals with saturation

indices considerably deviating from zero are included in the simulations. Particularly,

one could note that although no iron mineral is in global equilibrium with respect to

the water, the simulations are successful in predicting iron concentrations.

From Fig. 5.1.2 one could easily draw the conclusion that amorphous iron sulphide

FeS(am) controls iron(II) or sulphide in the groundwater. In the simulations,

however, this solid phase is not present. In spite of that, the saturation index is close

to zero. This shows that an SI value close to zero for a specific mineral does

necessarily mean that the mineral is present and exhibits solubility control. Regarding

the amorphous FeS, it may be a coincidence.

Another interesting feature is that although some minerals, e.g. calcite and fluorite are

common fracture filling minerals at Aspo and local equilibria are assumed, the

simulations predict that the water should be slightly oversaturated with respect to both

minerals, which is also indicated experimentally. Similarly, some other minerals

which are locally equilibrated in the simulations, e.g. rodochrosite and strontianite are

correctly simulated to be slightly undersaturated. There are two mechanisms behind

this. First, mixing of two waters which are in equilibrium with respect to a certain

mineral does not normally lead to a mixture which is in equilibrium with respect to

that mineral. Further, reactions with other minerals usually brings the solution out of

equilibrium with respect to the first mineral (discussed in Appendix 6).

The KAS 03 600 m end member water has a composition that differs considerably

from the composition of the KAS 03 129 m water (Table 5.1.1). Nevertheless it is

found to be stable with respect to the same mineral sets. The deviations between

initial and final waters are of the same orders of magnitude for both waters. As

mentioned above, most mineral sets cause large changes in the simulated groundwater
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chemistry (several orders of magnitude). As will be discussed in section 5.3, even

minor changes in the mineral set can have dramatic effects.

Table 5.1.1

Chemical properties of the end member waters at 130 m 600 m and 860 m in the bore

hole KAS 03. Element concentrations in mM. Data from Wikberg et. al. (1991).

pH

pE

Ca

Mg

Na

K

Fe

Mn

Si

Cl

HCO3-

S (tot)

F

Br

P

Sr

Li

I

N

129 m

8

-4.81

4.04E-03

0.864

26.7

6.14E-02

2.24E-03

1.82E-03

8.15E-02

34.4

1.00

0.346

1.11E-01

6.01E-02

1.05E-05

3.77E-02

1.87E-02

7.88E-04

2.40E-03

609 m

8

-4.45

4.34E-02

1.56

83.5

1.59E-01

1.29E-03

4.37E-03

6.49E-02

166

0.184

4.89

7.90E-02

5.76E-01

6.32E-05

3.20E-01

1.05E-01

3.94E-04

2.78E-03

860 m

8

-4.81

1.09E-01

2.06

131

1.87E-01

1.40E-03

3.64E-03

6.99E-02

347

0.174

7.42

8.42E-02

1.06

2.11E-05

8.90E-01

2.38E-01

5.52E-03

7.38E-04

The simulated local chemical composition of the water may deviate considerably

from the water found by the simulated sampling process. The interaction with the

specific mineral set, however, forces the chemical composition back to its original

state, so that the simulated samples remain unchanged. In other words, the steady

state waters appear to have chemical compositions which are stable with respect to

small disturbances.
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It is remarkable that the same mineral set is able to dynamically maintain two

different steady state water chemistries. If this is not a coincidence, the mineral set

must have caused groundwaters entering the system to approach the present steady

state. Since the groundwaters entering the system can be expected to have chemistries

deviating from what is found in the samples, the conclusion is that the mineral

groundwater reactions have played an important role in determining the end member

water properties. This will be further illustrated in section 5.5, where attempts to

model formation of an end member water from rain water entering the fracture

system.
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5.2 Solid solutions of alumino silicates

Among the fracture filling minerals at Aspo, alumino silicates e.g. chlorite, epidote

and clay minerals like illite and smectite play a key role in determining the water

chemistry. It has been found that chlorite and epidote at Aspo are solid solutions of

end members in which Fe(II) replaces Mg(II) and Fe(III) replaces Al(III) respectively

(Tullborg at al., 1991). The composition used in the simulations are given in Table

5.2.1.

Table 5.2.1

Observed solid solutions in Aspo fractures.

Mineral

Aspo chlorite

Aspo epidote

End member

Chlorite
Daphnite

Epidote

Fe-epidote

Formula
Mg5Al2Si3O10(OH)8

Fe5Al2Si3O10(OH)8

Ca2Al3Si3O12OH

Ca2FeAl2Si30120H

Mole fraction
0.68

0.32

0.77

0.23

A typical overall composition for Aspo-chlorite is Mg3^Fej gAl2Si301o(OH)8 and

for Aspo-epidote Ca2Fe023Al2 778*30 i2OH. One common approach for handling

solid solutions is to calculate a solubility constant for a single solid solution

composition and its temperature dependence. The disadvantage of this approach is

that congruent dissolution / precipitation is forced upon the system, while real solid

solutions are able to react in any proportions fulfilling stoichiometric and charge

balance requirements (Glynn and Reardon, 1990a; Glynn et al., 1990b). In

CRACKER, the solid solutions are handled by modifying the equilibrium saturation

indices of the end members using the equation

member ~ *°S(aend member) (5.2.1)

A derivation of Eqn 5.2.1 is given in Appendix 3. This equation describes

equilibration of any solid solution with respect to an aqueous solution (Borjesson and

Emren, 1993). In this approach, fully congruent reaction as well as fully incongruent

reaction, ion exchange and all kinds of intermediate reactions occur automatically as

required by the underlying thermodynamics. Ideal behaviour of the solid solutions has
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been assumed in the simulations, since there is a lack of information regarding

activity coefficients of end members in the solid solutions.

Chlorite can be expected to be in closer contact with the water than epidote since it is

more common close to the fracture surface, and is thus more important when it comes

to reactions between the groundwater within fractures and rock surfaces. According to

CRACKER simulations, the typical reaction between KAS 03 -130 m groundwater

and Aspo chlorite is mostly an ion exchange in which Mg2+ in the solid phase is

exchanged with Fe2+. Details of the reaction differ between locations in the fracture

but a typical reaction might be written as

5.3 Fe 2 + + 16 H + + Mg3An+l03FeL6nAl2ri+2Si3ll+3Ol0Q+l0(OH)Sn+s - •

Mg3.4nFe1.6n+5.3Al2nSi3n01oI1(OH)8n + 10.3 Mg2+ + 3H4Si04 + 2AP+ + 6H2O

(5.2.2)

The reaction in (5.2.2) can be looked upon as a linear combination of an ion exchange

reaction (87 percent)

Fe2+ + Mg3.4n+1FeL6llAl2nSi3I1O10ll(OH)8ll ->

Mg2+ + Mg3.4nFe1.6n+1Al2nSi3nO1()n(OH)8ll (5.2.3)

and a dissolution (13 percent).

16 H+ + Mg3.4Fei 6Al2Si3O10(OH)8 ->

3.4 Mg2+ + 1.6 Fe2 + + 3H4Si04 + 2A13+ + 6H2O (5.2.4)

Being mostly an ion exchange, the reaction does not require the silicate network

structure to be broken up to any large extent. As a consequence, one would expect the

reaction to be considerably faster than typical chlorite dissolution reactions.

Assuming a fracture width of 1 mm, typically 10 percent of an atomic monolayer is

involved in the reaction (which lasts for a couple of days). Consequently, the over all

composition of the chlorite changes very slowly. The situation is similar with epidote.

In this case, the typical reaction is almost exclusively an ion exchange reaction, in

which Al3+ from the water is replaced by Fe3+ from the Aspo epidote.
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5.3 Critical minerals

Some minerals are able to cause significant changes in the groundwater chemistry,

even if they cover a very small part of the fracture surfaces. A typical example is solid

NaCl, which will increase the salinity in a dramatic way whenever it is present. Other

minerals may even change the concentration of an element which is not present in the

mineral. Thus, the presence of gypsum may have a critical influence on the iron

concentration, as will be shown below. As this is a rather unexpected result, a

plausible mechanism for this, based on the CRACKER simulations, will be discussed

in detail below.

5 1O IS 2O 25 3O 35 4O 45 50 55 60 65 7O 75 8O 85 9O 95

Log Fe-conc

Figure 5.3.1. The initial part of a groundwater simulation. Water is flowing from left

to right. The vertical scale shows logarithms of simulated Fe concentrations (M)

while the two horizontal scales show the position in the fracture indicated by cell

numbers. The strange peak is an example of the type that will grow rather than decay

as is the case for most other peaks, and which is also necessary for the water to

maintain a steady state.

In Fig. 5.3.1 the logarithm of the simulated Fe concentration is shown as a function of

the position in the fracture. The water is moving from left to right. Generally, the

concentration is kept at a constant value of about 2e-6 M, but at some locations, peaks

appear. They are caused by reaction of the water with an iron mineral like goethite.

Typically, the peaks suddenly disappear, which usually happens when the iron rich

water arrives at a cell in which the Aspo chlorite is present. Then a reaction similar to

(5.2.2) may take place in which most of the iron in the groundwater is replaced by
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magnesium. The normal level of iron concentration is restored. At some locations, the

water has to move some distance before this happens, while diffusion also takes place,

which tends to give a broadening and lowering of the peaks. Although the chlorite

reaction is the main reaction responsible for the restoration of the iron concentrations,

some peaks are consumed by other kinds of reactions, e.g. precipitation of pyrite.

In the particular simulation discussed here, a few peaks did not disappear. The first of

that kind is indicated in Fig. 5.3.1 as "strange peak".

Log cone

Figure 5.3.2. Something happens which prevents restoration of the Fe concentration.

The line points to the peak which does not disappear, but rather grows.

Rather than disappearing, this peak became broader and merged with another similar

peak that a few time steps later appeared to the right of the first (Fig. 5.3.2). All other

peaks are decaying as expected. The broadening of the merged peaks becomes even

more obvious in Figure 5.3.3, where anew level of iron concentration has become

established across the entire simulation and a new steady state has been reached.

40



Fe-conc
(M)

-3

-5

-6

cm

50 cm

Figure 5.3.3. Simulated iron concentrations in groundwater flowing along a

hypothetical Aspo fracture containing a small quantity of gypsum. The simulation

contains 3000 cells arranged as a rectangle.

A careful examination of the CRACKER and PHREEQE output files in the

neighbourhood of the strange peak in Fig. 5.3.1 by letting CRACKER create three

dimensional maps of the other elements present in the groundwater, revealed that the

presence of gypsum in the mineral set caused the peak by locally increasing the

sulphate concentration in the simulated groundwater. This caused some of the iron to

form the FeSO^aq) complex. The resulting decrease in concentration of free Fe2+

caused the ion exchange part of the Aspo-chlorite reaction (5.2.3) to reverse its

direction

Mg2+ + Mg3.4nFe1.6n+1Al2nSi3n01on(OH)8n
Mg3.4n+lFei.6nAl2nSi3nO10n(OH)8n (5.3.1)

Thus, in the presence of gypsum, Aspo chlorite tends to be a source rather than a sink

for Fe2+ until an new steady state has been established at a higher level. When

gypsum is removed from the mineral set, the rise in iron concentration disappears

(Fig. 5.3.4). iron concentration now remains close to the observed values. The

conclusion is that gypsum is not present at 130 m near KAS 03.
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Figure 5.3.4. Simulated Fe concentrations after removal of gypsum from the mineral

set used in connection with Fig. 5.3.1 - 5.3.3.
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5.4 Saturation indices of alumino silicates

Although aluminium concentrations have not been measured at Aspo, the success of

the simulations in predicting other properties of the groundwater suggest that the

simulated aluminium concentrations (»7-10"^ M) may be used as a reasonable

estimate to evaluate saturation properties of alumino silicate minerals. Bruno et al.

(1992) has estimated the typical aluminium concentration in granitic groundwater to

be about 3 10"^ M, which is merely about a factor of two from the simulated

concentration. The esimated and predicted saturation indices are shown in Figure

5.4.1.

Epidote

Muscovite
Montmoriilonite

Microcline

Kaolinite

Biotite

Albite

Fe-epidote B CRACKER
nnp a Calcul.

Daphnite

Chlorite

-2 0 2 4
Saturation Index

Figure 5.4.1. Saturation indices for a number of alumino silicate minerals with

respect to the observed and CRACKER-simulated end member water from KAS 03 at

130 m. The simulated value of Al-concentration has been used to estimate

"calculated" saturation indices. Since Aluminium concentrations are not measured at

Aspo, the figure merely gives a hint of the success of the CRACKER simulations for

combinations of concentrations for different species.

As is seen in the figure, there is a fairly good agreement between calculated and

simulated saturation indices for alumino silicate minerals. There is one exception,

which requires particular attention, and that is the chlorite - daphnite minerals. As

43



discussed above, they occur at Aspo as solid solutions. Thus, their reactions are

coupled to each other. Although the calculated saturation index for daphnite is

negative, solution of the coupled equilibrium equations shows that daphnite formally

precipitates in contact with observed Aspo water if the calculated aluminium

concentration is correct. The reaction of Aspo-chlorite is similar with calculated and

simulated Aspo water.

Another property of the saturation indices for chlorites is that due to large

stoichiometric coefficients, they are extremely sensitive to the activities of the

corresponding aqueous species. Changing the Fe-concentration by one order of

magnitude causes the saturation index of daphnite to change by five units (cf. Table

5.2.1). Changing the redox potential by 40 mV may cause the saturation index to

change twelve units, which corresponds to twelve orders of magnitude in the ion

activity product. Similarly, the calculated saturation properties are sensitive to errors

in Al- and Si concentrations also, although to a smaller extent. One has to be very

cautious when saturation indices are used to draw conclusions concerning the rock -

groundwater chemistry, and this particularly is true if minerals are forming solid

solutions or if large stoichiometric coefficients are involved.

In the previous sections, the end member water of KAS 03 at the 130 m level has

been described. Other end member waters which have been simulated and found to be

almost in steady state with respect to the same mineral sets are the KAS 03 waters at

levels 610 m and 930 m. One proposed end member water, the diluted Baltic Sea

water is found not to be in steady state with respect to the mineral sets. No detailed

description of those simulations are given here, since it would mostly be repetitions of

the texts and figures given above. Detailed results for the end member water at level

601 m will, however, be given in chapter 8.

The success with respect to stability of the simulated end member waters indicates

that although the waters are far from to equilibrium with respect to most of the

minerals, they are in a steady state with respect to the rock. In other words,

dissolution and precipitation reactions are approximately balancing, resulting in fairly

constant overall conditions.
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6. Formation of an end member water from rain

At least the shallower end member waters have probably been formed partly from

rain water or Baltic Sea water entering the ground. It could thus be of interest to

investigate the extent to which the water chemistry can be explained from reactions

between rain water and fracture minerals. The rain water has been modelled as a

solution with pH = 5.56, pE = 16.6 and concentrations of C = 2.34e-5 M and

S = 8.0e-8 M respectively. This corresponds to pure water saturated with oxygen and

carbon dioxide at atmospheric partial pressures and with traces of dissolved sulfuric

acid.

When rainwater enters the ground, there are first reactions with soil and surfaces close

to the surface. Such reactions will be neglected here, since the purpose is to

investigate the extent to which the chemistry of the groundwater is controlled by

salinity and fracture mineralogy.

6.1. Simple model

The end member water at 130 m in KAS 03 is found to have saturation indices (SI)

in the interval (-1, 1) with respect to the following minerals (c.f. Fig 5.1.2):

Calcite (CaCO3), dolomite (CaMg(CO3)2, FeS(am), fluorite (CaF2),

hematite (Fe2O3), quartz (SiO2) and U(OH)4.

For rodochrosite (MnC03) and strontianite (SrCO3), SI is about -2.

A simple approach to groundwater modelling is to assume that minerals for which the

groundwater is close to saturation are controlling the groundwater chemistry. The

source of NaCl in deep granitic groundwaters is discussed in the literature. It has been

proposed (Grimaud et al., 1990) that weathering releases NaCl which has been

trapped as inclusions in the rock. In the simple model, NaCl has been added to the

solution via a dissolution reaction to reach the observed concentration. The resulting

solution has been equilibrated with a selection of minerals as seen in Table 6.1.1.

However, the potassium concentration cannot be modelled with the simple approach

since no mineral containing potassium has been found to be close to equilibrium with

respect to the observed groundwater
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The set of minerals shown in Table 6.1.1 was equilibrated in a calculation with

PHREEQE. The result suggests that calcite and hematite precipitate while all the

other minerals dissolve.

Table 6.1.1

Minerals equilibrated with rainwater after addition ofNaCl(aq) by using the simple

modelling approach.

Mineral
Calcite
Dolomite
FeS(amorphous)
Fluorite
Hematite
Quartz
Rodochrosite
Strontianite
U(OH)4

Formula
CaCO3

MgCa(CO3)2

FeS
CaF2

Fe2O3

SiO2

MnCO3

SrCO3

U(OH)4

Reaction
Precipitation
Dissolution
Dissolution
Dissolution
Precipitation
Dissolution
Dissolution
Dissolution
Dissolution

If rain is allowed to enter fractures, become saline and equilibrate with the rock

minerals it is found (Fig 6.1.1) that a hypothetical rock with minerals according to

Table 6.1.1 would result in a groundwater rather similar to that observed at Aspo in

KAS 03, level 130 m.

In the simulation, the two related minerals dolomite and calcite behave differently.

Dolomite is dissolved in the process while calcite is precipitated. This is in

accordance with the observation that calcite is a common mineral in Aspo fractures

while dolomite is rarely found.
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Figure 6.1.1. Results from the simple model for formation ofgroundwater in KAS 03

at ISO m compared with observed values.

It is not surprising that many of the calculated concentrations are close to those

observed, since the mineral set was chosen to give approximately correct

concentrations at saturation. More remarkable is that pH and pE also are reasonably

close to the observed values, which means that the mineral set used here has enough

redox and pH controlling ability to change the water from strongly oxidising to

reducing and from low pH to a bit higher than neutral. Thus, it has sometimes been

argued that pH is controlled by calcite.

Similarly, it has been argued that the redox properties are controlled by iron

oxides/hydroxides (C.f. section 2.2). In the set used here, the iron oxides/hydroxides

group of minerals is represented by hematite. In the simple model discussed here, the

two minerals assumed to control pH and redox differ form the other by being

precipitated rather than dissolved when the mineral set reacts with water. If they

really are controlling pH and pE, removing them from the mineral set would cause

the water to remain close to its initial state.
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Figure 6.1.2. pH andpE evolution of rain equilibrated with the minerals in Table

6.1.1. The observed values for groundwater in KAS 03 at 130 m are inserted.

To test this hypothesis, a model calculation was performed, in which the original

rainwater after addition of NaCl(aq) was equilibrated with the minerals in Table

6.1.1, except calcite and hematite (dissolving minerals). As is seen in Fig. 6.1.2, the

pH and redox properties were brought to the general region of the observed value.

In a second step, the resulting solution was equilibrated with the same set plus calcite,

which was then precipitated. This only modified the pH and redox properties slightly,

not enough to be visible in Fig. 6.1.2.

In a third calculation step, hematite too was added to the mineral set. Like calcite,

hematite precipitated, which resulted in the pH and pE values to be fine tuned towards

the observed values.
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Figure 6.1.3. Concentrations calculated from the simple modelling approach

described above compared to observed values. In the first calculation, all minerals in

Table 6.1.1 except calcite and hematite are equilibrated with modelled rainwater with

added NaCl(aq). In the two following calculation steps, first calcite and then also

hematite have been added to the mineral set.

In Fig. 6.1.3, a larger number of chemical properties are shown for the different steps

discussed above. Again, it is seen that equilibration of the modelled water with calcite

has very limited influence on the groundwater chemistry. Equilibration with hematite,

on the other hand, has a major influence on the iron concentration and appears to fine

tune properties like pH and pE as well as concentrations of several elements i.e.

calcium, magnesium, manganese and carbonates. It is noticeable that even the

concentrations of calcium and carbonates are influenced more by hematite (Fe2C>3)

than by calcite (CaCO3).

A closer look at the output files from PHREEQE reveals that the most important

reaction controlling pE in this model is oxidation of sulphide to sulphate by the

dissolved oxygen. Hematite causes a fine tuning of pH and pE, while the reactions

with calcite do not cause significant changes in the groundwater chemistry.

As is seen from the table, it is necessary to include minerals which are not observed at

Aspo (dolomite, amorphous FeS and U(OH)4). This may however, not be an

inconsistency, since these minerals may be present although the quantities are so

small that they have been not been detected. A more fundamental difficulty with the
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Table 6.1.2

Sets of main minerals in Aspo fractures compared to the mineral set used in the

simple approach for modelling formation of the KAS 03, 129 m end member

groundwater. used in the simulations. Aspo epidote and Aspo chlorite are solid

solutions as described in section 5.4.

Hematite
Calcite
Quartz
Fluorite
Dolomite
FeS (amorphous)
U(OH)4

Goethite
Fe(OH)3 (amorphous)
Pyrite
Aspo chlorite
Illite
Smectite
Aspo epidote

Observed
yes
yes
yes
yes
no
no
no
yes
yes
yes
yes
yes
yes
yes

Used
yes
yes
yes
yes
yes
yes
yes
no
no
no
no
no
no
no

simple approach, is that many of the minerals observed in Aspo fractures have to be

neglected. In particular, this is the case for goethite, amorphous Fe(OH)3, pyrite and

chlorite. At least goethite and amorphous Fe(OH)3 react faster than hematite.

Replacing hematite with any of those would destroy the reasonable agreement

between model and observation.

Thus, the simple approach cannot be considered as a reasonable method for modelling

formation of deep groundwaters. The agreement found is achieved rather by choosing

a rather unrealistic set of minerals, which have been selected primarily for their

ability to give the desired result. This does not prevent the simple equilibrium

approach from being a useful tool in initial scooping calculations and for exploring

mechanisms that can be considered in more elaborate modelling approaches.

It should also be noted that the simple method fails in the kind of combined species

concentrations which are expressed as saturation indices since these are forced to be

zero for the key minerals. Similarly, the saturation indices for minerals not in the set

used, tend to deviate significantly from the observed values.
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6.2 CRACKER simulation of groundwater formation

In an attempt to use the CRACKER program to simulate the formation of KAS 03,

130 m groundwater from rainwater, the mineral set A of table 4.1.1 has been used.

The rainwater has been allowed to enter a simulated fracture with minerals according

to the set. It is found that the simulation converges towards a groundwater similar to

the observed groundwater as is seen in Fig. 6.2.1.

This kind of simulations require a larger number of simulation steps than the

simulations of water close to steady state, hi such simulations, 100 length steps

normally are required for a steady state to be established. Rain water, on the other

hand, has to change the chemical properties dramatically to reach a steady state with

respect to the set of fracture filling minerals. As a result, about 300 length steps are

required for a steady state to be established. Simulated waters in the last 900 diffusion

cells of the simulation have been mixed to form the simulated groundwater sample.

co

Figure 6.2.1. Results from the CRACKER simulation for formation of groundwater in

KAS 03 at 129 m compared with observed values.

As far as concentrations are considered, the CRACKER simulation results do not

generally agree better than the simple model when compared with observed values of

individual concentrations and activities. Other chemical properties, like saturation

indices are showing an improvement relative to the simple approach, where all

saturation indices are forces to zero.

51



The main improvement, however, is that observed minerals are used rather then a set

of minerals chosen to give best possible fit. Since some elements are not found in any

mineral close to saturation with respect to the observed groundwater, such elements

cannot be handled in the simple equilibrium approach. Since a more complete mineral

set is used in the CRACKER simulations, even such elements can be handled. An

important example i potassium.

It is interesting to note that in the simulation, the chemical properties of the water is

driven towards the observed values. This means that the mineralogy found is enough

to explain most of the groundwater chemistry. The rather small deviations have to be

explained from interactions with waters of different origin than rainwater. It should

be noted, however, that in the present simulation, the system simulated has been much

simpler than the real system. Thus, no soil layer has been modelled and no granite

surfaces have been exposed to the water in the model, contrary to what should be

expected in the real system.
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Figure 6.2.2. The development ofpHandpE in the simulation of formation of

groundwater from rainwater.

A more detailed investigation of the simulation results reveal a lot of insight in

possible mechanisms interacting in the groundwater formation. It is found that each
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element behaves in its own way. In Fig. 6.2.2, the pH-pE behaviour of the system is

shown, and as is seen from the figure it is a complicated evolution. The system starts

at low pH and high pE (a little outside the figure). Mineral interactions cause pH to

increase while pE is buffered, mainly by dissolved oxygen. This corresponds to the

topmost set of dots in the figure. Then the system propagates downwards through

several slopes until it settles in a narrow elongated cluster at the bottom of the

diagram. This cluster contains about fifty percent of the values (about 4500 values).

As discussed above, the slopes correspond to different redox reactions dominating the

system along its route towards the final state.

pH

Figure 6.2.3. The development ofpH in the simulation of formation ofgroundwater

from rainwater.

The pH values are rather rapidly increasing to a plateau as seen in Fig. 6.2.3. After

about 100 length steps, there are no more significant overall changes of the pH. To

begin with, the water is far from the steady state, and high peaks appear where the

water comes into contact with minerals which are able to influence the pH value.
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Figure 6.2.4. The development ofpE in the simulation of formation ofgroundwater

from rainwater.

A totally different behaviour is seen for the pE values. There is a general and rather

slow decrease, during about 150 steps. The system passes a number of plateau like

features, which are partly mixed. In this part of the simulation, the redox buffering

capacity of the system (mainly dissolved oxygen) is gradually consumed. At about

step 150, the buffering is so low that small disturbances cause the system to switch

into a stable state of reducing pE values. This state is afterwards maintained

indefinitely.
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6.2.1 Iron

Figure 6.2.1.1 The evolution of Fe concentration in the simulation of formation of

groundwater from rainwater.

As is seen from Fig. 6.2.1.1, there is a rapid increase in iron concentrations during the

first few length steps. This is mainly caused by release of Fe(II) from the Aspo

chlorite by dissolution and ion exchange. This tends to consume dissolved oxygen.

Consequently, the decrease in redox buffering capacity is connected to a decrease in

the Fe concentration of the solution. At about step 150, the Fe concentrations (like the

pE) drops to low values. Those values are actually far lower then the observed iron

concentrations in the corresponding end member water.
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6.2.2 Calcium

Figure 6.2.2.1. The evolution ofCa concentration in the simulation.

Calcium (like carbon) rapidly reaches a concentration which is close to the steady

state value. After a sharp rise in the concentration, there is a maximum after which the

concentrations again decrease as a result of the rising pH values.

6.2.3 Carbon

Figure 6.2.3.1. The evolution of C concentration in the simulation.
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6.2.4 Fluorine

Figure 6.2.4.1. The evolution of F concentration in the simulation.

Fluorite, which is the only mineral with fluorine in the simulation is not as common

as those containing the elements discussed earlier. This is seen in the slower increase

in the fluorine concentration.

6.2.5 Manganese

Figure 6.2.5.1. The evolution ofMn concentration in the simulation offormation of

groundwater from rainwater. The behaviour is similar to that of Fluorine.
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6.2.6 Strontium

Figure 6.2.6.1. The simulated evolution of the Sr concentration.

In the simulations, strontium originates from traces of strontianite (SrCC^). This

means that the simulated behaviour should be similar to that of manganese.

6.2.7 Sulfur

Figure 6.2.7.1. The evolution ofS concentration in the simulation of formation of

groundwater from rainwater.

In the simulation, weathering of pyrite is the main source of sulfur. Oxidation of

sulfides and polysulfides are important reactions consuming dissolved oxygen. In real

groundwater formation processes, organic compounds probably are major sources of

sulfur. Nevertheless, the simulated sulfur concentration is of the same order of

magnitude as the observed. This suggests that the source for an element is of minor

importance, as reactions with the fracture minerals will adjust the concentrations.
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6.2.8 Magnesium

Figure 6.2.8.1. The evolution ofMg concentration in the simulation of formation of

groundwater from rainwater.

As is seen in Fig. 6.2.8.1, magnesium behaves very similar to magnesium in the

simulation. In other words, a sharp rise followed by a rather flat maximum and a

decrease towards the steady state concentration. The main source of magnesium in the

simulated groundwater is the Aspd chlorite. Another source is the trace mineral

dolomite (CaMg(CO3)2), which is present in the simulation as well as in the simple

approach described in section 6.1. Unlike the case for the simple approach, dolomite

does not play an important role in the CRACKER simulation. Nevertheless, both the

simulated concentration and the saturation index for dolomite are fairly close to the

values calculated from the chemistry of the observed end member water.
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6.2.9 Potassium

Figure 6.2.9.1. The evolution ofKconcentration in the simulation.

6.2.10 Silicon

Figure 6.2.10.1. The evolution of Si concentration in the simulation of formation of

groundwater from rainwater.

Simulated silicon concentrations behave similarly to potassium, a sharp rise to a high

value followed by a decrease to a minimum and then a rise to a steady state value.

Since silicon i a component of a large number of minerals, the surface structure in

figure 6.2.10.1 is more complex than for most other elements. Clearly visible are

peaks formed from weathering of primary minerals and pits formed by precipitation

of secondary minerals.
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6.2.11 Aluminium

Figure 6.2.11.1. The evolution ofAl concentration in the simulation of formation of

groundwater from rainwater.

The structure of the aluminium concentration surface is similar to that of silicon and

for the same reason: There is a large number of minerals containing aluminium. The

initial increase in simulated concentration to high values and the subsequent decrease

appears to be a result the initial low pH value of the rain water used in the simulation.

As the pH of the solution increases, the solubility of most minerals containing

aluminium decreases. The steady state is established after about 200 length steps of

the simulation.

The modelled steady state concentration of aluminium still is about three times as

high as the typical aluminium concentrations in granitic groundwaters. Unfortunately,

the aluminium concentrations are not measured at Aspo, so it is impossible to judge

whether there is a reasonable agreement.
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6.3 Limitations in formation modelling

The obtained modelling results using the end member water at the 130 m level in

KAS 03, suggests that the fracture minerals are able change rainwater to approach the

measured composition. The results found in this modelling are not as close to the

observed values as those found in the steady state simulations (see chapter 6). This

means that the fracture filling minerals alone are not sufficient to explain the observed

groundwater chemistry. This should not be expected, since the old waters discussed

here have been able to react with other mineral sets as well. In particular, the soil and

the fresh granite surfaces at higher levels could be expected to contribute to the

groundwater chemistry. Further, one would expect even the end member waters to be

mixtures of waters of different origin and having been involved in reactions with

different kinds of mineral sets. Nevertheless, the simulation of groundwater formation

from rain as described here gives values considerably better than one order of

magnitude from the observed values. Thus, it could be expected that the mechanisms

discussed here are significantly contributing to the formation of groundwaters at

Aspo.
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7. Intermediate KAS 03 waters

7.1 General

The simulations in the previous chapter were focused on the possibilities to

understand the chemical properties of end member waters from the mineralogy only.

For this purpose the formation of an end member water from rain was simulated. In

the present chapter, we will go one step further and investigate the possibilities to

understand the chemistry of intermediate waters from knowledge of fracture

minaralogy and the end member water chemistry.

The stabilities of end member waters with respect to observed fracture minerals, do

not necessarily mean that the dynamic end member model is useful. Because several

minerals which are used in the model are known to be far from equilibrium with

respect to existing groundwaters, it might be impossible to find mineral sets that make

geochemical equilibrium simulations of intermediate water samples similar to the

observed waters. As will be seen below, the dynamic end member model is successful

for description of observed properties at least for waters from the bore holes KAS 02

and KAS 03. As an example of a typical result, the simulation of water from KAS 03

at level 360 m will subsequentially be discussed in a rather detailed way. Simulation

results for other waters will be described more briefly.

In simulations of intermediate waters, the ratio for mixing of end member waters has

been determined from the concentrations of chlorine which is assumed to be a

conservative element. As is seen from the linear relationship in Fig. 2.1.2, two end

member waters are enough to describe formation of intermediate waters at levels

between 130 and 600 meters in the bore-hole KAS 03.
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Figure 7.1.1. A simulation in which endmember waters mix in a fracture driving the

mixture to a new steady state.

Formation of intermediate waters have been simulated by letting the simulated

samples of end member waters enter input cells in proportions given by conservative

components and by allowing reactions with the minerals of the fracture walls. To

simulate the mixing occurring at the intersection of fracture planes the end member

waters have been fed to alternating diffusion cells. As is seen in the left hand side of

Fig. 7.1.1, which shows the start of a typical simulation, the mixing is completed after

seven steps (corresponding to about two weeks of elapsed time). Then the simulation

continued in the same way as the end member water simulations with reactions

between the mixtures and fracture walls followed by a sampling process.
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Figure 7.1.2. Simulated and observed properties of water from the borehole KAS 03

at the level 250 m. No observations were available for Al. The simulations were

performed with the CRACKER program using mineral set A of Table 1 and the end

member waters from KAS 03 at levels 130m and 610 m.

The simulations describe the intermediate water reasonably well. An example with

mineral set A and water at the level 250 m is shown in Fig. 7.1.2. The almost perfect

agreement for chlorine should not be astonishing since this element has been used to

determine the mixing ratio. As will be seen below where behaviour of individual

elements is discussed, the simulation results for intermediate waters at other levels

also suggest a favourable model performance.
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7.2 Iron

The conservative elements should behave according to the model, since mixing two

solutions to gives concentrations of the conservative elements according to the mixing

ratios. The dynamic end member model is able to show advantages over the simple

mixing models only if non conservative elements can be modelled better than with

only mixing. Iron is a typical non conservative element for which the aqueous

concentration may be difficult to analyse and explain.

According to the simulations, iron is mainly present as sulfides: Fe(HS)2: 82 percent

and Fe(HS)3": 18 percent. The free Fe2+ contributes to merely 0.1 percent of the

dissolved iron species and free Fe3+ is virtually absent (the activity is 10"27 M).
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Figure 7.2.1. Observed and simulated Fe vs. position in the bore hole KAS 03. The

simulations were performed with the CRACKER program using mineral sets A, D and

E of Table 1 and the simulated end member waters from KAS 03 at levels 130m and

610 m. Starting from left, the levels at which water is sampled are 130, 210, 250, 360,

470 and 610 m respectively. No observed Fe concentration is available at 210 m.
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7.3 Calcium

The behaviour of Ca is totally different from that of Fe. In to the simulations Ca

apparently does not react with minerals in the fracture walls, in spite of the fact that

calcite is a common mineral covering ten percent or more of the surface area in all

mineral sets except one (Table 4.1.1). In Fig 5.3.4, it is seen that Fe peaks rapidly

disappear from the simulations and one could expect Ca peaks to disappear in a

similar way when the water arrives at a cell containing calcite. On the contrary, the

simulations suggest that nothing happens when water with an elevated Ca

concentration is brought in contact with calcite. Peaks of Ca disappear very slowly

propagating along the simulations while spreading as a result of diffusion. A typical

Ca map shows an almost flat surface with rarely occurring smooth diffusion profiles

lasting along the entire simulation (Fig. 7.3.1).

Figure 7.3.1. Variations of log concentration of calcium during a CRACKER

simulation. Peaks occurring as a result of interaction with some mineral which

releases calcium are spreading in a smooth way as a result of diffusion rather than

being consumed by reactions with other minerals, in particular calcite.
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Figure 7.3.2. A calcium profile showing that the element behaves as an almost inert

element. The figure shows an initially sharp calcium peak which has been broadened

while the solution has moved along the fracture surface. Each bar represents a

calcium concentration in a diffusion cell. Below each bar, the mineral present in that

diffusion cell is indicated.

Fig. 7.3.2 shows a cross section of the fracture about ten length steps after the

occurrence of a calcium peak. As is seen in the figure the profile of calcium

concentrations is very close to a diffusion profile.

It is interesting to note that the equilibrium concentrations in individual diffusion

cells do not seem to be influenced by the kind of mineral present in the cell. Thus,

cells where minerals containing Ca are present cannot be distinguished from cells

without such minerals. In most of the simulations, calcium behaves as an almost inert

element.

Since calcite is often supposed to be a mineral important for pH control of the

groundwater one would expect that an abnormal pH value is restored at positions

where the groundwater is in contact with calcite. This reaction would also cause the

Ca concentration to change abruptly. As is seen in Fig. 7.3.2, nothing like that

happens. One reason could be that the pH value remains stable along the simulation.
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Then no reactions could be expected to occur and the Ca profile could be expected to

have the smooth appearance seen in Fig. 7.3.2.

To investigate this, a plot of pH values at the same cross section of the fracture as the

one shown in Fig 7.3.2 has been drawn in Fig. 7.3.3. It is found that pH is neither

stable, nor a smooth function like the calcium concentration. Rather, the pH profile is

quite irregular. The figure also shows that the diffusion cells containing calcite do not

tend to buffer the pH towards some particular value.
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Figure 7.3.3. A pH profile across a simulated fracture. The minerals in the different

diffusion cells are shown below each bar.
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Figure 7.3.4. Observed and simulated Ca vs. position in the bore hole KAS 03. The

simulations were performed with the CRACKER program using mineral sets A, D and

E of Table 1 and the simulated end member waters from KAS 03 at levels 130m and

610 m. Water is sampled at levels represented by symbols.

The differences between observed and simulated Ca-concentrations in KAS 03 are

small as is shown in Fig. 7.3.4. The main species of calcium in the simulations are

Ca2+ (98 percent) and CaSO4(aq) (1.9 percent). The remaining calcium is distributed

between CaHPO4, CaCO3(aq), CaPO4-, CaHCO3
+ and CaF+.
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7.4 Inorganic carbon
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Figure 7.4.1. Observed and simulated C vs. position in the bore hole KAS 03. The

simulations were performed with the CRACKER program using mineral sets A, D and

E of Table 1 and the simulated end member waters from KAS 03 at levels 130m and

610 m.

A local change in the pH value, e.g. a decrease could be expected to dissolve calcite,

which would release equal amounts of Ca and C. Since calcite is one of the main

minerals at fracture surfaces in all mineral sets except F (c.f. Table 4.1.1) one would

expect inorganic carbon (mainly carbonates) to behave similarly as Ca. This is,

however, not the case. Rather, the C concentration tends to decrease with depth while

the Ca concentration generally increases. Although the general trends are similar for

simulations and observations in the case of C, the details differ.

Like sulfur, carbon has more than one redox state with redox reactions being slow

unless catalysed by e.g. micro organisms. If both kinds of redox reactions are blocked

in simulations, the simulated redox potentials differ considerably from the

observations (Emren, 1996). It is probable, however, that they reach only partial local

equilibrium.

The main carbon species according to the simulations is HCO3" (88 percent) other

major carbon species are CaCO3(aq) (5 percent), CaHCO3
+ (4 percent),

CO3
2" (2 percent) and NaHCO3 (1 percent).
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1 i

Figure 7.4.2. C concentration profile. Same position as Fig. 7.3.2 and 7.3.3.

Fig. 7.4.2 shows a profile of carbon concentrations along a cross section of a

simulation. One would expect a correlation between the Ca and the C profiles at least

at positions where the water is in contact with calcite, but this is obviously not the

case. From the speciation, a possible reason can be found: merely two percent of the

carbonate is in the form of CO32". Consequently, other factors, e.g. pH are more

important than the calcium concentration for the behaviour of carbon. Comparatively

small changes in pH gives large changes in the CO32 ' concentration. Since the role of

calcite as a pH-buffering mineral appears to be limited, the large differences in

carbon concentrations between different cells with calcite can be understood from the

pH variations seen in Fig. 7.3.3.
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7.5 Fluorine
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Figure 7.5.1. Observed and simulated F concentrations vs. position in the bore hole

KAS 03. The simulations were performed with the CRACKER program using mineral

sets A, D and E of Table 1 and the simulated end member waters from KAS 03 at

levels 130m and 610 m.

As is seen in Fig. 7.5.1, the fluorine concentration is almost constant, but tends to

decrease slightly with depth in KAS 03. The CRACKER simulations show a similar

behaviour but tend to underestimate the concentrations and to overestimate the

decrease in fluorine concentrations for all the mineral sets. As is seen in Fig. 5.1.2,

fluorite (CaF2) is slightly overs aturated both in simulated and observed groundwaters.

Since the simulations tend to overestimate the degree of oversaturation one would

expect the simulated fluorine concentrations to be lower than the observed.

According to the simulations, fluorine is mostly present in the groundwater as

F" (93 percent). The other important species are CaF"1" (4 percent) and

MgF+ (3 percent). Those small amounts of other species than F~ are not enough to

explain the unexpected saturation properties.

73



7.6 Sodium
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Figure 7.6.1. Observed and simulated Na concentrations vs. position in the bore hole

KAS 03. The simulations were performed with the CRACKER program using mineral

sets A, D and E of Table 1 and the simulated end member waters from KAS 03 at

levels 130m and 610 m.

Although Na is present in many minerals and is known to be a reactive element

(particularly in connection with ion exchanging minerals like clays and zeolites), it

might behave as an almost inert element in the Aspo groundwaters, as is seen in Fig.

7.6.1. The reason is that Na is the main element contributing to positive charge in the

charge balance of the groundwater. This means that changes in Na concentrations

resulting from mineral reactions are orders of magnitude lower than the

concentrations themselves and thus hardly noticeable.

In the simulated groundwaters, sodium almost exclusively present as Na+. The other

sodium species present, NaSO4", NaHCO3, and NaHPO4- contribute to merely about

0.1 percent of the sodium.
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7.7 Manganese
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Figure 7.7.1. Observed and simulated Mn concentrations vs. position in the bore hole

KAS 03. The simulations were performed with the CRACKER program using mineral

sets A, D andE of Table 1 and the simulated end member waters from KAS 03 at

levels 130m and 610 m.

The general behaviour of Mn is similar to that of Fe with lower observed

concentrations in the end member waters than in the intermediate waters. The

simulations are showing similar trends (Fig. 7.7.1). Simulations with set A and D are

showing a deviations from the general trends at 250 m and 470 m respectively.

Unfortunately, observations are not available for the level 470 m. Generally, the

simulations overestimate the concentrations of Mn which suggests that the element

occurs mainly in solid solutions rather than in pure minerals.

The main species of manganese according to the simulations is Mn2+ (88 percent).

The other important species are MnCl+ (10 percent) and MnSO^aq) (1 percent).
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7.8 Strontium
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Figure 7.8.1. Observed and simulated Sr concentrations vs. position in the bore hole

KAS 03. The simulations were performed with the CRACKER program using mineral

sets A, D and E of Table 1 and the simulated end member waters from KAS 03 at

levels 130m and 610 m.

From Fig. 5.1.2 it is seen that the simulated end member water at 130 m is

undersaturated with respect to strontianite. The same is true for the observed water. It

is remarkable that such undersaturation results from mixing of a number of waters

which have been equilibrated with mineral. Almost all strontium appears to be

present as Sr2+. This kind of speciation could contribute to the similarities in the

simulated concentrations with different mineral sets.
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7.9 Sulfur
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Figure 7.9.1. Observed and simulated S concentration vs. position in the bore hole

KAS 03. The simulations were performed with the CRACKER program using mineral

sets A, D and E of Table 1 and the simulated end member waters from KAS OS at

levels 130m and 610 m.

Simulated concentrations of dissolved sulfur (sulfate and sulfide species) are similar

for all the mineral sets. There are two levels (210 and 250 m) at which the observed

concentrations differ from the simulation results. Although the differences between

observed and simulated are less than an order of magnitude and thus not more than

would be expected in a simulation, other causes than local deviations in the mineral

sets might be investigated.

First, redox reactions of sulfur often are very slow unless catalysed. In the simulations

reported here, the sulfide/sulfate reactions were allowed to equilibrate. In a separate

series of simulations, this reaction was inhibited, but that did not improve the

agreement between simulations and observations at the two levels mentioned.

Another possibility is that some important minerals containing sulfur have been

overlooked when the mineral sets were assembled. One such obvious candidate is

amorphous iron sulfide (c.f. Fig. 5.1.2) which was not included in any set, since it has

not been reported at Aspo. Further, organic material is probably an additional

unaccounted source of sulfur, at least in shallow groundwaters.
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According to the simulations, sulfur is distributed between the oxidation states of

S(+VI) (61 percent) and S(-II) (39 percent). Among the sulfates, SO4
2" is the main

species (64 percent of the group). Other major sulfate species are CaSO^aq) (28

percent) NaSO4~ (^ percent) and MgSC>4 (2 percent). The main sulfide species are

HS" (88 percent), H2S (11 percent) and Fe(HS)2 (1 percent).

100 200 300 400

Level (M)

500 600 700

Figure 7.9.2. Measured concentrations ofsulfate andsulfide at different levels in the

KAS 03. (Data from Smellie and Laaksoharju, 1992).

According to measurements by Smellie and Laaksoharju (1992), merely 0.03 - 6.4

percent of the sulfur is present as sulfide. This is a picture which differs significantly

from the simulations. The observed sulfide/sulfate ratio decreases sharply with depth

contrary to what would be expected. The possibility that sulfides could be stored in

species to which the analysis method is not sensitive does not appear likely since the

speciation calculations do not indicate this to be the case. Another possibility is that

polysulfides play an important role in sulfur speciation as suggested by Nordstrom

and Puigdomenech (1986).

Since the observed speciations of sulfur deviate from those reached by equilibrium

calculations, it is unlikely that the sulfide - sulfate reaction is fast enough to play any

important role for the redox properties of the Aspo groundwaters. This conclusion is

supported by a different kind of simulation, in which the effect on simulation results

from inhibiting certain reactions have been studied (c.f. section 8.2).
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7.10 Magnesium
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Figure 7.10.1. Observed and simulated Mg concentrations vs. position in the bore

hole KAS 03. The simulations were performed with the CRACKER program using

mineral sets A, D and E of Table 1 and the simulated end member waters from KAS

03 at levels 130m and 610 m.

The magnesium concentrations measured in the borehole KAS 03 do not vary much

with depth (Fig. 7.10.1), which was found to be the case also for the simulations. The

fluctuations with depth were slightly underestimated in the simulations. Most of the

magnesium is present as Mg2+ (98 percent) and MgSC>4 (2 percent). Small quantities

of MgF+, MgHPC>4 and MgPC>4' are also present according to the simulations.
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7.11 Potassium
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Figure 7.11.1. Observed and simulated K vs. position in the bore hole KAS 03. The

simulations were performed with the CRACKER program using mineral sets A, D and

E of Table 1 and the simulated end member waters from KAS 03 at levels 130m and

610 m.

The potassium concentrations (Fig. 7.11.1) in the borehole KAS 03 has a similar

trend as that of Mg (Fig. 7.10.1). The concentrations are about one order of

magnitude smaller. The observed concentrations remain almost constant from the

level 200 m and downwards. None of the simulations behave in this way. Rather,

there is a gradual increase in concentration with depth for all the simulations. The

simulations and observations differ by less than half an order of magnitude, so the

discrepancies might well be uncertainties resulting from errors in the conceptual

model, the assumed distribution of minerals and thermodynamical data. All potassium

is present as K+.
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7.12 Silicon
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Figure 7.12.1. Observed and simulated Si vs. position in the bore hole KAS 03. The

simulations were performed with the CRACKER program using mineral sets A, D and

E of Table 4.1.1 and the simulated end member waters from KAS 03 at levels 130m

and 610 m.

The behaviour of silicon (Fig. 7.12.1) deviates slightly compared to that expected

from the modelling. In the observations, it looks like a step at about 400 m, where the

concentration decreases by about 50 percent. Mineral set D, which generally gives the

best agreement between simulations and observations, also suggests a similar step but

at 300 rather than 400 meters. There are, however no such trends in simulations with

the other mineral sets. Thus, the similarities between simulations with set D and

observations could be coincidences caused by fluctuating simulation results.

The speciation of silicon appears to be almost as simple as that of potassium, with

merely two species, H4SiC>4 (98 percent) and H^SiC^" (2 percent).
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7.13 Aluminium

-4

- 4 . 5 -

^ -5 --

- 5 . 5 - -

en
O

-6

o . . o

--•&

—Q-

---0-

-X

--Set
—Set
--Set
--Set

A

D

E

H

4-

0 100 200 300 400 500 600 700

Position (meter)

Figure 7.13.1. Simulated Al concentrations vs. position in the bore hole KAS 03. The

simulations were performed with the CRACKER program using mineral sets A, D and

E of Table 4.1.1 and the simulated end member waters from KAS 03 at levels 130m

and 610 m.

No measurements of aluminium concentrations have been performed for the Aspo

groundwaters. In synthetic granitic groundwater, a concentration of 310"6 M has been

used (Bruno et al., 1992). At least one of the mineral sets gives simulated

concentrations close to this value. The other mineral sets are giving simulated

concentrations which are two to three times higher.

The differences in results arrived at in simulations with different minerals sets are

larger than with most other major elements (Fe is an exception). No common trends

are found and at some positions the spread in simulated concentrations is an order of

magnitude (Fig. 7.13.1). Set D, which has resulted in the best agreement between

observations and simulations suggest a behaviour of dissolved Al very similar to that

ofFe (Fig. 7.13.2).
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Figure 7.13.2. Aluminium and Fe concentrations vs. position in borehole simulated

with CRACKER using mineral set D.

No conclusive explanation has been found for the striking similarities in simulated

concentrations for the two elements although one could speculate over possible ones.

Thus it could be noted that both elements have a trivalent oxidation state, which

makes it possible for them to replace each other in some minerals. The only example

of such a solid solution used in the present simulations is the Aspo-epidote, which is

treated as a solid solution in which Fe3+ and Al3+ are replaceable with each other. In

the mineral set D, Aspo-epidote is the most common mineral (almost 50 percent of

surface area).

Another possible cause of the similarities arises from the strong influence of salinity

upon activity coefficients for trivalent ions. If this is a cause, it is interesting that an

ion which is not present in the solution is able to influence the chemical properties of

the solution. Typical activities of Fe3+ are 10"27 "M" (activity is a dimensionless

property but the value depends on the standard state chosen). This is a clear example

of the fact that activity and concentration are not in any way the same kind of

property. While the concentration of Fe3+ is virtually zero, the activity has a definite

value, which is a property of the entire system and not only of the Fe3+ ions. The

activity of Fe3+ influences the solubilities of minerals containing Fe3+, which in turn

influences the total Fe concentration. For all practical purposes, however, the Fe

concentration is identical to the Fe(II) concentration.

NEXT P.ASEfS)
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8. Simulation of the SITE-94 reference
water

8.1. Simulated element concentrations

In the SITE-94 project, a sample from the borehole KAS 02 at about 500 meter was

chosen as the reference water. This water has been simulated with CRACKER using

the same end member waters as for the KAS 03 simulations. During the initial time

steps, the mixing process caused a decaying wave like development similar to those

described in chapter 8 (c.f. Fig. 7.1.1). Then a period of about 30 time steps followed

during which the system approached a steady state. After about 50 time steps in all,

the steady state was established and the trends in different chemical properties were

replaced by the apparently random fluctuations which are typical for a steady state

situation. In Fig. 8.1.1 element concentrations from the simulated steady state are

compared with those of the observed water.

Figure 8.1.1. Observed and simulated steady state properties of the SITE-94

reference water from KAS 02 Aspo at a level of about 500 m. The mineral set A has

been used in the CRACKER simulations.
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8.2. Redox properties

As has been discussed in section 2.2, several mechanisms for redox control of deep

granitic groundwaters have been proposed in the literature. One way of studying their

influence upon the groundwater chemistry is to prevent combinations of them from

taking place in the simulations. If blocking all reactions except one gives significant

differences between observed and simulated groundwater chemistry, it is unlikely that

the unblocked redox reaction is the main controller of the redox properties. Similarly,

if preventing a certain combination of reactions gives significant differences between

observed and simulated chemistry, it is likely that at least one of the prevented

reactions is important for the redox control of the system.

The PHREEQE program is unable inhibit any reaction between two species which are

present in the data base. Thus, the common way to inhibit a reaction is to exclude the

corresponding species from the calculations. In the present case, this would mean that

to inhibit a certain redox reaction, e.g. the Fe(II) - Fe(III) reaction, one would have to

remove all Fe(III) species or alternatively all Fe(II) species from the data base. This

method would disturb the simulations in other ways as well, and thus cannot be used.

An alternative route has been followed: In the data base, the redox couple under

investigation has been treated as more than one element. Thus, databases have been

compiled, in which Fe(Ef) and Fe(III) have been treated as different elements. The

formation reactions of the corresponding species have been rewritten in terms of the

corresponding pseudo element. To take an example, the formation reaction for the

FeSO^aq) complex in the standard database is

Fe3+ + SO4
2" + e- -> FeSO4(aq) (8.2.1)

In the database, in which the Fe(II) - Fe(III) reaction is inhibited, Fe(II) is described

by the pseudo element Fell and the corresponding formation reaction is written as

Fe2+ + SO4
2- -> FeSO4(aq) (8.2.2)

The thermodynamical constants have to be recalculated accordingly, which is a

straightforward procedure. Similarly, databases are compiled, in which other kinds of

reactions, or in which several kinds of reactions are inhibited.
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The simulation results shown in Fig. 8.1.1 have been achieved under the assumption

that all redox reactions discussed are active. If one or more of the reactions are

blocked, the picture may look quite different. Seven cases have been simulated,

including the case that all reactions are allowed, which is used as a refernce:

a. All redox reactions active.

b. Methane - carbonate reaction inhibited. A significant deviation in this case

indicates that the redox properties are governed mostly by that reaction.

c. Sulfide - sulfate reaction prevented. In this case the importance of sulfur is studied.

d. Methane - carbonate reaction and sulfide - sulfate reactions inhibited. In this case,

only the Fe(II) - Fe(Tfl) reactions remain available for redox control.

e. Fe(II) - Fe(III) reactions inhibited. Here it may be seen if iron is important at all for

the redox control.

f. All iron minerals replaced with one iron oxyhydroxide phase which has a solubility

between that of goethite and amorphous iron hydroxide (Grenthe et al., 1992; c.f.

section 2.2). All redox reactions allowed. In this case, the possibilities of representing

all iron minerals by one mineral is investigated.

g. Finally all iron minerals are replaced with the hypothetical iron oxyhydroxide

mineral mentioned in (f), and all redox reactions except Fe(II) - Fe(ffl) inhibited. The

purpose here is to investigate the possibilities for the redox properties groundwater to

be modelled with a very simple system.

The same mineral set (set A in Table 4.1.1) has been used in all the simulations,

except f and g, where all minerals containing iron have been replaced with the iron

oxyhydroxide phase suggested by Grenthe et al. (1992).
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Figure 8.2.1. Comparison of significant concentrations (or activities) between

observation and simulations in which different reactions have been allowed to occur.

a. All redox reactions active.

b. Methane - carbonate reaction inhibited.

c. Sulfide - sulfate reaction inhibited.

d. Methane - carbonate reaction and sulfide - sulfate reactions inhibited.

e. Fe(II) - Fe(III) reactions inhibited.

f. All iron minerals replaced with one hypothetical iron oxyhydroxide mineral and all

redox reactions allowed.

g. All iron minerals replaced with the hypothetical mineral and all redox reactions

except Fe(II) - Fe(III) inhibited.

As is seen from Fig. 8.2.1, most of the reactions studied appear to be of low

significance for the element concentrations of the groundwater. Three major

discrepancies are found:

If the hypothetical iron oxyhydroxide mineral is used and all other redox reactions are

allowed to occur (case f), the iron concentration in the simulation becomes lower than

the observed values. If the Fe(II) - Fe(III) reaction is allowed to occur but both the

methane - carbonate reaction and the sulfide - sulfate are blocked (cases d and g), the

simulated pE value becomes far lower than the observed. Two conclusions may be

drawn from this: It is unlikely that the hypothetical iron oxyhydroxide mineral (or

any single mineral) is the main controller of the redox potential in Aspo

groundwaters. Furthermore, it appears unlikely that the Fe(II) - Fe(III) reaction is the

main reaction controlling the redox properties of Aspo groundwaters.
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Figure 8.2.2. Plots ofpE vs. pH in the simulations. Each plot consists of 3000 values

taken from a simulation with a particular set of redox controlling reactions.

The symbol ® denote observed values.

a. All redox reactions active.

b. Methane - carbonate reaction inhibited.

c. Sulfide - sulfate reaction inhibited.

d. Methane - carbonate reaction and sulfide - sulfate reactions inhibited.

e. Fe(II) - Fe(III) reactions inhibited.

f All iron minerals replaced with one iron oxyhydroxide mineral and all redox

reactions allowed,

g. All iron minerals replaced with one iron oxyhydroxide mineral and all redox

reactions except Fe(II) - Fe(III) inhibited.
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The modelling results provide values of pE vs. pH for at different locations as shown

in Fig. 8.2.2. Each plot consists of 3000 values sampled from a simulation. It is seen

that more reactions than the Fe(II) - Fe(III) reactions are needed to make the

simulated redox properties similar to the observed properties. Actually, even in case

e, where no Fe(II) - Fe(III) reactions have been allowed to occur, the deviation

between observed and simulated behaviour still is quite small. One should note,

however, that the iron concentrations in Aspo groundwaters are anomalously low. At

other places, reactions involving iron might be much more important.

Moreover, it is found that any single redox reaction can be excluded for the set of

allowed reactions and still the observed and simulated properties remain similar (case

b, c and e). If, however, both the methane - carbonate and the sulfide - sulfate

reactions are blocked, the simulated pE - pH relations differ considerably from

observations (case d and g).

Excluding the sulfate - sulfide reaction from the set of allowed reactions (Fig. 8.2.2 c)

gives a better agreement than any of the other combinations of allowed redox

reactions. This indicates that the sulfide - sulfate reaction does not contribute

significantly to the redox properties in Aspo groundwaters. This conclusion is

supported by the simulation results for the intermediate waters of the borehole KAS

03 (section 7.9) where it is found that the reaction does not reach equilibrium, which

in turn causes observed and simulated concentrations do deviate considerably at

several levels. Speciation calculations for the observed waters in KAS 02 and KAS 03

tend to indicate concentrations out of equilibrium.

From the considerations above, it appears that the methane - carbonate (and

hydrogen) reaction, probably in combination with the Fe(II) - Fe(III) reaction is

important for the redox - pH properties of the Aspo deep groundwaters.

As discussed in Appendix 4 (Eqn. A4.2.5), the slopes in the plots of Fig 8.2.2 give

information on the net ratio of electrons to protons in the reactions controlling the

redox properties. The main slope in most cases is close to one (e.g. 0.98 in 8.2.2a)

indicating that the typical net reaction includes one electron for each reacting proton.

It is also noteworthy that in some simulations, two different slopes are visible.

Besides the main slope, a much steeper slope is seen to occur at rare mineral

combinations. The value of this slope in Fig. 8.2.2a is 3.7. The basis for estimating
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the statistics is limited, so this may in fact correspond to an electron / proton ratio of

3.0, which could occur in connection with the reaction

Fe(OH)3(s) + 3 H+ + e" -> Fe2+ + 3 H2O 8.2.1

as suggested by Grenthe et al. (1992). The phenomenon has, however, to be further

investigated.

toft BLANK
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9. Modelled future groundwaters

9.1 Purpose of the modelling

In the SITE-94 project several kinds of scenarios and influence of different kinds of

events on possible futures of a repository have been discussed. Besides the central

scenario with a climate tending to be cooling, among others a scenario with increased

temperature and one with tectonically induced seismic activity have been discussed.

Examples of possible events which have to be considered in the safety assessment are

intrusion of Baltic Sea water through and inadequate sealing of the shafts or a well for

drinking water being drilled through the repository.

The simulation results discussed in this chapter are not intended to give an overview

of all kinds of possible future events and their influences on the groundwater

properties. Rather, the purpose is to give examples of what kind of events the models

described in this report (CRACKER and the dynamic end member water model) are

able to handle, and what kinds of results they are able to give. To give such examples,

two brief scooping simulations have been performed and the results are described

below. One simulation deals with the rise in temperature due to radioactive decay,

while the other simulation deals with a possible intrusion of water from the Baltic Sea

into the repository.

The CRACKER program in combination with the dynamic end member water model

is able to simulate other kinds of events as well, e.g. influence of spatial variability on

migration of a sorbing element or stability of a copper canister in possible

groundwaters in formed by interactions with disturbed rock in the near field. This,

however, is outside the purpose of this report and will not be discussed here.
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9.2 Effect of elevated temperature

In the near field of a repository, the ground water chemistry can be expected to

deviate significantly from the water found in boreholes. The reason for this is the

presence of material which is not present in the fractures, or which is not available for

the water. These include presence of fresh and partly oxidised rock, bentonite, cement

and the canisters. Further, the temperature will be increased to more than 50 °C

during some 10000 years (Svenke, 1983 (KBS-3); Tarandi, 1983). Thus, one could

expect the groundwater entering the repository to differ from the present properties.

In this section, the variation of groundwater controlling properties have been

restricted to an increase in temperature to 80 °C.

Most major elements concentrations remain unchanged as the simulated temperature

is increased, while a small number of properties change significantly (Fig. 9.2.1). The

decrease in the pH and increase in the pE values are the most important changes.

Furthermore, the Si concentration is increased by half an order of magnitude. The

simulation case a at 15 °C (section 8.2) has been used as reference.

H+ Fe Mn Si

Figure 9.2.1. Concentrations for which the predicted values change significantly after increasing the

temperature to 80 °C. The values at 15 °C refer to observations.

a. All redox reactions active.

b. Methane - carbonate reaction inhibited.

c. Sulfide - sulfate reaction inhibited.

d. Methane - carbonate reaction and sulfide -

sulfate reactions inhibited.

e. Fe(II) - Fe(III) reactions inhibited.

f. All iron minerals replaced with one

iron oxyhydroxide mineral and

all redox reactions allowed.

g. All iron minerals replaced with one

iron oxyhydroxide mineral and all redox

reactions except Fe(II) - Fe(III) inhibited.
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Figure 9.2.2. Simulated pE vs. pHfor different cases at 80 °C. Since these properties have not

been measured at 80 °C, comparison with observed values is not meaningful.

a. All redox reactions active.

b. Methane - carbonate reaction inhibited.

c. Sulfide - sulfate reaction inhibited.

d. Methane - carbonate reaction and

sulfide - sulfate reactions inhibited.

e. Fe(II) - Fe(III) reactions inhibited.

f. All iron minerals replaced with one

iron oxyhydroxide mineral and

all redox reactions allowed.

g. All iron minerals replaced with one

iron oxyhydroxide mineral and all

redox reactions except Fe(II) - Fe(III)

inhibited.
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The pattern of pH vs. pE at 80 °C is similar to those found at 15 °C but with a shift

of about one pH unit towards lower values. The same decrease in pH is seen is seen

in Fig. 9.2.1. In some cases, the system reaches very low pE values (cases d and g).

Such low values may cause problems since some radionuclides tend to increase their

solubilities when the pE values are very low (Puigdomenech and Emren, 1990).

Fortunately, those cases include the assumption that the redox properties are

controlled by iron reactions only. As has been shown above, this is unlikely to be the

case.
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9.3 Intrusion of Baltic Sea water

Although no systematic study on the influences of possible future events has been

performed, scooping simulations have been made for the case in which intrusion of

Baltic Sea water takes place. This can be considered as a supplementary scenario to

the normally used central scenario (Supplementary scenario no 1, Andersson et al.,

1996).

log Cone

Fracture Bentonite Fracture

Figure 9.2.1. Simulated Fe concentration in an event with intrusion of oxidising

Baltic Sea water. Note that different length and width scales have been used in this

figure. The length (left to right) is about three meters while the width is merely fifteen

centimetres.

In a simulation exercise with the CRACKER program it is assumed that oxidising

water from the Baltic Sea enters a fracture zone continues through a broken bentonite

layer and finally enters a previously undisturbed fracture. To reduce the number of

simulation steps, the simulation has been compressed to a length of merely about

three meters. As an example of the simulation results, simulated iron concentrations

are shown in Fig. 9.2.1. In the left part, it is seen how the Fe concentration gradually

increases as a result of decreasing pE value in the water causing the speciation of Fe

to gradually change from being mostly Fe(III) to Fe(II).
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In the bentonite section (middle third) of the simulation, the concentration remains

constant. Finally, the water moves into the typical undisturbed Aspo fracture and the

Fe concentration starts to decrease. Eventually the concentrations approach the

normal low values that depend on the alumino silicate reactions (c.f. section 5.2).

Diagrams for other elements and chemical properties could be drawn, but since the

purpose here is to show possible uses of the models, no such diagrams are shown.
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10. Conclusion

The CRACKER simulations using the dynamic end member model (see sections 3.2

and chapter 5) can be considered to successfully describe some of the aspects of the

Aspo groundwater chemistry. In many previous groundwater modelling studies

(Laaksoharju, 1988; Lunden, 1992; Stumm, 1989), difficulties have been noted for

instance in the prediction pH and concentrations of some non conservative elements

like iron. One reason for the good agreement between simulation results and

observation, is that spatial variability is taken into account. This property has often

been overlooked previous groundwater models. No modelling attempt that does not

take the phase rule violation into account could be expected to be more than partly

successful. The spatial variability gives rise to three main effects concerning the

chemical behaviour of the fracture - groundwater - radionuclide system:

1. No minerals are in global equilibrium with the groundwater. The water is forced to

perform a kind of random walk in the composition space (c.f. Appendix 6). The

sampling process causes several water types to mix.

2. The reaction rates in mineral - groundwater reactions are lowered as compared to

what would be expected from laboratory experiments. Due to the spatial variability of

the chemistry, the stoichiometry is locally constrained and thus, the reactions are not

able to aim at the global equilibrium (if such exists) but rather towards local sub-

equilibria.

3. The efficiency in retardation of radionuclides by sorption is lowered since some

particle tracks are able to avoid the sorbing minerals. Further, spatial variability along

a particle track influences the sorption behaviour along this track (Emren, 1993). This

aspect has not been covered in the present work since it only deals with the main

groundwater components and the behaviour of radionuclides.

Another important feature is that at length scales larger than a few millimetres,

diffusion is slow relative to the groundwater movement, which means that a mineral

grain is unable to react with water packages across a distance of more than a few

millimetres. Since such a small region is able to contain only a small number of

different minerals, local subspaces of the composition space are established. In each

such subspace, the system moves downhill with respect to free enthalpy (Emren,

1991a). It will, however, be unable to reach a global minimum, since it does not exist

under such conditions. Consequently, different parts of the system are moving
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chemically in different directions. The CRACKER program is able to simulate this

complex behaviour, which according to thermodynamic laws should be essential for

the ground water properties.

A feature accounted for in the CRACKER program package, is the complex sampling

process in which waters from a large number of locations are mixed. Since the

CRACKER simulations involve local equilibria and the natural mineral sets violate

the phase rule, it is not at all obvious that such a simulated mixing process leads to

water properties that are similar to any of the observed waters. Actually, moderate

deviations from the observed mineralogy is enough to make the CRACKER

simulations give simualted groundwaters with chemical properties far from the

observed.

The local fluctuations predicted by the CRACKER simulations cannot be directly

observed. This concept, however, is corroborated by a favourable comparison

between observations and the modelling of the mixing processes.

Although the detailed chemical properties of the simulations cannot be explained

without development of new software, the program may be used to improve the

understanding of mechanisms ruling the groundwater chemistry. In the simulations

described here it has been assumed that the minerals are distributed in the same way

at all levels in the Aspo bore holes. The validity of this assumption needs to be

investigated as well the consequences of deviations from this uniform distribution on

a large scale. To take such variations into account, and using the same number of

possible mineral sets would cause the number of simulations to grow from 48 to

262144. In this way, the agreement between observed and simulated groundwater

chemistry would probably improve, but it is questionable if the improvements would

make predictions on possible future groundwater evolution more reliable. Moreover,

the large number of simulations would require the results to be treated with statistical

methods.

One advantage with the simulation methods presented in this report is that they can be

used to test different kinds of hypothesis concerning mechanisms for chemical

processes in the rock - groundwater system. An example of this is the large number of

proposals for the mechanisms regulating the redox potentials of groundwaters. In

simulations it is possible to prevent certain reactions from occurring. If it is still

possible to explain both redox properties and other chemical properties this particular

reaction may be of less importance.
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The attempts to model formation of Aspo groundwaters from rain entering a fracture

where it reacts with minerals have shown that such a modelling approach is able to

give waters which are rather similar to the observed water. Thus only minor

adjustments of the water chemistry have to be explained by other mechanisms.

Of particular interest is the fact that mineral sets which are in agreement with

observations are causing the water chemistry to approach that observed in water

samples. This strengthens the interpretation of the simulation result that the observed

end member waters are in steady states with respect to such mineral sets. Since the

steady state is checked by letting groundwater of the observed chemistry move

through the simulated fracture and finding that only minor chemical changes occur,

the steady state found could have been caused by not letting the simulation continue

long enough. The simulations with formation of end member water from rain

interacting with mineral sets show that the mineral sets actually changes the water

chemistry towards the observed properties.

The interaction between groundwater and minerals may be looked upon from two

points of view. In the simulations here, the mineral sets have been taken for granted

and supposed to direct the groundwater chemistry. This probably is correct during

short time intervals (hundreds of years). During longer time scales, the influence of

mineral - groundwater reactions on the minerals themselves cannot be neglected.

Then, the interactions with water tends to drive the mineralogical composition

towards steady state with respect to the groundwater. The situation is similar to that

addressed by the problem of which was first, the hen or the egg.

In the CRACKER simulations, the simulated waters are similar to observations with

respect to redox properties. By inhibiting reactions in the simulations, it has been

found unlikely that the Fe(II) - Fe(III) redox couple is the main governor of the redox

properties in Aspo groundwaters. Rather, it appears that the redox properties can be

maintained even if reactions with this couple are inhibited.

Rather, reactions in which H2, carbonates and methane are participating are

important. This does not mean that iron species and minerals are not involved in

redox processes. They may still be involved, although in a more indirect way.

Concerning the sulfide - sulfate reaction, no conclusion is possible, although the

results suggest the reaction to be of minor importance in Aspo groundwaters.
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APPENDIX 1

The CRACKER program

Al. l Conceptual model

CRACKER is a program coupling chemistry and transport, using elaborate chemical

equilibrium modelling in combination with a simplified transport model. It simulates

chemical reactions of groundwater flowing through a plane fracture. The program is

able to predict the local heterogeneous groundwater compositions in fractures inside a

rock consisting of a large number of minerals. Such rocks mostly contain too many

minerals to fulfil Gibbs' phase rule. Properties such as initial composition of the water,

mineralogical composition of the rock, temperature gradients and flow velocity of the

water serve as inputs for the modelling. In particular, CRACKER is designed to handle

heterogeneous rock properties, like redox fronts, regions with different mineralogy etc.

In the CRACKER model, a rock is represented by a distribution of minerals across the

surfaces of a fracture through which water is moving. In most cases, a pseudo random

mineral distribution is used. In the present CRACKER version (97-02) it is assumed

that the surfaces are parallel planes and that the water is moving at a single constant

velocity. The surfaces are subdivided in hexagonal cells, diffusion cells. A diffusion

cell is small enough for the water inside a cell to be homogenised by diffusion while

water from different diffusion cells are approximated to be isolated from each other

during a time step. At the end of each time step, waters from neighbouring diffusion

cells are mixed (in the present version mixing takes place only perpendicular to the flow

direction. Large scale diffusion and other kinds of dispersion perpendicular to the flow

direction are accounted for by this mixing process. The reason is that the mixing

process gives a binomial distribution. As is well known from theories on random walk

with constant step lengths, the same kind of distribution appears in this case. When the

number of steps goes to infinity, the binomial distribution tends towards a gaussian

distribution. Dispersion parallel to flow direction is not taken into account in the present

version of the program.
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Figure Al.1.1. The water flowing through a fracture is surrounded by apseudo random

set of mineral grains.

As the water moves through the fracture it reacts with the minerals that are directly

exposed or may be reached with diffusion. Normally, matrix diffusion is not included

and thus only minerals in contact with the groundwater within the fractures are assumed

to be accessible. It is possible, however, to include minerals in the rock matrix by

including them as minerals with low probability of occurrence which means that they

will have a minor influence on the water properties. Normally, the water is allowed to

reach equilibrium locally (although kinetic effects may be included). Results from each

time step are stored in a result file containing information about position (x and y),

water composition, pH, pE and minerals present in each diffusion cell. The following

three options for the end result can be obtained:

• The primary results are provided to a file giving the changes in water

properties along the fracture as well as spatial variations in properties of the

water leaving the fracture. Figure 6 shows two examples of how some of the

properties may be seen in graphical form.

• The second kind of end result, which is given by the auxiliary program

ENDMIX, simulates mixing of water from different positions along the

fracture exit. This corresponds to the mixing process occurring where a

fracture suddenly becomes wider (thicker) or water leaving a fracture trickles

down a rock wall.
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• The third kind of end result, which is given by the auxiliary program MIXER,

samples a large number of waters (typically 1000) from diffusion cells

forming a rectangular region in the fracture. This type of result may be used as

a model for water sampled by pumping water from borehole that is connected

to a fracture.

All these three kinds of results can be obtained as output from the same simulation.

Figure Ah 1.2. Examples of graphical outputs from the CRACKER program.

A. Diagram ofpH vs. pE values samples through a simulation. Each dot corresponds to

a pair of values found in one diffusion cell.

B. Diagram of concentration during a simulation of a non stationary state situation.

The behaviour ofplutonium entering a fracture at Aspo, is simulated here. The water is

flowing from left to right. The figures at the vertical axis give log concentration (M).

The figures along the axis parallel to and perpendicular to the flow direction of the

water represent positions of the different diffusion cells. The elapsed time in this

simulation is about seven months.
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A1.2 Diffusion cells

A key concept used in the CRACKER model is that of diffusion cells, which is a region

where diffusion is able to make the water approximately homogeneous from a chemical

point of view. Different diffusion cells are assumed to be chemically independent of

each other, while reactions may take place between water, dissolved species and

minerals in the same diffusion cell. In each time step, the assumed water packages

moves from one diffusion cell to the next. This concept is similar to that of the cell

model used by Wentworth (1948) who studied the development of transition zones in

coastal aquifiers with salinity gradients.

•L
i* \'
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Figure Al.2.1. In the CRACKER model, the space is divided into regions small enough

to be homogenised by diffusion. Such a diffusion cell may be in contact with one or

more minerals.

To understand the concept of diffusion cells, one has to realise that the time required for

diffusion to make a water package homogeneous is proportional to the linear size

squared. Thus, if reactions with a mineral grain change the water composition, the

change in composition spreads through the water with a velocity that is initially great,

but rapidly decreases. At some point in time, the velocity becomes less than the flow

velocity of the water. At that time, the region influenced has reached a certain size,

defining a diffusion cell, which in CRACKER is approximated by a hexagonal prism

(Fig. Al .2.1). Any water package larger than that will be unable to reach equilibrium

during the time it is in contact with a mineral grain.

To study the properties of such a system, one might consider a rapidly equilibrating

mineral grain which is brought in contact with an aqueous solution at time zero.
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Saturation rapidly occurs at the grain / solution boundary. This saturation is maintained

while species are diffusing away. The chemistry at a point some distance from the grain

remains unchanged until the point is reached by the front of diffusing species. The front

of changed concentration can be looked upon as a chemical message propagating

through the system. Only regions reached by this message are able to react upon the

presence of the mineral grain. As will be seen below, the speed at which the message

move varies with time and distance from the grain.

Diffusion can be approximately described by differential equations (Fick's laws).

Here we will use Fick's second law which in one dimension looks like

dc _ etc

(Al.2.1)

where c denotes the concentration, x the position, t the time and D the diffusion

coefficient. Integrating this equation under the boundary conditions that the

concentration of the diffusing species is maintained at constant value for x = 0 and at

zero at the positive infinity. Initially, the concentration is zero for all positive x values.

This corresponds to inserting a sheet with constant solubility at x=0 and at time zero.

The equation has been solved numerically by Euler integration. With a diffusion

coefficient of 10"9 m^/s (typical value for a species with a molecular weight in the

interval 10 - 100 g/mol) the results in Fig. Al.2.2 are achieved.
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Figure Al.2.2. The time required for different degrees of homogeneity to spread across

a certain distance as a result of diffusion in water. The diffusion coefficient is assumed

to be 10-9 m2/s.
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The homogenisation process spreads at a relatively slow rate through an aqueous phase.

As mentioned above, the change in concentration of a diffusing species can be looked

upon as a kind of chemical message propagating through the system. A chemical

change at one position does not influence the chemistry at another position until the

message has arrived. The values in Fig. Al.2.2 can be recalculated to give a speed at

which the message propagates through the system (Fig. Al .2.3) and it is found that this

speed is astonishingly low (m/year) at length scales of a few mm, while it is very rapid

(km/s) at length scales of molecular sizes.

3 4

Distance (mm)

Figure AL2.3. The solute speed vs. distance for different degrees of solute

homogenisation to spread through the aqueaous phase due to diffusion. The diffusion

coefficient is here assumed to be 10~9 rn^/s.

The size of the diffusion cells is chosen to make the forward flow velocity equal to the

velocity by which the diffusion message moves backwards through the solution. This

means that a reaction taking place at the downstream end of the cell is barely able to

influence the chemistry at the upstream end while the water remains in the cell. The size

of diffusion cells depends upon the water flow velocity and the degree of

homogenisation required. As an example, let us assume that the water flow velocity is

0.80 m / year (0.091 mm / hour), the diffusion coefficient is 10"9 m2/s and that a

deviation of 20 percent in concentration between different parts of the water package is

an acceptable degree of heterogeneity. Integration of Fick's second law then gives a size
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of 5.3 mm for the diffusion cell. In this case, the concentration at the edge of the cell

has to be at least 80 percent of the concentration at the centre.

In each diffusion cell, CRACKER makes use of PHREEQE to solve the equilibrium

equations for that particular cell. In most coupled codes, non-compatible mineral sets

are causing problems, and one therefore has to select only a sub-set of minerals in the

simulations. With the approach described here, incompatible minerals should not cause

any trouble, as long as each diffusion cell (normally less than 0.1 cm3) contains a

mineral set that is internally compatible. Since each cell normally contains only one to

three minerals, this property is easily achieved. Only in the rare case that the

groundwater chemistry can be shown to depend critically on the size of the mineral

grains, this approach could be expected to fail.
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A1.3 Two dimensional fracture model in CRACKER

The fracture model used here consists of a slit between two parallel plane rock surfaces.

Minerals are randomly distributed across the surfaces. Each mineral grain is considered

to cover a hexagonal area of the rock surface. Occasionally, other grain geometries are

formed by the random allocation process, since the same kind of mineral may be placed

in several neighbouring hexagons. The size of a hexagon is the same as that of a

diffusion cell.

With the water velocities typical (SITE-94 base case, 96:36 volume I, page 151) for

deep Swedish rock (0.5-1 m/year) the size of a diffusion cell is a few millimetres.

Although the water flow is assumed to be laminar, there is no need to consider the

variation of water velocity as a function of the distance to the wall. The reason is that

due to diffusion, all the water in the same diffusion cell has approximately the same

composition. In the model, water from two diffusion cells is transferred to the next cell

and mixed as the water moves through the system. To avoid boundary effects, periodic

boundaries are used for the direction perpendicular to the flow. Thus, in Fig. 3.5.1,

species diffusing across the right boarder reappears at the left hand side.

t

Flow direction

Figure Al.3.1. Waterfront different diffusion cells is mixed as the water flows through

the fracture. The dashed hexagons indicate pseudo cells present due to periodic

boundaries. Thus, the dashed hexagon in the lower right corner is identical to the cell

in the lower left corner of the figure.
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At each time step, PHREEQE is used to first equilibrate the mixture from the previous

step and then to equilibrate the resulting solution with the mineral (or minerals)

present in each diffusion cell. Since both random walk (diffusion) and the mixing

process described here give rise to binomial distributions, a proper scaling of the

diffusion cells causes the mixing process to give a good approximation to diffusion. In

the present version of CRACKER, any diffusion perpendicular to the flow is considered

but not longitudinal diffusion.
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A1.4 Program structure

CRACKER is a package of several programs, most of them written in C. Chemical

equilibrium calculations are mostly performed by PHREEQE. The main program,

CRACKER, manages information flow and determines which subprograms to use for

specific tasks. Furthermore it is responsible for handling the user interface.

There are two levels of child processes in CRACKER. The highest level is shown in

Fig. Al .4.1. All subprograms are able to run as self consistent units, but since the

general data structure of CRACKER is by necessity rather complex (as a result of the

complicated phenomena to be modelled), it is usually more convenient to use the full

CRACKER program even for a comparatively simple task.

CRACKER

Setup Phreeqe /

/
Sorption

\ V^
\ Hacker

\

Display

Helpit
Mixer

Endmix

ToRAM FromRAM Hide UnHide ToWORK

Figure Al.4.1. Hierarchical structure of CRACKER with the highest level of

subprograms. Each of the sub- programs can be used as an independent unit, but

normally, they are used as child programs and thus controlled by CRACKER.

Exceptions are Mixer and Endmix that are used in connection with the CRACKER

simulations, but which are never controlled by CRACKER. Further, the administrative

programs ToRAM, FromRAM, Hide and UnHide are always used outside CRACKER

itself.

Fig. Al.4.1 shows the general structure of CRACKER. The program starts by a call to

the Setup subprogram. In this program, the user is led through a number of menus to set

up the simulation. The output from an earlier simulation can be used as input for a new

one. While a simulation is running, a temporary result is always saved. The benefit of
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this is that a simulation that has been interrupted for some reason (even a power failure)

can be continued without any need to start from the beginning.

To minimise the number of actions necessary to set up a new simulation, the user is

always requested to choose an old simulation as a prototype. After the prototype has

been chosen, the user is requested to accept or modify groups of properties, going

deeper into details where modifications are necessary. Thus, although hundreds of data

values are usually needed to describe a simulation, the start-up time is in most cases less

than a minute. Before the control returns to the main program, some files are created or

changed to form an environment for the simulation.
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A1.5 PHREEQE instabilities

It is well-known that PHREEQE sometimes has difficulties in finding a result when the

aqueous solutions involved are complex (Puigdomenech and Emren, 1990). In

particular, this is the case when pH and pE are determined by the reactions taking place

rather than kept at constant values. In the CRACKER simulations such problems may

occur since such simulations have to allow for the reactions involved to change pH and

pE.

If PHREEQE fails to converge the CRACKER program adjusts the convergence

parameters of PHREEQE. Two alternative sets of convergence parameters are tested. In

most cases this procedure is successful and the program is able to proceed. However,

sometimes the problem persists and then CRACKER interrupts the simulation asking

the user to take care of the problem manually. This may be performed by further

manipulation of the convergence parameters. Alternatively, one may take advantage of

PHREEQE's ability to handle the same mineral - water reactions in several way, but

with identical end results. Normally, saturation (or a desired deviation from saturation)

is automatically established by PHREEQE if the keyword "MINERAL'1 is used. If this

fails, the PHREEQE keyword "REACTION" may be used. The user then has to specify

the dissolution or precipitation reaction as well as the reacting quantities. After running

PHREEQE, the saturation state will be found from the output file and the reacting

quantities adjusted accordingly. After a few such steps, the desired saturation state is

reached and the result may be transferred to CRACKER, which is then able to restart at

the position where it halted.
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A1.6 User interface

The most important part of the user interface system is the screen handling routines.

The properties of a system to be simulated consist of packages and sub packages of

data. The packages may be used as are or may be modified according to the specific

situation. As often as this is possible, the program suggests an answer to be accepted or

modified. In some cases the program asks a simple question. Possible answers are

shown together with the question.

While a water chemistry simulation is ongoing, it may be followed on the screen as a

condensed result output. A sorption simulation is followed in a diagram, which is

completed during the simulation.

S I M U L A T I O N G E O M E T R Y

If you want to perform a one dinensional simulation,
•take the fracture width = 1 step

Do not change width or stepnunbers in a continued project.

Start a new project at length— and width step = 1

Fracture length (steps) 2OO

Fracture width (steps) 3O

Current length step 2

Current width step 1

LastRandon 19O

Next Mineral Quartz
o

Tenperature < C > 10.000000

Temperature gradient CK/M) O.OOOOOO

Mater speed (n/aear) 0.800000

Step length <m> O.OO5OOU

You na<j update highlighted answer. E3
Move anong answers: ARROW KEYS ^"^
Delete characters: SPACE KEY
Accept entire screen: Move to OK and press ENTER KEY

Figure Al. 6.1. Example of an input screen. The user may accept the entire screen or

use the arrow keys to edit any of the values. Behind a value in an input screen there

may hide another screen that appears if the value is chosen.

In the include file SCREEN.H a number of routines for input from the screen are

defined. Each of them makes use of background text created by a text editor. The
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background text contains specific information of the choices available. General

information on how to enter properties are supplied by the screen functions.

The static information is displayed each time that particular screen has to be used. It

serves as background for the suggested values displayed by the screen routine. The

values may be highlighted and edited with the aid of arrow keys. Screen functions are

available for input of text and values, for choice of files and for choice of branches.
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A1.7 Sub programs

CRACKER is a family of programs that are linked and may perform rather complex

simulation tasks. Although the user is able to manually start any of the sub programs,

this possibility is mostly used in special situations like recovery from a failure of some

kind.

CRACKER. C The managing program. It is responsible for gathering all information

needed before a simulation is started and for giving proper information

to the user and handling the simulation results to prevent loss of data.

Setup. C Manages the data structures needed to describe a simulation.

PHREEQE.FOR The well-known geochemical equilibrium program by

Parkhurst et al.

Hacker.C Keeps track of the simulation progress, creates input data files for

PHREEQE, interprets the PHREEQE result files and takes care of

relevant results.

Helpit.C Manipulates convergence parameters for PHREEQE in case of a

failure.

Display. C Gives graphical presentations of the simulation results.

Sorption.C Simulates chemical changes in the groundwater due to sorption upon

fracture surfaces.
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A1.8 Auxiliary programs

Those programs are controlled directly by the user.

Endmix.C Mixes all the outcoming waters at the end of a simulation. A

PHREEQE input data file is created, executed and the appropriate

parts of the result is stored in a file. This program can be used to

simulate the mixing process occurring where a fracture ends at a rock

wall.

Mixer. C Mixes waters from a part of the rock surface. This program may be

used to simulate the mixing that occurs during the sampling process in

a bore hole.

ToRAM.BAT Transfers all information needed for a simulation to the RAM disk and

starts CRACKER there. The execution speed is increased by 50-100

percent by moving the simulation to a RAM disk.

FromRAM.BAT Transfers the simulation and results back from the RAM disk.

Hide.BAT Makes a group of simulations invisible to CRACKER. Using this

program simplifies the project management.

Unhide.BAT Restores a previously hidden group of simulations.

Towork.BAT Switches to a new PHREEQE data base, which might contain elements

of interest or inhibit certain reactions.

Finally, it might be mentioned that the program may be downloaded without any charge

from the following web site: http://www.nc.chalmers.se/staff/ae/ae.htm
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APPENDIX 2

Convergence of stepwise equilibration
processes

The problem addressed here is that of an aqueous solution being equilibrated with a

number of minerals in sequence, one at a time. Will this process repeated many times

lead to a chemistry which approaches the equilibrium state reached by equilibrating

with the entire set of minerals simultaneously. Intuitively, this is the case, and the proof

is given below.

Proof:

The following postulates have to be fulfilled:

Postulate 1

A global equilibrium exists.

Postulate 2

The global equilibrium is unique.

This means that the free enthalpy hypersurface is allowed to have merely one minimum

and no terraces.

Postulate 3
The free enthalpy hypersurface is a well behaved function which can be differentiated

any number of times across the entire composition space.
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System description

The system is supposed to be a closed system at constant pressure and constant

temperature.

Stepl

From the postulates it is easily seen that from any point across the surface, there exists

at least one path which is monotonously sloping downwards to end at the global

minimum.

In other words, each point on the surface is situated

• either at the global minimum

• or at the bottom of a valley sloping down (along a possibly curved path) towards the

global minimum

• or at one of the slopes surrounding such a valley

• or at a the top of a ridge separating two such valleys.

Step 2

Any temporarily closed subsystem in which an irreversible process takes place will

decrease its free enthalpy.

Step 3

Now consider iteration # n+1 in the process of subdividing the system and then mixing

the resulting solutions.

Before subdivision the value of the free enthalpy is G(n)

In the process of subdividing the system, each subsystem gets a value G(n,i), where

G(n) = sum(G(n,i))
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In logical cell # i, equilibration with a number of minerals or solid solutions may have

two outcomes:

1. The initial state represents a local equilibrium. Nothing happens. Still G(i) = G(n,i)

2. A dissolution and/or precipitation reaction takes place. This is irreversible and thus

the new

After all local equilibrations

G(n+l)'(after local reactions) = sum(G(i))

Some of the G(n.i) may have decreased, none has increased. Thus

G(n+l)'(after local reactions) <= sum(G(n,i))(before local reactions)

Next, the resulting solutions are mixed again. Again there are two possibilities

1. No changes have taken place during the 'cell' step. This means that the initial mixture

was in equilibrium with all solids and thus the global equilibrium had been reached.

2. At least one of the solutions differ from the rest. Then the mixing process is

irreversible which means that

G(n+1) < G(n+l)'(after local reactions)

Consequently,

G(n+1) < G(n)

with equality only if the system was at equilibrium before the step.

According to postulate 2 above, the size of the gradient is everywhere greater than a

certain finite value g > 0. This is valid everywhere except in a region surrounding the

global equilibrium.
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Thus, for all steps with exception of those close to the global equilibrium

G(n+l)<G(n)-g

Conclusion

The system will reach a position arbitrarily close to the global equilibrium in a finite

number of iteration steps.

Comments on systems not fulfilling the postulates

1. If the solution of the equilibrium equations is not unique (which is the case in some

systems), the procedure may lead to different equilibria depending upon the initial state

of the system. Possibly, the most stable equilibrium will not be found. This is a

common feature of all kinds of methods looking for unique solutions (like G-

minimization or equilibrium equations). No really effective method to handle such

systems has been found although the problem is of great interest in e.g. biochemistry.

Annealing methods have been partially successful.

2. If no equilibrium exist (which is the case if the phase rule is violated), the procedure

of subdivision of course does not create or lead to a final value (global equilibrium).

Still all the processes involved are irreversible and G decreases by a final amount in

each step. In spite of that, the aqueous solution is able to return to its original state. This

is similar to the famous picture of stairs always climbing and yet returning to the

starting point.

The reason for this to be possible is that free enthalpy (as opposed to normal enthalpy)

is not a conserved function. Further, no G-vs-composition space can be spanned in such

a system. Rather, one has several partly overlapping spaces, where the system is tossed

between different subspaces during the processes. And each subspace has its own local

zero point for the free enthalpy. This zero point is independent of the zeros for the other

subspaces which means that when an aqueous solution moves from one subspace to

another, the zero point in the new subspace will have a value which differs from its

value last time the solution visited that space.

A2-4



APPENDIX 3

Solubility of a solid solution

A solid solution will here be defined as a macroscopically homogeneous solid phase

with a composition which may vary. This appendix deals with the equilibria between

solid solutions and an aqueous phase.

If the terminology is changed, the same theory is applicable also to liquid solutions and

mixtures in equilibrium with a solvent which is not soluble in the mixture (e.g. solvent

extraction).

The composition of a solid solution may be described in terms of mole fractions of a

number of pure substances, components. Often the components of a solid solution are

called end members.

Solubility of a solid in an aqueous phase is mostly described in terms of a solubility

constant. Such a solubility constant can be defined for a solid solution as well, but the

meaning of the solubility constant differs in important ways from that of a pure solid.

Thus, the solubility constant, Kg, of a pure solid can be used to calculate the solubility

of the solid. This is generally not true for the solubility constant in the case of a

solid solution. Only if the composition of the aqueous solution is carefully designed,

the solubility may be calculated from the solubility constant. This means that solubility

constants given for a solid solution in most cases may be used only to calculate

approximations describing metastable states of the system. At equilibrium the

composition of the aqueous solution generally differs from that obtained via a solubility

constant. Although easily demonstrated proof for that will not be given here.

In this appendix, a rigorous theory for solubilities of solid solutions will be developed.

Although, such a theory may be formulated in many ways, the equation given here

probably is the simplest. Further, it makes handling of solid solutions possible with

equilibrium codes like the standard version of PHREEQE, which is not designed to

handle such systems.
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Let A be a component of a solid solution and its activity in the solid phase be denoted

by as°lldso' . Further, let SI^ denote the saturation index of A in the aqueous solution

which is in equilibrium with respect to the solid solution. The saturation index of an

aqueous solution with respect to a pure solid is defined as

TAP
SI A =\og—- (A3.1)

K

In (A3.1), IAP denotes the ion activity product (or strictly speaking, the species activity

product) of the Aj in the aqueous solution. The solubility constant of pure A is denoted

byK,.

Theorem:

The equilibrium between the solid solution and the aqueous phase is given by the

equation

\agaf" = SIA (A3.2)

for all components of the solid solution.

Before giving a proof for the theorem, it should be noted that the saturation index, SI^

, is a property of the aqueous solution and NOT of the component. If the pure

component is in equilibrium with an aqueous solution, the saturation index equals zero.

In a solid solution, on the other hand, the pure component is NOT present any more

than sodium metal is present in sodium chloride, and thus, the saturation index of a pure

component may differ from zero at equilibrium between a solid solution and an aqueous

solution.

Proof of the theorem:

Let n denote the number of aqueous species which are formed at dissolution of the

component A and let the aqueous species be denoted by Aj. The standard state for A is

chosen to be the pure substance and is denoted by *. For the corresponding species in

the aqueous solution arbitrary standard states are chosen and denoted by °. Pure A is in

equilibrium with an aqueous solution when the chemical potential of the pure phase

equals the chemical potential of the corresponding species in the aqueous solution.
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(A3.3)

The super index pure at the right hand side of (A3.3) denotes the activity of a species in

an aqueous solution in equilibrium with the pure component A. (A3.3) may be

rearranged as

z ' = l

When A is a component of a solid solution (with components A, B, C,...), it has a

chemical potential which generally differs from that of the pure A. Then the chemical

potential of A in the solid solution can be written in terms of the activity of A in the

solid solution

^olidsol = ^ + RT]nasolidsol ( A 3 5 )

At equilibrium with an aqueous solution, the chemical potentials of any component in

the two phases again have to be equal. Thus, the chemical potential of A in the solid

solution and in the aqueous phase has to satisfy the equation

^ +RThxafidso1) (A.3.6)
i=\

Taking the right hand sides of (A3.5) and (A3.6) gives

+ RT\nasfdso1 = fJ(p°A. +RT\Ras£idso1) (A.3.7)

Moving the chemical potential of the standard state for pure A in (A3.7) to the right-

hand side and rearranging the terms gives

RT\nafidso1 =RT^\nasfdsd
 - ( ^ - ^ A . ) (A3.8)

i=\ ' i=l

According to (A3.4), the last term in (A3.8) may be replaced by an expression

involving activities of species in equilibrium with pure A. This gives

A3-3



RThxasolidsol =

Eliminating the RT factors and changing from sums of logarithms to logarithms of

products makes (A3.9) change to

= lnY\asolidsol -Infla^ (A3.10)
1 / 1

The first product in (A3.10) is IAP and the second is Kg. Inserting those symbols gives

\nas°Iidso1 = \nIAP-]nKs (A3.ll)

(A3.11) may be rewritten as

lnasolidsol =lnMP_ ( A 3 1 2 )

Switching to base 10 for the logarithms gives

f (A313)
Ks

According to the definition of saturation index (A3.1) the result can be written as

logoff'= SI A (A3.14)

which is identical to (A3.2). Thus, the theorem is true.
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APPENDIX 4

Technical notes to the simulations

The measured concentrations, pH and redox potentials in Aspo waters result in

solutions that do not accurately fulfil the charge balance requirement. To handle this, a

suitable amount Na+ or Cl~ (typically 0.1-1 mM) have been added to obtain charge

balance in the initial solutions used in the simulations. Charge imbalance may result

from analytical errors or the fact that concentrations of some elements have not been

measured.

pH as well as pE has been allowed to vary according to the reactions.

In some cases, certain reactions have been prevented in order to study the redox
properties of simulated groundwaters. To achieve this, new databases have been
created, in which the element in question has been treated as two kinds of pseudo
elements, which are inert with respect to each other. Thus, SO4" has been treated as a
species of the pseudo element S(VI) and S2~ as a species of the element S(II).

Activity coefficients have been calculated with the WATEQ Debye-Hiickel formula for
species with ion size parameter given in the data base. The Davies formula has been
used to calculate other activity coefficients.
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APPENDIX 5

Redox properties

A5.1 The redox potential

When discussing the redox properties of ground water, one has to bear in mind that the

redox potential of a groundwater sample is generally not a unique quantity. The primary

reason is that several reactions are too slow to reach equilibrium. This would not

prevent a unique metastable redox potential to be established if the water were able to

contain free electrons. Since this is not the case, the redox potential has to be defined

indirectly. Groundwater contains several redox couples and for each couple there is a

certain set of species concentrations. Such a set of concentrations establishes a redox

potential by means of a half cell reaction like the following

In principle, this redox potential can be measured if an electrode is found, which

selectively catalyses the corresponding reaction. Such strongly selective electrodes will

give different redox potentials for the same solution depending on which redox reaction

is being catalysed.

A second route to determination of the redox potential is to measure the concentrations

of the different reactants and products of the reaction. Knowing the species

concentrations and equilibrium constant (standard potential) of the reaction, the

corresponding redox potential may be determined.

A third way to determine the redox potential would be to use of an electrode which is

able to catalyse all redox reactions. Such an electrode would determine the real

(equilibrium) redox potential of the system. One has to realise that this would destroy

the system measured, since it is brought to equilibrium rather than kept at the state

found in nature. In practice, the electrodes used are able to catalyse more than one of

the reactions although the reversibility may differ between different redox couples. In

this case, the electrode gives an intermediate value between those defined by the redox

potentials of different reactions.

A 5 - 1



A fourth way of defining the redox potential is to consider the reactions catalysed or

otherwise rapid enough in the repository environment. Although this kind of redox

potential is probably the one most relevant for a safety assessment, it is not easily

determined. The reason is that the time scales involved here are orders of magnitudes

greater than those used in a laboratory. Thus, in practice, one has to rely upon one of

the methods discussed above.

A5-2



A5.2 pH and redox properties of groundwater

In attempts to find mechanisms controlling the redox properties of ground waters, the

behaviour of the redox potential as a function of pH is often studied. This is possible

only if there are considerable variations in pH values in the region considered.

Furthermore, although the pH value usually is a unique quantity, the redox potential as

mentioned above may have several values depending on how it is measured.

It is often found that protons or hydroxyl ions are involved in redox reactions and this

fact constitutes a relation between pH and the redox potential. Let us assume the

following reaction to take place:

aA -> bB + n H+ + e' (A5.2.1)

The corresponding equilibrium equation may be written as

{B}b{H+}n{e-}

= K (A5.2.2)

{A}a

Converting to logarithms and making use of Nemst's equation gives

log({B}b/{A}a) - n pH + log{e"} = E° F lnlO /(RT) (A5.2.3)

Making use of the relation between the redox potential, E, and the electron activity Eqn

A5.2.3 gives after rearrangement

E = - n RT / (F lnlO) pH + E° + RT / (F lnlO) log({B}b/{A}a) (A5.2.4)

This equation describes the variation of the redox potential as a function of pH. Often

the last term is approximately constant, and then the equation is linear in pH. The slope

(or derivative) in a diagram of redox potential versus pH gives information about the

ratio of protons and electrons involved in the corresponding reaction. As is seen from

Eqn (A5.2.4), the slope is temperature dependent.

If the pE concept is used rather than the redox potential and pE^ is used as a shorthand

notation for -E^ F In 10 /(RT), a more convenient expression may be derived. Once

more rearranging of (A5.2.3) gives
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pE = - n pH + pE° + log({B}b/{A}a) (A5.2.5)

Besides being simpler than (A5.2.4), the temperature dependence has disappeared in

(A5.2.5). Moreover, the slope gives a direct measure of the ratio of protons to electrons

in the corresponding reaction.

Free electrons do not exist in water, and therefore oxidation reactions like (A5.2.1)

always have to be coupled to reduction reactions in natural waters. In this case, relations

like (A5.2.5) are describing the net ratio of protons to electrons in the assembly of

reactions governing the redox properties of the water.

Since the pH values measured in natural groundwaters often are within the range

6 - 9, the proton concentrations typically are less than 10~6 M. When the concentrations

of important redox couples are more than that, changes in pH have a small impact on

the concentrations of redox couples. Thus, the last term of (A5.2.5) is often

approximately constant. Then plots of pE vs. pH give approximate information of the

net ratio of protons to electrons in the redox controlling reactions of the groundwater.
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APPENDIX 6

Thermodynamics and Kinetics

A6.1 Convergence towards equilibrium

In nature, the mineral sets are normally so large that Gibbs1 phase rule is not fulfilled,

which means that no global equilibrium exists in the rock - groundwater system. In

more limited mineral sets, the phase rule may be fulfilled, which implies that in such

cases global equilibrium conditions do exist. One requirement which the CRACKER

model has to fulfil to be useful, is that a CRACKER simulation with such a limited

mineral set actually is able to approach the global equilibrium. As seen below, this is

the case. The approach to equilibrium, however, is much slower than one would expect

from traditional kinetic considerations only.

One important reason for the system to approach equilibrium slower than expected is

that the spatial variability of chemical properties causes the possible reactions to be

constrained for stoichiometric reasons. When an equilibrium exists, it is possible to

draw a unique diagram of free enthalpy vs. concentrations of components. In such a

diagram, chemical reactions are represented by straight lines or hyper planes depending

upon the number of components in the system. Since the lines rarely pass the global

minimum, the reaction proceeds towards a local sub-equilibrium (Fig. A6.1.1). Such a

local minimum is shallower than the global minimum, and thus the driving force is less.

Moreover, several such sub-equilibria have to be passed before a global equilibrium is

reached.
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Figure A6.1.1. Free enthalpy vs. composition in a two component system. The straight

line indicates the constraints forced upon the system due to a stoichiometric reaction

with A, B and some solid phase which is formed from A and B.

A proof for convergence towards equilibrium in such a system of stepwise local

equilibrations is given in Appendix 2: Convergence of stepwise equilibration processes.

When the water moves to another environment, the stoichiometric constraints change

and the system is able to further approach the global equilibrium. Such behaviour can

be simulated with CRACKER as is seen in Fig. A6.1.2. In this figure, merely three

solid phases are used and instantaneous local equilibrium is assumed. Nevertheless, the

system requires several months to approach equilibrium.

Equilibrium value

- 2 -

,-- "c
. - ' • " " Equilibrium value

100 200 300 Steps

Eauilibrium value ' '

| 100 200 300 Steps

Figure A6.1.2. Convergence towards equilibrium in a one dimensional CRACKER

simulation with a rock consisting of the three minerals goethite, siderite andpyrite.

A. Logarithms of dissolved carbonate and iron concentrations. B. pE values.

In this simulation, the CRACKER program has been used in its one dimensional mode.

Water that is initially pure is equilibrated with three minerals, calcite, siderite and
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goethite. The solution is contacted with the three minerals in a random sequence. With

typical velocities of deep groundwaters, the elapsed time during the simulation

corresponds to about one year. As is seen from the figure, the approach to global

equilibrium is quite slow although instantaneous partial equilibrium is assumed. Since

the reactions always have to propagate downhill in the multi-dimensional free energy

space, the state of the solution will eventually come arbitrarily close to the global

equilibrium. This very slow approach to global equilibrium, which is a result of the

inhomogeneous mineral distribution might be at least a part of the explanation for the

observation (Swobodacolberg and Drever, 1993; Velbel, 1993) that weathering rates in

the field scale are often orders of magnitude slower than those predicted from

laboratory experiments.
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A6.2 Phase rule violations

Gibbs1 Phase Rule describes the largest number of phases which are able to be in

equilibrium with each other. The most common formulation of the phase rule is

v = c - p +2 (A6.2.1)

where v is the variance of the system, p the number of phases in equilibrium and c the

number of components needed to build the system. The largest possible value of p is

achieved if v is set to zero. Solving for p then gives

p = c + 2 (A6.2.2)

This equation is valid if both temperature and pressure can be controlled by the possible

reactions in the system. A system with liquid water and melting ice is an example of a

system where the temperature is controlled by the melting reaction. Similarly, a boiling

reaction controls the pressure in a boiler.

In rock - groundwater systems, neither the temperature nor the pressure is normally

controlled by reactions in the system and thus Eqn. A6.2.2 has to be modified to

p = c (A6.2.3)

As an example it may be mentioned that the Fe - H - O system has three components

while the phases typically present in the subsurface are the aqueous phase, hematite

(Fe2O3(s)), goethite (oc-FeOOH(s)), magnetite (Fe3O4(s)) and amorphous ferric

hydroxide (Fe(OH)3(s)). The actual presence of all those phases is not compatible with

the phase rule.

It should be noted that phases may be unable to coexist even if the phase rule is

fulfilled. As an example, it is impossible for hematite and goethite to coexist at

equilibrium in normal aqueous solutions. The reason is found in the reaction converting

one of them into the other.

FeOOH(s) -> Fe2O3(s) + H20 (A6.2.4)

Simplifying the aqueous solution to a NaCl solution, means that the components in the

system may be chosen as H2O, NaCl and hematite. Thus, the number of components is

three which equals the number of phases. In reaction A6.2.4, one of the products is
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water which enters the aqueous phase while the other reactants are pure solid phases

(with the activities equal to one). This means that there exists an equilibrium activity of

water and if this is calculated, it is found to be considerably greater than one. Such a

value cannot be reached in normal aqueous solutions and consequently, the three phases

are unable to coexist under normal conditions.

A rock groundwater system containing more phases than components violates the phase

rule. Such a system is metastable, but due to low reaction rates it may exist for billions

of years. In the system, equilibrium is men not possible since no equilibrium state

exists. This means that the free enthalpy is not a unique function of the system

composition and thus a figure similar to Fig. A6.1.1 cannot be drawn.

On the other hand, all the phases cannot occupy the same volume. Normally, merely

two or three phases are within diffusion distance from each other. Then this subset of

the total set of phases establishes a distinct local composition space with a locally

unique hypersurface that describes the free enthalpy of the system. This surface may

have a unique minimum corresponding to a local equilibrium state. As the water moves,

it will come in contact with a new local mineral set.

In this space, the new local equilibration causes the free enthalpy to increase in at least

one other space (in which the water is not at that time). Sooner or later, the water will

enter this space and finds itself higher up at the surface than it was when it left this

particular space earlier.

To take a simple example illustrating this kind of behaviour, consider two solids,

A(s,ct) and A(s,P) with identical empirical formula. They are both able to dissolve in

pure water.

A(s , l )oA(aq) Ks = Ks,l (A6.2.5)

A(s,2) o A(aq) Ks = K ^ (A6.2.6)

The system contains two components and three phases. According to Eqn. A6.2.3, this

means a violation of the phase rule unless the temperature or the pressure is controlled

by the reactions.

A6-5



A(s,2) + aq

Eq,1 [A] Eq,2

Figure A6.2.1. Free enthalpy curves of the subsystems A(s,l) + aq andA(s,2) + aq

respectively. Eq,l andEq,2 are the equilibrium concentrations of A in the aqueous

phase.

Each of the subsystems A(s, 1) + aq and A(s,2) + aq, on the other hand fulfils the phase

rule since the number of phases does not exceed the number of components. Figure

A6.2.1 illustrates the two incompatible (free enthalpy - composition) spaces.

Equilibrium can be reached in either of the subsystems, but not in both simultaneously.

Now, consider a system in which pure water is brought in contact with A(s, 1) (step 1 in

Figure A6.2.2), then the resulting solution is equilibrated with A(s,2) (step 2), after

which the aqueous phase is again equilibrated with A(s,l) (step 3).

A6-6



Stepi Step 2
A(s,2) + aq

Step 3
A(s,2) + aq

Eq,1 [A] Eq,2 Eq,1 [A] Eq,2 Eq,1 [A]

Figure A6.2.2. Irreversible reactions in subsystems of an aqueous-solid system

globally violating the phase rule.

Step 1: Free enthalpy is gained while the system moves along the path a-b.

Step 2: The aqueous solution enters a different subsystem. Since nothing happens

chemically, the free enthalpy remains unchanged.

Step 3: The system follows the irreversible path b-c to the new local equilibrium.

In step 1, the system moves from a to b, causing the free enthalpy to decrease. Thus, the

process is spontaneous (irreversible). In step 2, the aqueous phase is transferred to an

environment containing A(s,2). Since no chemical reactions take place, the free

enthalpy remains unchanged. (Alternatively, it can be shifted arbitrarily since the zero

point is not defined.) Taking it to remain unchanged, the system is then able to decrease

the free enthalpy by moving along the reaction path b-c until the new equilibrium has

been reached (step 3). If the aqueous solution is now brought in contact with A(s,l), the

system is out of equilibrium and is able to decrease the free enthalpy through

equilibration. Then step 2 and 3 can be repeated over again causing the system to

further decrease the free enthalpy. This can continue until one of the solid phases has

been consumed.

In a natural system, the number of dimensions is much greater, but the same kind of

reasoning applies. Within each space, the water moves downhill and thus releases free

enthalpy. Thus, in such an irreversible system the water is able to release free enthalpy

in a series of processes leading back to the original state. The properties of the water

A6-7



will continue to fluctuate indefinitely. Of course, the processes are consuming minerals,

but since the quantity of water in any groundwater system is very small compared to the

quantity of rock available, the time scale for consumption of the rock is large enough to

be approximated by infinity.

As is seen in Fig. A6.1.2, a system with a global equilibrium causes the amplitudes of

fluctuations in groundwater properties to decay as the system approaches equilibrium.

Systems violating the phase rule are not able to show any similar decay in amplitudes.

Rather, the water chemistry is forced to fluctuate indefinitely, since otherwise a global

equilibrium would have been found and this contradicts the non existence of such a

state. Thus groundwater cannot generally be equilibrated with the rock and fracture

minerals with which it is in contact.
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A6.3 Reversibility of rock - groundwater reactions

It is well known that most rock forming minerals such as quartz and K-feldspar have

been formed at high temperatures and pressures. Other minerals have been formed from

aqueous solutions at an elevated temperature or supercritical aqueous fluids. Some

fracture filling minerals like chlorite and epidote belong to this class. Finally, there are

minerals that have been formed from water solutions or by weathering of other minerals

at low temperature and pressure.

From these facts some authors have arrived at the assumption that certain minerals, like

quartz, are able to dissolve in water but are unable to precipitate from a supersaturated

aqueous solution (Sverdrup, 1990; Nordstrom et al., 1990). Other authors (Stumm and

Morgan, 1981) argue that such processes actually occur, although the rates sometimes

are too low to be detected.

Arguments for precipitation to be impossible generally are of three kinds:

a. Precipitation from aqueous solutions have not been observed in laboratory.

b. The precipitation of some minerals even from a supersaturated aqueous solution is

thermodynamically unfavourable.

c. The activation barrier for precipitation is high enough for the reaction rate to be

negligible while the barrier for dissolution is lower and allows dissolution to take place.

The statement a does not prove anything since the processes are so slow that one has to

look at growth rates in the order of A per month. This cannot be measured from weight

changes or changes in composition of the aqueous solution. Observations on the atomic

scale to study the phenomena have not been performed.

The statement b is not correct since precipitation from a supersaturated solution never

can be thermodynamically unfavourable.

As will be shown below, statement c is not correct either.
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Activated complex

Reactants

Products

FigA6.3.1. Activation barrier along a reaction path.

Generally, the path of a reaction includes a barrier which has to be overcome by the

system before it is able to reach the final state (Fig. A6.3.1). This kind of diagram is

valid for an exothermic reaction. If this represents a dissolution process, the height of

the activation barrier is higher for the forward process (dissolution) than for the reverse

reaction (precipitation). For strongly exothermic reactions, the reaction rates for the

forward reaction can be several orders of magnitude higher than the rates of the reverse

reaction. An example of an exothermic dissolution reaction is

Na(OH)(s) + aq -> Na+(aq) + OH"(aq) (A6.3.1)

Common to all exothermic dissolution reactions is that they are causing high

solubilities. The reason is found in the entropy changes during such a reaction. The

driving force is given by the change in free enthalpy when a small quantity is

transferred from the reactants to the products.

dG = dH-TdS (A6.3.2)

In Eqn. A6.3.2, the enthalpy is denoted by H, the entropy by S, the temperature by T

and the free enthalpy by G. Initially, the entropy rises. As the concentration in the

solution increases, this rise slows down, the entropy passes a maximum and then it

decreases with increasing concentration. The reaction continues until TdS equals dH.

This requires the equilibrium concentration to be high.

In the case where a mineral is dissolved, the solubility normally is low. In this case dS

is always positive due to the dilution. From Eqn. A6.3.2 it is seen that then dG can be

zero only if dH > 0, which means an endothermic dissolution process. For such a
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process the enthalpy of the products is higher than for the reactants and the activation

diagram has to look like Fig. A6.3.2.

Activated complex

Aqueous solution

Solid phase

Figure A6.3.2. The correct kind of activation barrier in the case of mineral - water

interactions. The activation barrier for precipitation is lower than for dissolution.

With such an enthalpy diagram, the activation enthalpy for the precipitation process is

lower than for the dissolution process. Thus, if a mineral is able to dissolve, the reaction

rate for the precipitation process cannot be prevented by a higher activation barrier for

precipitation. The conclusion is that any mineral is able to precipitate from a solution

that is oversaturated with respect to that mineral.

A truly irreversible dissolution of a phase is possible only if reactions in the water

prevents the water composition to reach saturation with respect to the phase considered.

Such reactions can be formation of secondary phases or the presence of pH or redox

buffering subsystems. One should note however, that even a thermodynamically

unstable phase may form. A well known example of this is diamond, which is unstable

at pressures below several kBar, but can nevertheless be produced at pressures far

below 1 bar.
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