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INVESTIGATION OF THE GROUNDWATER COMPOSITION AT POTENTIAL

RADIOACTIVE WASTE DISPOSAL SITES IN SWEDEN

ABSTRACTS

Within an investigation program of sites suitable for an under-

ground repository for spent nuclear fuel the groundwater has been

characterized. Until now seven areas have been investigated. The

groundwater has been pumped up from several isolated sections at

depth of 100 m to 600 m in boreholes in each area. In the four

last investigation areas comman technique and equipment have

been used. Each test, section has been pumped continuously for

at least two weeks. During the pumping period the water was

characterized in the field and sampled for later analysis.

Most of the characterized waters are non saline and the

concentration of the different constituents varies within a

rather narrow interval. Saline waters with much higher

concentrations of chloride, sulphate, sodium and calcium have

been encountered. . .

For the Swedish concept of waste disposal the pH, alkalinity

and the concentrations of chloride and sulphide are of prime

importance.

The groundwater characterization includes field monitoring of

the physico-chemical parameters pH, redox potential, free

sulphide concentration, dissolved oxygen concentration and

conductivity. These parameters are measured in a flow through

cell where the water passes before coming in contact with the

air.

The redox potential measurements have been sucsessful and

laboratory simulations of the groundwater system have proved

that it is possible to measure the redox potential under

conditions valid for the groundwaters.

A new equipment for measurements in the sampling section has

been constructed. Preliminary tests have given very promising

results.



INVESTIGATION OF THE GROUNDWATER COMPOSITION
RADIOACTIVE HASTE DISPOSAL SITES IN SWEDEN

AT POTENTIAL

1 . GENERAL BACKGROUND

According to the Swedish radioactive waste management program
unreprocessed spent fuel is to be encapsulated in copper
canisters and embedded in a bentonite clay backfill at a depth
of about 500 m in granitic rock.

In order to find a suitable place for the repository a
geological, geophysical, hydrogeological and hydrochemical
investigation of seven different sites in Sweden, see figure
1, has been carried out. The aim of the investigation is to
clarify how a repository can be constructed at each site and
predict how this repository will be affected by groundwater
flow and groundwater composition in a very long time scale
(10s years)/1/.

Four of the latest site evaluation areas, Svartboberget,
Gidea, FjSllveden and Kamlunge, have been investigated with a
common technique. The geological, geophysical and
hydrogeological conditions at these sites have been described
/2/, /3/, /4/, /5/. The composition of the groundwater has
been reported for each area. Geochemical evaluations of redox
conditions /6/ and groundwater composition /!/, /8/, /9/, /10/
have also been reported. The groundwater chemistry of the
three earlier investigated areas, Krâkemâla, Sternô" and
FinnsjOn, has also been described /11/. The study of these
sites contributed considerably to the development of
investigation technique and methods. This experience was then
utilized in the more recent studies of Svartboberget, Gideâ,
FjSllveden and Kamlunge, which will be further outlined here.

2. GROUNDWATER INVESTIGATION

At each test site 5-15 deep 56 mm bore holes have been core
drilled to a vertical depth of 500-600 m. At least two of
these holes are selected for the groundwater characterization.
The aim of the study is to obtain data from both recharge and
discharge areas within the investigated site. The hydraulic
investigation is preceding the groundwater sampling and the
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zones to be sampled are selected in accordance with the
results from the hydraulic conductivity measurements.

In each drillhole 2-5 water bearing zones are selected for
sampling. Positive heads combined with high hydraulic
conductivities (>10-9 m/s) have in general turned out to be
very favourable for the groundwater investigation. With lower
conductivity it was not possible to obtain the necessary pump
flow of 100 - 250 ml/min from a 2.7 m section of the
drillhole. A spacing of 2.7 m between the packers has
normally been used for isolating the sampling zone. Guided by
the results from the core mapping, single fractures are
prefered before larger fracture zones because it has turned
out to be difficult to isolate a section in a very fractured
part of the drillhole. Water from outside the packer sleeves
may be sucked into the sampling section through the fractures
shortcircuiting the outside with the inside of the sampling
section.

2.1. Equipment

The equipment used for the groundwater sampling is
schematically shown in figure 2. The water bearing zone is
sealed off with two rubber packers. On the top of the upper
packer the sampling pump is positioned. Both the packers and
the pump are hydraulically operated from the ground surface.
The water passes up through a steel pipe the inside of which
is coated with a polyethylene plastic line. At the surface
the water passes a flow through cell where the
physico-chemical parameters pH, redox potential (Eh), sulphide
content (pS2-), dissolved oxygen content (DO) and conductivity
are measured. pH, Eh and pS2_ are registered on a
continuously monitoring chart recorder. The flow through cell
is equipped with inlet and outlet valves for convenient
calibration of the sensors. Calibration solutions are
circulated through the cell with a circulation pump. The cell
and the downhole pump are made of stainless steel. All other
parts that come in contact with the groundwater are made of
plastic.

2.2. Investigation procedure

The sampling of a selected zone normally takes two weeks.
During the first week the zone is pumped in order to get rid
of contaminated water obtained by the drilling and water
injection tests. During the second week water samples are
collected and the field measurements are made. In some cases
the investigation is prolonged over another two week period.
The activities within a two week period are shown in table 1.
Water samples are collected for different type of analysis,
see table 2, most of them in polyethylene bottles. The samples
for analysis of metals and cations are acidified with
hydrochloric acid, the sample for analysis of total sulphide
is preserved by zink acetate and sodium hydroxide in a glass
bottle and the sample for analysis of uranium radium and
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Table 1.
Activities within a two week pumping period.

Activity Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Start up at a new x x
section

Calibration of x
field sensors

Field measurements

Sampling for analysis
of main constituents

Sampling for analysis
of trace elements,
isotopes and gases

Pumping for cleaning x x x x

Pumping for sampling

x

( x ) x x ( x ) x x x x
X X X X X

X

x x x x x x x x

Table 2.
Analysis performed on sampled groundwater.

Normal groundwater
constituents

pH
Conductivity
Sodium
Potassium
Calcium
Magnesium
Silicon
Ammonium
Iron
Manganese
Carbonate, total
Chloride
Fluoride
Sulphate
Sulphide
Nitrate
Nitrite
Phosphate
TOC (Total organic content)
Iodide

Trace elements, isotopes
and dissolved gases

Uranium and 234U/238U
Radium
Radon
Thorium
2H (Deuterium)
3H (Tritium)
1 3 C

1 "*c
1 8 Q

Nitrogen, degassed
Helium, degassed
Carbon dioxide, degassed
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thorium are also acidified. Water for anion analysis is
collected in a borosilicate glass bottle with a ground glass
stopper. When the water samples are collected precaution is
taken not to have any air left in the bottles when the stopper
is adapted. The bottles are stored upside down to keep the
stopper-bottle connection tight. For analysis of the
particulate material in the water filtration is made with 0.45
micron membrane filter.

3. CHEMICAL COMPOSITION

The composition of the groundwater and its flow rate are two
factors of prime importance for the corrosion rate of the
spent nuclear fuel canister and for the leach rate of the
radionuclides from the waste form. Chemical and
hydrogeological factors will also influence the dispersion of
radionuclides from a penetrated canister. The probable
groundwater composition in non saline waters obtained from the
site investigation program is presented in table 3.

Table 3.
Probable composition of non saline groundwaters in Swedish
granitic rock. The concentrations are given in mg/1.

PH
Eh, V
HC03-
S0 4

2-
HPO,,2-
N0 3-
F-
Cl-
HS-

7 - 9
0 - (-0.45)
90 - 275

0.5 - 15
0.01 - 0.2
0.01 - 0.05
0.5 - 4

4 - 15
0 - 0.5

Ca2+
Mg2+
Na+
K+
Fe2+
Mn2+
NHk+
Si02 (tot)
TOC

10-40
2-10
10 - 100
1 " 5

0.02-5
0.1 - 0.5

0.05 - 0:2
3-14
1 - 8

Saline waters are dominated by NaCl or NaCl and CaCl2. Also
high concentrations of sulphate have been found in these
waters. Maximum concentrations found in the course of the site
investigation program are:

Cl- 6300, SO,,2- 520, Na+ 1660 and Ca2+ 2100 mg/1.

According to the present Swedish concept for direct spent fuel
disposal the contents of carbonate, sulphide, chloride and the
pH and Eh of the groundwater have been found to be of
importance for the corrosion of the copper canister, leaching
of spent nuclear fuel and migration of radionuclides.

Descending surface water accumulates carbon dioxide in the
soil zone. The carbonic acid water dissolves calcite and
consequently all groundwaters contain a fair concentration of
carbonate and calcium. The calcium carbonate system will



buffer the pH in the interval 7 to 9. All investigated waters
have been found to have a total carbonate concentration in the
interval 30 to 400 mg/1, most of them in the interval 90 to
275 mg/1 as given in table 3.

The free carbonate ion is a strong complexing agent for the
radionuclides. High pH in combination with a high total
carbonate content increases the solubility of the
radionuclides which might increase the migration.

The chloride content of the waters is in general in the
interval 4 to 15 mg/1 but saline waters with concentrations up
to 6300 mg/1 have been encountered. The origin of this is
thought to be either sea water intrusion or residual thermal
fluids. The matter is still being investigated. Calculations
based on thermodynamic data show that the chloride will not
cause any major corrosion of the copper canister even in cases
where the chloride concentration is up to 35000 mg/.l /12/.

The sulphide concentration is normally very low. It varies in
the interval 0 to 0.5 mg/1. The amount of sulphide in the
water is a function of both pH and the amount of ferrous iron
because of the rather low solubility product of the ferrous
sulphide.

4. RESULT OF FIELD MEASUREMENTS AND EVALUATION OF THE REDOX
CONDITIONS

4.1 Field parameters

There has been a general trend in the development of
techniques and procedures to put more and more emphasis on
field measurements. Our aim is to make as many as possible of
the measurements in the field, especially those of unstable
quantities. There are a number of reasons why field
measurements are superior to later analysis made on sampled
water, some of them will be mentioned.

For many of the critical parameters there is of course an
obvious reason as they are unstable in contact with the
atmosphere, for instance oxygen sensitive parameters like Eh
and the concentrations of ferrous iron, sulphide and dissolved
oxygen. The same is true for carbon dioxide sensitive
parameters like pH and alkalinity. Therefore these analyses
should be made as soon as possible after the water has been
removed from the borehole. Eh, dissolved oxygen and the
sulphide content have been monitored successfully in the
field. In this context it could be mentioned that the pH
values monitored in the field in general differ from those
reported from the laboratories. The reason for this is likely
that the water has lost or taken up carbon dioxide before the
pH was measured in the laboratory, thus giving a higher
respectively lower pH value than the one measured in the
field.



Another important advantage of the field measurements is that
these make it possible to obtain a fast estimate of the
general chemical character of the ground water. In this way we
obtain a check whether mixing or other problems turn up during
the sampling. Changes during long pumping periods could also
be monitored and the sampling adjusted accordingly. The field
monitoring of conductivity has been used for this purpose. A
conductivity meter with a four electrode cell has been used
showing good stability and values in good agreement with those
obtained in the laboratory.

A mobile laboratory is now being developed which will make it
possible for the future to obtain the concentration of ferrous
and total iron, alkalinity and major cations and anions
directly in the field.

i|.2. Redox potential measurements

The ferrous ferric system in the groundwater constitutes a
redox couple that can be measured by a low resistivity inert
electrode. Stumm /13/ has pointed out that the amount of free
ferrous and especially ferric ion in the solution is very low,
hence it may be difficult to obtain the real equilibrium
potential. Small disturbances in form of non reversible
reactions at the electrode surface will give a large error in
the measured potential /14/. However, during the course of the
groundwater investigation we have experienced that it is
possible to measure the redox potential in these waters even
if it takes some time before the electrodes show a stable
potential. The ferric oxides might act as a redox buffer for
the electrodes. Figure 3 shows a plot of the Eh and the other
redox sensitive parameters pS2-, the free sulphide content
and DO, the dissolved oxygen content as a function of time
from a test in Gideâ. There is a continuous decrease in the
electrode potentials as well as in the amount of DO. As can
be seen from figure 3 four days were not enough for the
electrodes to give stable potentials. This is probably due to
a measurable amount of DO during the whole period.

The probable reason for the slow attainment of stable
electrode potentials is the oxygen entering the cell every
time the electrodes are calibrated. Even small quantities of
DO affect the electrodes so that a mixed potential of both the
Eh and the dissolved oxygen reduction is obtained. Small
quantities of oxygen are only slowly reduced by the ferrous
iron in the groundwater /6/.

1.3. Calculated redox potentials

Different groundwater constituents like the iron ions and the
sulphides may affect the redox status of the groundwater. As
all the waters characterized so far contain iron in higher
amounts than other redox couples the models chosen for the
theoretical calculation of Eh are based on the this redox
couple.
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Figure 3,

Field measured parameters: redox potential (Eh), Free sulphide
,2-oonoentration (pS ~) and the dissolved oxygen content (DO) versus

time frcm a period between two calibrations.
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The granitic rock in the investigation sites generally contain
more than 1 % iron and most of it in the divalent form.
From laboratory measurements performed on ferrous- ferric
carbonate systems we also know that it is possible to obtain
reproducible and correct Eh potentials even vhen the amount of
iron in the solution is very low /6/. In these measurements
about one day was needed for the electrode potentials to
stabilize. The result of four separate measurements are given
in table i». The calculated Eh values are based on the
solubility of ferrous carbonate and a three days old ferric
hydroxide.

These measurements indicate that reliable Eh values may be
obtained at the concentration levels of iron present in
groundwater systems. The nature of the potential determining
iron redox couple will of course vary with the site geology,
and can in principle be analyzed, e.g. by using one of the
many computer equilibrium models (Wateq, Phreeque, Eq 3/6
etc.) Assuming that the minerals goethite and siderite
determine the redox potential tnrough the equilibrium reaction

FeOOH + HC03- + 2H+ + e- - FeC03 + 2H20

the Eh of the reaction can be calculated from the formula

Eh! - (RT/F)ln10(15.3 " 2pH + log[HC03-])

In the flow through cell the redox potential is probably
determined by ferric hydroxide and dissolved ferrous iron in
the water. In this case the Eh can be calculated from

Eh2 « (RT/F)ln10(i6.8 - 3pH - log[Fe
2+])

Table 1.
Calculated and measured Eh values in a simulated groundwater
redox system.

Total Carbonate
mol/1

Eh(calc)
mV

Eh(meas)
mV

0.01
0.05

-389
-348

-384±7

All calculations are made using the analytical concentration
of ferrous iron since the complexation with hydroxide and
carbonate will not drastically change the ratio between total
and free ferrous iron under conditions valid for the
investigated groundwaters. In table 5 are listed both
calculated and measured Eh potentials of selected investigated
waters. At these levels we obtained stable Eh values from the
measurements. In the table is also included the amount of
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ferrous iron in the waters since there is a strong correlation
between the amount of ferrous iron and the difference between
measured and calculated Eh values.

Table 5.
Measured and calculated Eh vlues from selected water samples.
The calculations are based on the formulas above and the
measurements are performed as described in section 2.

Borehole

Sv 4

Gi 4

Fj 2

Fj 8

Km 3

depth
Dl

324
551
385
596
293
409
506
402
562
106
375

Eh(measured)
mV

-140+-4O
-140+-20
-16O+-4O
-320+-20
- 90+-20
-110+-30
-115+-25
-120+-20
-190+-50
+ 55+~25
-195+-15

Ehx
mV

-365
-298
-372
-309
-106
-113
-282
-240
-296
-190
-279

Eh2
mV

-355
-273
-283
-262
- 69
- 82
-246
-239
-324
- 77
-243

Fe2+
mg/1

0.16
0.32
0:06
0.4
7.6
6.5
0.4
2.4
2.7
0.18
0.75

From table 5 it is obvious that the higher the amount of
ferrous iron in the water the better is the agreement between
the calculated and the the measured potentials. This suggests
strongly that the measured potential consists of both the
redox potential of the iron system and the reduction of oxygen
because in cases where the ferrous iron concentration is high
the reduction of the dissolved oxygen is fast and the measured
potential is closer to the expected calculated potential.

The Eh values monitored at the 106 m level in Km 3 are stable
on a level around +55 mV. The reason for this very high
reading can be found in the fact that the water sampled at
this level always contained detectable amounts of oxygen
O0.01 ppm). Another exception from the trend in table 5 is
the level 596 a in Gi 4. At this level the measured potential
is even lower than the calculated one, though the amount of
ferrous iron is not more than 0.4 mg/1. However, the sampling
at this level kept on for six weeks without opening the flow
through cell. Thus there was time for the electrodes to level
out at a constant level when all dissolved oxygen had been
reduced.

4.4. Conclusions and modification of equipment

Both laboratory and field measurements of the redox potential
have turned out to be successful. However there are
problems with the measurements made in the field because of
oxygen entering the sampling line. In order to avoid this
problem an equipment for measuring the pH, Eh and pSz- down in
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the sampling section has been developed. So far this equipment
has been tested only once but with very promising results. All
three Eh electrodes, platinum, gold and glassy carbon,
levelled out within one day and were constant for all the test
period of 8 weeks. At the same time measurements were
performed on the surface with the same type of electrodes.
These electrodes needed seven days to level out at the same
values around -250 mV as the down hole electrodes reached
within one day. From the calibrations made in the beginning
and at the end of the test it is obvious that there is no
drift in the reference electrode potential. The resolution in
the measurements is 0.5 mV. The down hole equipment will now
be integrated with the new mobile laboratory and further tests
will be made during the spring.
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