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ABSTRACT 

Redox conditions are one of the prime parameters affecting 
the sorption of radionuclides released from a nuclear waste 
repository. Many of the longlived nuclides are strongly 
sorbed in a reduced state. 

It is difficult to investigate the reducing conditions 
prevailing in the natural deep groundwater systems, it is 
even more difficult to directly measure the Eh of the natural 
groundwater and it is almost impossible to obtain exacly the 
same redox conditions in a laboratory simulation as in the 
natural system. The reson for this is in all cases the oxygen 
in the air, which easily diffuses through most material. 

The Swedish granitic groundwaters are all reducing from a 
depth of approximately 100 m, the vast majority already from 
a depth of a few tens of metres. The contents of iron 
(=ferrous iron) reaches a maximum at the same depth due to 
the weathering of iron rich minerals. At greater depths the 
iron content decreases while sulphide contents increases. 

The redox buffering capacity lies mainly in the rock. The 
groundwater has a rather small redox buffer. The contents of 
iron, sulphide and manganese constitute the buffer in the 
groundwater. The redox potential (Eh) is controlled by the 
iron system in the groundwater and the rock. Sulphate is not 
involved in the groundwater redox processes. However,the 
sulphide-sulphur system has in special cases controlled the 
measured Eh potential. 

In the laboratory studies of the effects of the groundwater 
rock interaction Eh measurements have turned out to be even 
more difficult than they are in the natural groundwater 
systems. It is possible to create reducing conditions in the 
laboratory studies but there is still a difference compared 
to the natural system. This difference is due to the fact 
that traces of oxyyen diffuses into the laboratory system 
causing a continuous oxidation. 
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1 INTRODUCTION 

l.l Redox conditions and safety assessment. 

Redox conditions can influence the safety of a nuclear waste 
repository. This was demonstrated in the performance 
assessment KBS-3 /KBS-3/ which anticipates a repository at 
500 m depth in granitic rock in Sweden. Radionuclide release, 
transport with groundwater and dose to man consequences were 
calculated for the scenario of leaking canisters. Oxidising 
and reducing conditions were tested at otherwise equal 
conditions. Under oxidising conditions the dose was two 
orders of magnitude higher than it was under reducing 
conditions. The reason for this is the fact that redox 
sensitive elements such as uranium, neptunium and technetium 
are represented by long lived radionuclides in the fuel. 
These elements are harmful in themselves or produce 
radiotoxic daughters. They have a limited solubility and are 
strongly sorbed under reducing conditions whereas they are 
fairly soluble and only weakly sorbed under oxidising 
conditions. 

The redox conditions are also of importance for the stability 
of certain canister materials, e.g. copper. 

1.2 Redox intensity, redox capacity and redox kinetics 

The redox conditions can be described by three 
characteristics: Intensity, capacity and kinetics. These 
factors will have different influence on the mobility 
(solubility and sorption) of trie radionuclides. 

The Eh value or the redox potential is an intensity parameter 
similar to pH. The Eh value defines the potential for a redox 
reaction to proceed in a certain direction, in the same way 
as pH does for acid-base reactions. Examples of such 
reactions are: 

Fe2+ <==> Fe3+ + e' redox reaction 
H2S <==> HS' + H+ acid-base reaction 

These are only half cell reactions, which means that an other 
half cell reaction is needed in order to balance them. 

High Eh values correspond to oxidizing conditions and drive 
the reaction to the right. Low Eh values, reducing 
conditions, drive the reaction to the left. For aqueous 
solutions the upper and lower limits of Eh are set by the 
decomposition of water into oxygen and hydrogen respectively, 
+815 mV and -414 mV at pH=7 and 25 C. 

The redox buffer capacity is not connected to the intensity 
parameter Eh in any way. This situation is completely 
different from pH where the value in itself tells something 
about the buffering capacity. In acidic or basic solutions, 
pH values below 4 and above 10, the capacity of the protons 
and the hydroxy ions in themselves is quite large. This is 
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not the case for Eh, neither for positive nor negative Eh 
values. The Eh buffering capacity comes from the 
concentration of oxidizable and reducible species in the 
solution and similar species in solid form in contact with 
the solution. The redox capacity is e.q. the amount of 
ferrous iron available for the reduction of radionuclides. 

Even when the Eh value is strongly indicating a reaction to 
take place and the redox capacity is large enough for the 
reaction to be completed it might still not proceed, due to 
slow kinetics. Some of the redox reactions are extremely fast 
e.g. the electron exchange between Fe(II) and Fe(III) in 
solution. The characteristics of the fast redox reactions is 
that they involve a simple electron transfer. Others are 
extremely slow, e.g. the reduction of sulphate to sulphide, a 
reaction which does not take place unless catalyzed by e.g. 
bacteria /Grauer, 1990/. Slow redox reactions are those 
involving a structural modification in the molecular lattice 
due to uptake or release of oxygen. 

The aim of this paper is to describe the redox conditions of 
the natural groundwaters in terms of redox intensity, redox 
capacity and redox kinetics and thereby give the reader the 
possibility to judge in what respect laboratory simulated 
groundwater studies differ from the natural ones. Some 
laboratory simulated redox measurements are also described. 
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2 RESULTS AND DISCUSSION 

The redox conditions of the groundwater are affected by the 
chemical processes which give the groundwater its general 
character. Because of this there is a need to identify the 
evolution of the general chemistry before focusing on the 
specific redox parameters. 

2.1 The evolution and chemical composition of the Swedish 
granitic groundwaters 

Groundwater under land is generally of meteoric origin. The 
chemical composition of the groundwater is a result of 
interaction with soil minerals, soil atmosphere and further 
interactions with the minerals of the rock as the water 
infiltrates in the recharge areas. The most important 
reaction is the addition of carbon dioxide in the soil zone 
which leads to the calcite dissolution. The carbon dioxide 
weathering has been used by e.g. Jacks /1973/ to describe the 
composition of different Swedish groundwaters. The tendency 
of moving from calcium-bicarbonate to sodium-bicarbonate 
water as the residence time increases is a result of the 
weathering of sodium containing minerals. Consequently the 
calcium to sodium ratio is a relative age indicator for 
waters within the same site. 

Reactions and equilibria between the carbon dioxide and 
carbonate in both solid and solution determines the pH of the 
groundwater. There is a great difference depending on whether 
the processes have occurred in an open or closed system 
/Garrels and Christ, 1965, Stumm and Morgan, 1981/. In an 
open system carbon dioxide is continuously added during the 
process. Therefore large amounts of calcite are dissolved 
resulting in high concentrations of calcium and bicarbonate 
ions. Due to the continuous addition of carbon dioxide the pH 
of the water is buffered at a value of about 7. In the closed 
system where no restoring of the consumed carbon dioxide 
takes place, the calcite dissolution stops when an amount 
equal to the initial amount of carbon dioxide has been 
dissolved. The pH of this water is controlled by bicarbonate 
at a value of about 8.5. In a few cases much higher pH values 
are encountered /Nordstom et. al., 1985/. Hydrolyses of 
feldspars during very long time has been suggested as the 
mechanism which can result in pH values of above 10. 

Groundwater with high salinity is occasionally encountered in 
crystalline rocks. These observations are more common at 
depth. However, the boundary between the fresh and the saline 
water is deprr dent on the local hydrologic regime. High 
salinity in tue order of one up to more than 100 grams per 
litre have been reported both from the Canadian shield /Frape 
et. al., 1984, Gascoyne et.al., 1987/ and from the 
Fennoscandian shield in Finland /HyyppS, 1985 and Blomqvist, 
1990/ and in Sweden /Nordstdm et. al., 1985 and Sine Hie and 
Wikberg, 1989/. The dominating constituents in these waters 
are sodium, calcium and chloride. In some of the waters also 
the sulphate concentration has been high. The origin of the 
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saline water has been debated. However, it is quite obvious 
that it has a long residence titie in the rock. 

In table 1 the chemical composition of the groundwater from a 
few of the sites investigated by SKB during the period 1984 
to 1990 is presented. For the analyses of all these 
groundwaters a mobile field laboratory was used. The most 
typical waters from the different sites have been selected 
without any attempt to give an average composition. The 
saline waters are all obtained from sites very close to the 
shore line. The large number of samples selected from the 
Aspo Hard Rock Laboratory site is due to the fact that a 
large number of boreholes and interval were sampled there. 

2.2 Redox conditions of the Swedish granitic groundwaters 

Rain-water is saturated with respect to dissolved oxygen. The 
oxygen is gradually consumed by bacterial oxidation of 
organic matter as the water percolates through the soil 
cover, where the water takes up carbon dioxide. In the 
uppermost part of the bedrock the carbon dioxide weathering 
of iron containing minerals, e.g. biotite, will reduce the 
oxygen concentration to zero and gradually increase the 
concentration of ferrous iron. In cases where the water 
infiltrates the fracture system of outcropping rocks there is 
no soil cover to reduce the oxygen and to increase the 
carbon dioxide partial pressure. In such cases the dissolved 
oxygen is mainly reduced through reactions with the bedrock 
minerals. The dissolved oxygen is diffusing into the pores of 
the rock matrix as suggested by Neretnieks /1986/. Inside the 
pores the oxygen is reduced by the ferrous iron within the 
adjacent minerals. A recent study of the available redox 
capacity of the rock /Pirhonen and Pitkanen, 1991/ have 
revealed that the ferrous iron is partly available for 
reaction with the dissolved oxygen. 

The groundwater which has been sampled from borehole sections 
of depths below about 100 m are generally free from dissolved 
oxygen. Exceptions are only places where the borehole in 
itself has transported surface water down into fracture 
systems. This indicates that the reactions removing the 
oxygen are fast. Similar results were also found by Pirhonen 
and Pitkanen. 

In the table 1 the redox sensitive constituents sulphide, 
ferrous and total iron and the redox potential Eh are listed 
together with the main constituents and the pH of the waters. 
Even though there is a large difference in the concentration 
of main constituents between the saline and the fresh water, 
there is a fairly small variation in the concentration of the 
redox sensitive constituents. Therefore it seems as if the 
saline and non-saline waters can be treated in one with 
respect to the redox conditions. The reason is probably that 
the redox conditions are in the first hand resulting from the 
groundwater rock interaction and that they are fast compared 
to the evolution of both the saline and the non saline 
waters. 
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The bedrock minerals are initially reducing. Due to the water 
rock interaction as mentioned above, reducing conditions are 
expected in any type of bedrock. The hydraulic regime is of 
course important. Large gradients and/or high hydraulic 
conductivity will rapidly introduce oxidising surface water 
into depth in any type of bedrock. The weathering of the 
primary minerals into secondary minerals is a phenomenon 
taking place mostly in the uppermost part of the bedrock when 
there is still a lot of carbon dioxide in the water. 
Extensive weathering increases the permeability of the rock 
giving the water fast access to fresh mineral surfaces. These 
are easily oxidized and thus the oxidizing front proceeds 
with the same speed as the weathering. 

The Eh of the waters listed in table l varies from +70 to -
350 mV. The ferrous and total iron concentrations vary from 
0.005 mg/1 up to 9 mg/1. The difference between the total and 
the ferrous iron concentrations are extremly small, in many 
cases less than the uncertainty in the given value. This 
simply states the fact that all the iron is in ferrous form. 
The only significant difference is from KAs02 308 m with 0.1 
mg/1 difference between total and ferrous iron content. This 
is probably the result of partial oxidation of the ferrous 
iron in connection with the sampling. For all the other 
sampled sections the ferrous iron content is always close to 
or slightly less than the total iron concentration. 

The iron concentration is correlated to pH. The high 
concentrations are obtained in the neutral groundwaters. The 
concentration decreases by increasing pH. This is probably 
closely tied to the evolution of the water. Carbon dioxide 
rich water, see section 2.1, easily weathers the iron 
containing minerals in the uppermost (100 m) part of the 
bedrock. At a neutral pH the ferrous iron is fairly soluble 
and the concentrations may reach 10 mg/1, perhaps even 
higher. As the pH increases, the solubility of iron 
decreases. 

The sampling and analyses of ferrous iron is difficult. 
Before the mobile field laboratory was constructed samples 
were collected, acidified with hydrochloric acid and sent to 
ordinary laboratories for analyses. In most cases the time 
span between the sampling and the analyses was two to three 
days and the results showed that half of the iron was in 
ferric form. Since the field laboratory was taken into 
operation there has (almost) always been exclusively ferrous 
iron in the analyzed water samples, see table 1. These 
results are in accordance with the negative (reducing) Eh-
values. 

The sulphide concentration of the investigated groundwaters 
varies from the detection limit <0.01 mg/1 up to 1 mg/1 in a 
few cases. The sulphide concentration has no correlation to 
any other parameter. It also varies locally within adjacent 
sampling sections within the same borehole. Because of this 
irregular behaviour it seems as if very local conditions are 
determining the sulphide concentration. Sulphate reducing 
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bacteria cannot be ruled out as the possible local source for 
the sulphide. 

The saline waters have a high content of sulphate compared to 
the fresh waters, see table 1. A correspondingly higher 
concentration of sulphide cannot be found. Consequently the 
sulphate can be disregarded when discussing the redox 
reactions of the natural groundwaters. It is a well known 
fact that the sulphate does not reduce to sulphide unless 
catalysed by bacteria. 

2.3 Eh measurements 

The possibility of direct Eh measurements in poorly buffered 
natural waters have been frequently discussed in the 
literature /Boulegue and Michard, 1979, Jantzen, 1984, 
Lindberg and Runnels, 1984, Morris and Stumm, 1967, Stumm, 
1967, Stumm and Morgan, 1981/. 

Many authors have compared the measured Eh to the value 
calculated on the basis of different redox couples. The most 
extensive work in this context was made by Lindberg and 
Runnels who examined the USGS records of Eh data with respect 
to the redox couples of ferrous and ferric iron, sulphide -
sulphur, sulphide - sulphate, nitrogen couples, methane -
bicarbonate and a few others. They found that non of the 
redox couples agreed with the measured Eh and that all the 
couples gave different numbers for the calculated Eh value. 
They concluded that Eh cannot be measured in natural 
groundwaters and that there is no true equilibrium in them. 

The groundwater is a dynamic mixing system where portions of 
water from different origin is continuously mixed. This is 
especially true for the groundwater in crystalline fractured 
rock where the only real Darcy flow can be adopted to major 
fracture zones. Because of this there will be no time for the 
slow reactions to reach equilibrium. This is basically the 
reason why all different redox couples give separate results. 
However, there are also reactions which are kinetically 
hindered so they will not take place even in a geological 
time span at ambient conditions. 

The early Eh measurements made within the SKB site investi
gation programme were modelled by Nordstrom and Puigdomenech 
/1986/. Their results indicated that the measured Eh was 
controlled by the sulphide-sulphur system. This was, however, 
a result of disturbances in the sampling equipment. Trace 
quantities of oxygen left in the measuring cell since the 
calibration of the electrodes oxidized part of the sulphide 
in the water. Whether this reaction occurred in the bulk 
solution or only at the inert electrode surfaces is impos
sible to tell. However, the electrodes responded to the 
sulphide - sulphur equilibrium. At that time all measurements 
were made in a surface flow through cell and the electrodes 
were calibrated with a three day interval. Afterwards, when 
the measurements were continued for more than ten days 
without opening the measuring cell, and with the help of a 
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new downhole measuring probe it was obvious that the Eh 
values were 150 - 200 mV lower and that the Eh versus pH had 
a different slope than before. In Figure 1 the old Eh data 
are plotted together with some of the new ones as a funcion 
of pH. 

O Earlier measurements 
A Surface 

measurements 

-300 

Figure 1. Eh versus pH for data 
obtained by two different 
procedures. Open circles 
represent Eh values obtained in 
a surface flow through cell 
which was opend every third day 
for calibration of the 
electrodes. The triangles 
represent data from both 
surface and down-hole sensors 
in a measuring procedure where 
the groundwater flow was not 
interrupted for at least ten 
days. The straight lines 
represent the theorethical Eh -
pH dependence for A) the 
sulphide-sulphur system; 0.01 
and 1 mg/1 sulphide, B) 
ferric/ferrous ratio =0.1 in 
the silicate mineral solid 
solutions and C) magnetite-
hematite equilibrium. 

The majority of the Eh values in table l are measured 
downhole. In conjunction with the introduction of the mobile 
field laboratory a down-hole probe for Eh measurements was 
also taken into operation. The probe is equipped with 
electrodes of gold, platinum and glassy carbon. Figure 2 
represents the Eh values from long term measurements in two 
different types of water. The down-hole measurements were 
checked with measurements made in a flow through cell at the 
surface. 

From the figure some conclusion concerning Eh measurements 
can be extracted: 

In (poorly buffered) natural waters it takes a long time 
to obtain stable readings on the inert electrodes. 

Different types of electrodes give initially different 
readings, but as the drift of them level out, they are 
constant within a couple of tens of mV. The initially 
diverging potentials are likely to be impurities 
(oxygen) on the electrode surfaces. 

Measurements in a flow-through cell at the surface will 
give as reliable readings as the down-hole probe, but 
they are much more sensitive to disturbances caused by 
the oxygen in the surrounding air. 
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* Eventually the readings on all three inert electrode 
materials agree at a constant value. This value is 
presented as the Eh value of the groundwater. 
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Figure 2. Eh versus time plot of down-hole and surface 
measured values. Both measurements are made in 
continuously flowing water. The shaded areas 
represent the maximum difference between the 
different electrodes, gold, platinum and glassy 
carbon. The pH and iron concentration of the left-
hand and right-hand side plots are 6.9 and 9.0; 1.0 
mg/1 and <0.005 mg/1 respectively. 

In a recent paper Grenthe et.al./1991/ has modelled all the 
Eh measurements made using the mobile field laboratory 
equipment within the SKB site investigations in Sweden. 
Grenthe concludes that Eh can be measured and that it 
reflects the conditions in the iron system of the water. The 
recorded values reflect the equilibrium between the ferrous 
iron in solution and varying crystalline forms of ferric 
oxide /Grenthe et.al., 1991/. This can be condensed into the 
formula 

Eh = E0* - (RT/F) (3pH + log[Fe
2+]) where E„* = 707 mV 

Measured Eh values in table 1 agree with those calculated 
from this formula within a few tens of mV, except for the two 
positive readings in the table which disagree vastly with 
calculated values of -230 mV and -329 mV for the BFiOl and 
the KFrlO respectively. This large difference is probably due 
to a much fresher amorphous iron hydroxide giving several 
orders of magnitude higher solubility of ferric iron. It 
should also be noted that these two sampling sections have 
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the highest iron concentrations of all and would therefore be 
expected to give the most accurate Eh reading. 

2.4 Laboratory simulations of the groundwater rock 
interaction with respect to the redox conditions 

Laboratory experiments have been made in order to simulate 
the reactions between the infiltrating oxygen saturated water 
and the rock. The results of three consecutive experiments 
where water was circulated in contact with the same drill 
cores in a well sealed glass vessel are illustrated in Figure 
3 in the form of Eh versus time plots. The pH is not included 
since there was no significant change during the course of 
the experiments. A comparison between the experiments where 
the water initially was saturated by oxygen, experiments #2 
and #3, and the one where the water was de-aerated, 
experiment #1, clearly shows that there is a delay in the Eh 
drop in the experiments starting from oxygen saturated water. 
This difference is more obvious on the platinum than on the 
graphite electrode. Therefore it seems as if the platinum 
electrode is much more sensitive to oxygen than the graphite 
electrode. This was also noted in the field where for 
instance the maximum values as shown in Figure 2 are the ones 
of the platinum electrode, c.f. Whitfield /1974/. However, 
when the oxygen is consumed all electrodes level out at about 
the same values. Similar experiences have been reported by 
e.g. Jantzen /1984/. 

graphite electrode 

platinum electrode 

-1S0-

:->-®-_. 
- - @ - \ 

-i r 
10 20 30 40 

Time/days 

Figure 3. 
Eh versus time 
data obtained in 
the laboratory 
studies of the 
redox kinetics. 
The first run is 
made with de-
aerated water, 
the other two 
with air 
saturated water. 
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Table 2. Sulphide and total and ferrous iron contents in the 
water rock interaction experiments. The starting 
values are the concentrations in the natural 
groundwater used for the first experiment, A and B 
are duplicate samples. All concentrations are given 
in mg/1. 

NATURAL GROUNDWATER DEIONIZED WATER + NaHCO, 
starting 

Component values 1A IB 2 

Fe(II) 
Fe(tot) 
S(-II) 

<0.005 
<0.005 
<0.01 

0.039 
0.041 

0.039 
0.041 
0.03 

0.006 
0.011 
0.02 

<0.005 
•C0.005 

During these experiments the water was analyzed for iron and 
sulphide contents. The results are presented in Table 2. The 
analyses were made after terminating the experiments. For the 
first run natural groundwater was used and thus the initial 
iron and sulphide concentrations were also determined. 

The successively decreasing amounts of iron suggests that the 
surface of the drill cores is gradually oxidized, leaving a 
smaller amount of ferrous iron left to be dissolved in the 
water. However, as the reduction of oxygen proceeds with the 
same rate in all the experiments it seems as if the reaction 
occurs on the mineral surfaces and not in the bulk of the 
solution. In case the reaction had taken place in the 
solution the rate would have been proportional to the amounts 
of dissolved iron. Consequently the last experiment should 
have needed a longer time to reach reducing conditions than 
the two preceding ones, this was not the case. 

A constant reduction rate could also be explained by a 
microbial reduction of the dissolved oxygen. Organic material 
left on the drill cores from the drilling could constitute 
the substrate for the bacteria. Therefore in a similar 
experiment a UV light source was also installed in order to 
check whether the bacteria were responsible for the reduction 
rates observed. The results of that experiment were similar 
to the ones described in Figure 4. Therefore the reduction is 
not thought to be due to bacterial activity. 

A set of similar experiments has been run with crushed 
material in a different experimental setup. The results of 
four runs are presented in Figure 4. The first three of them 
are identical. In the forth the equipment was placed in a box 
with nitrogen atmosphere. As shown in the figure this made 
the Eh drop about 200 mV compared to the previous runs. This 
indicates the extreme oxygen sensitivity of the redox system. 
Despite the fact that the equipment was made in glass and was 
carefully closed from the atmosphere traces of oxygen managed 
to diffuse into the system. The constant Eh values in the 
three first experiments indicate a steady state situation 
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where the rates of oxygen diffusion into the system is 
balanced by the rate of reduction by the Fe(II) minerals. 

Figure 4. 
Eh versus time 
data of four 
consecutive 
experiments on 
redox kinetics. 
The fourth 
experiment is 
made in a oxygen 
free atmosphere. 
The shaded area 
represents the 
difference 
between the 
platinum and the 
glassy carbon 
electrode 
potential. 

When a large number of experiments have been carried out with 
the same drill cores there is a decrease in the reducing 
capacity. This results in more easily disturbed Eh values and 
a longer time needed for the initial reduction of oxygen. 
Polishing the sides of the drill cores when the reducing 
effect was very low did not improve the capacity 
significantly. A possible explanation to this would be that 
only the fracture minerals and not the primary minerals are 
reactive. Another, perhaps more relevant explanation is that 
the polishing clogs the micro fractures through which the 
dissolved ferrous iron diffuses out of the pores of the rock. 
The clogging of the micro pores is an effect which has also 
been observed by others /Pirhonen and Pitkanen, 1991/. 
Another attempt to refresh the surfaces was made by the use 
of diluted hydrochloric acid. This operation did increase the 
capacity. 

When discussing these results it is important to keep in mind 
the differences between the oxygen reduction taking place a) 
when the surface water percolates down through the fractures 
in the upper part of the bedrock, b) in the Eh measuring 
cells through which the deep groundwater is pumped and c) in 
the laboratory simulations. The processes are entirely 
different in all three cases. The surface water is normally 
depleted from dissolved oxygen, due to the biological 
oxidation of organic material, when it percolates through the 
soil cover. However, when the soil cover is thin, the water 
in the upper part of the bedrock still contains some 
dissolved oxygen. Studies of the fracture surfaces in such 
rocks tell that this residual oxygen has been reduced by 
Fe(ll) dissolved from the minerals and in the bulk of the 
rock. As a result of this reaction the existence of rust can 
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be seen on tl%e fracture surfaces and red staining in the rock 
matrix /Tullrorg, 1989/. 

In the surface measuring cells the reduction of oxygen is a 
homogeneous reaction which occurs in the agueous phase. 
Fe(II) species or sulphide (HS) reacts with the oxygen. The 
rate of such reactions is much more rapid than the diffusion 
into the micro fractures and the subsequent reduction of 
oxygen by the iron minerals. Also the reactions taking place 
when a deep reducing groundwater is mixed with a portion of 
surface or drilling water is of course a homogeneous reaction 
of the same type. 

The reaction taking place in the laboratory is in principle 
of the same kind as the one occurring in the uppermost part 
of the rock. However, there is one difference. The results of 
the laboratory studies indicate that the reduction of oxygen 
is due to reactions with the minerals. The redox capacity of 
these systems lies within the rock minerals and the kinetics 
are therefore slow compared to the homogenous reaction in 
solution. One important consequence of this is that the 
system is easily disturbed and is more of a steady state than 
an equilibrium system. 

For the near-field conditions the laboratory experiments are 
close to the situation where a redox front caused by the 
radiolysis of the water has passed the technical barriers, 
even if this scenario is rather unlikely. The rate of the 
reduction in the laboratory system tells that the redox front 
will disappear within a short distance. From recent studies 
on the available capacity /Pirhonen and Pitkanen, 1991/ it 
was found that the bulk rock matrix is active in such a 
process. 
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3 CONCLUSIONS 

It is important to keep in mind the differences between the 
conditions in the natural groundwater and in the laboratory 
system. In order to simplify this task it is helpful to 
distinguish between redox intensity (Eh), redox capacity and 
redox kinetics. The role of these parameters is different in 
the laboratory and the natural groundwater systems. Basically 
the buffering capacity in the laboratory systems lies in the 
easily accessible iron rich minerals, while it lies in the 
contents of easily oxidizable species, iron, manganese, 
sulphide etc.,in the natural groundwater. In order to be able 
to control the redox state of the elements used in a 
simulated groundwater system one has to check the intensity, 
the capacity and the kinetics in order to find out whether 
the experiment is possible to carry out or not. Knowing the 
importance of these factors and that oxygen diffuses through 
anything but glass and metal one can arrange the experimental 
setup to achieve a successful experiment. 

It is also important to assure the guality of the tools used 
for the characterization of both the field and the laboratory 
systems. 

3.1 Natural groundwaters 

The redox character of the natural groundwaters is defined by 
their concentration of easily oxidizable species. In the 
Swedish crystalline rock these constituents are ferrous iron 
sulphide and in some cases manganese. All these constituents 
are easily oxidised and they constitute the redox buffer in 
the reducing groundwater. In other kinds of rock the 
situation is basically the same. Iron containing minerals are 
easily weathered and can give rise to high concentrations of 
ferrous iron. In case there are other oxidizable species 
which have the highest concentrations they will define the 
redox capacity of the groundwater. The non weathered bedrock 
minerals are reducing. Consequently the groundwater at depth 
in the rock is expected to be reducing. Accurate analyses of 
the water will prove this. 

3.2 Laboratory simulations 

The character of the laboratory simulated groundwater is much 
different from the natural conditions. As shown in the table 
2 the aqueous concentration of the redox buffering 
constituents is quite low in the laboratory system. This is 
not only due to the very slow dissolution rate of the iron 
containing minerals, but is probably also a result of 
experimental shortcomings. It is extremely difficult to keep 
oxygen out of the experiments. That is illustrated in Figure 
4 where the Eh curve made a drop of approximately 200 mV when 
the whole all-glass equipment was placed into an inert box. 

An other important difference is the volume to surface ratio 
which in a narrow fracture,<1 mm, is much smaller than in an 
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ordinary laboratory glass bottle. Reaction mechanisms 
involving the surface might be of importance in nature but 
are not visible in the laboratory experiment. Never-the-less 
it is possible *-o arrange reducing conditions in a laboratory 
simulated groundwater rock experiment. 

3.3 Eh measurements 

Experimental Eh measurements are difficult to perform. In the 
natural groundwater system the results have been interpreted 
to respond to the iron system. This could also be expected 
for the laboratory experiments in an ideal situation. The 
measurements indicate that the water-rock system is reducing 
also in the laboratory experiments, but the Eh-level is 
perhaps not as low as in the natural groundwater. The reason 
is probably the leakage of extremely small portions of oxygen 
into the system. 

It should also be noted that even a very negative Eh reading 
tells nothing about the redox buffer capacity of the system. 
It is also plausible that the readings could be incorrect in 
the negative direction. Because of this the interpretation is 
simplified if more than one type of inert electrode is used 
for the measurements. 

The use of more than one electrode is necessary because of 
the risk of misinterpretation of a "mixed potential" caused 
by reactions catalysed on the electrode surface. Such 
reactions are catalysed differently by the different 
electrode materials and are therefore giving different "mixed 
potentials". Only when all the electrodes agree can the 
measured potential be considered represent the Eh-value. 
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