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ABSTRACT

Equipment for the chemical characterization of deep groundwaters
have been developed. This is an integrated system consisting of a
mobile field 1laboratory where groundwater chemical analyses are
made and a down-hole measuring sond by which the most sensitive
parameters, Eh and pH, of the water are measured in situ.

The analysis of redox sensitive elements are more consistent when
analyzed in the field laboratory than analyses made at external
laboratories. The other (main) constituents &re in good agreement
with the results from the external laboratories.

The deep groundwaters encountered at depth in the Swedish
crystalline bedrock are mostly of sodium-calcium bicarbonate type,
with a TDS value of less than 0.1%. In isolated sections water
with a higher concentration of sodium and chloride are found. In
areas close to the shore line waters with high sodium, calcium,
chloride and sulphate concentrations have been encountered. These
waters have & TDS value of more than 1% and are probably of marin
origin.

The redox conditions have been studied by in situ field measure-
ments of Eh and analyses of main and redox sensitive elements
dissolved in the groundwater. The field observations have also
been simulated under well controlled conditions in the laboratery.
The deep groundwaters investigated are reducing. The Eh values are
determined by equilibria in the water phase which are controlled
by the minerals in the rock. On an Eh-pH diagram the measured
values lie close to the equilibrium 1line of magnetite and hema-
tite, anéd the ferrous/ferric ratio in the silicate mineral solid
solutions. The low value of Eh is supported by the fact that no
ferric, only ferrcus iron and sulphide are the dominant redox
sensitive elements present in the groundwaters.

The redox capacity and the rate of the redox buffering reactions
seem to be controlled by the initiel weathering reactions occur-
ring when the water percolates through the upper parts of the
bedrock. Therefore surficial groundwaters mostly have a high
concentration of ferrous iron while the deep groundwaters have an
appreciable concentration of sulphide and consequently & Jow iron
concentration. The evolution from the surficial to the deep
groundwater has involved the precipitation of ferrous iron on the
fracture surfaces.

Key words: chemical characterization, deep groundwater, mobile
field laboratory, crystalline bedrock, redox condi-
tions, redox capacity, in situ Eh measurements.
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INTRODUCTION

Groundwater is the term used for water existing in the soil and in
the fracture systems of the bedrock. Depending on the climate the
groundwater table, the depth below ground surface of the groundwa-
ter surface, varies from & few meters to several hundreds of
meters. In Sweden the groundwater level is mostly at (10 +/-10)m
below the ground surface.

The chemistry of the groundwater is influenced by the processes in

. the soil cover and by the interaction with minerals. The reaction

between rock minerals and the infiltrating groundwater may be very
slow. If the flux is sufficiently low there might be time for a
chemical equilibrium to be established between most of the compo-
nents of the groundwater and the rock, but if e.g. surficial water
has penetrated deep into the rock in a very short time there might
- be & total disequilibrium in the system, because different reac-
tions need different time to reach equilibrium. For same reactions
even the geologic time might not be sufficient for the equilibra-
tion. The dissclution and precipitation of calcite is an example
of fast reactions as practically all natural groundwater systems
are in equilibrium with respect to calcite see e.g. Fergusson
(1882) p. 46. An example of the opposite situation is the equili-
bration of quartz which at low temperatures seems to be a very
.slow procesg (see e.g. Siever, 1957, Krauskopf, 1956).

The chemical composition of the groundwater is important for the
evaluation of the safety aspects of & mnuclear waste repository
placed at depth in the bedrock. The corrosion of the waste canis-
ters and the dissolution of the waste form will depend on the
chemical composition of the groundwater surrounding the reposito-
ry. The migration of radionuclides released from the waste form
will also be strongly influenced by the chemistry of the ground-
‘water..

AIn this thesis I williemphasise some fundamental éhemical problems
which determine the long time safety of the repository system.

The areas of’importance can best be understood by looking at the
_possible chemical interactions in the waste repository ang in the
surrounding. )

1 The groundwater interacts with the minerals in the bulk rock

o and fracture surfaces giving it a specific chemical composi-
.tion, altering the rock and precipitating and dissolving
_fracture f£filling minerals.

i1 The groundwater interacts with the backfill material changing
the composition of the water and affecting the stability of
the backfill.



iii The chemical compocsition of the groundwater influences the
corrosion of the waste canisters.

iv If the water comes in direct contact with the spent fuel
radicnuclides the rate of dissolution will depend on the
chemical composition of the water.

v The transport of radionuclides through the near field of the
repository and the release of radionuclides to the far field
will be influenced by the chemical properties of the ground-
water, buffer material, near field rock and possibly also
the corrosion and radiolysis products.

vi The transport of radionuclides through the undisturbed
geosphere will be influenced by the chemical composition of
the groundwater and structural and chemical properties of
fracture and bulk rock minerals.

These different phenomena can be divided into three groups, i.se.
natural background aspects (i), near field aspects (ii,iii,iv,v)
and radiochemical aspects (vi). These are discussed in chapter 5
in the light of the results from the investigations.

The residence time of the water in the rock is a central issue for
the safety evaluation. It should in principle be possible to draw
important conclusions on hydraulic conditions from the composition
of the groundwater, because many of the weathering reactions in
which the groundwater is taking part are slow compared to the
water flow. In particular the isotopes should be useful in this
respect (see e.g. Davis and Bentley, 1982).

From 1977 and up till now a number of places in Sweden have been
investigated in order to collect the necessary geological hydro-
geological and chemical data needed for safety analyses of reposi-
tories in deep bedrock systems, see Figure 1. Only crystalline
rock is considered and in many cases this has been gneisses of
sedimentary origin but granites and gabbros are also represen-
ted. Core drilled holes have been made at nine sites. Up to 15
holes may be core drilled at one site, the deepest down to 1000
m. In addition to this a number of boreholes are percussion dril-
led at each site to depths of about 100 m. When possible, the
drilling water is taken from percussion drilled holes.

In this thesis I will describe the characterization of thé& che-
mistry of the deep groundwaters which has been carried out within
the site investigations, supplemented with laboratory studies.
This work includes the development of equipment for in situ mea-
surements of Eh, pH and pS, discussed in paper I, which is a part
of an integrated system for the chemical characterization of the
deep groundwaters, paper I1I. One issue which is of special inter-
est i3 the redox conditions of the deep groundwaters, discussed in
paper I11I.
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Figure 1. ILocation of the places in Sweden which have been
investigated in order to -cobtain data for the safety
assessment of a repository for e final disposal of
spent nuclear fuel in a crystalline bedrock.
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GROUNDWATER SAMPLING

General

The sampling of groundwater can in principle be done in many
different ways. The method used must be selected so that it will
fit the purpose of the investigation and the prevailing (hydrolo-
gic) conditions. For groundwater sampling in boreholes there are
some aspects which will seriocusly affect the choice of sampling
technique. These ara:

i the hydrogeological situation in the vicinity of the borehole

ii the number and the hydrology of the water yielding sections
in the borehole

iii the chemical compesition of the water

In the following sections the hydrogeological, technical and
chemical aspects of importance for the sampling of groundwater
will be discussed.

Hydrogeological aspects

The groundwater flow in the bedrock is determined by the hydraulic
conductivity and the hydraulic head conditions. The variations in
the hydraulic head is determined by the topography. Therafore the
natural groundwater flow is faster in hilly areas as compared to
flat ones. The hydraulic conductivity is three to six orders of
magnitude larger in the fractured parts of the rock than in the
bulk-rock. Consequently the water flow i3 taking place in the
fractured parts of the rock.

Depending on the hydrologic conditions the investigated sites are
classified as recharge or discharge areas. In recharge areas the
hydraulic head decreases by depth, resulting in a downwards flow.
of water. In a discharge area the flow is in the opposite direc-
tion.
[

The variations in hydraulic head are mostly small and always
regular while the hydraulic conductivity on the other hand, varies
irreqularly and by several orders of magnitude. Therefore on a
local scale the water flow is fast in high conductivity parts of
the rock as compared to low conductivity parts. As a conseguence
of this it is possible to find water which has had a short resi-
dence time at considerable depth, down to saveral hundreds of
metars, whaereas water with a much longer residence time can be
found in low permeability parts of the rock at depths of cnly a
few hundred meters. However, as - the over all hydraulic conducti-
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vity decreases by depth it is most likely that the waters with
long residence times will be found at depth and that the waters
with short residence time will be found close to surface.

As one or more boreholes have penetrated the water conducting
horizons the hydraulic situation is no longer undisturbed. The
boreholes shortcircuit  water conducting horizons and will result
in a flow of water from sections with a higher to sections with a
lower head. In recharge areas this results in a flow of surficial
water down the borehole and into deeper laying permeable hori-
zons. In order to avoid these disturbances the water samples
should be collected as soon as possible after the holes have been
drilled. The different water conducting sections should also be
isolated from each other by packers placed around every section

~which has a hydraulic conductivity of 10°8 m/s or higher.

Technica! aspects

The‘drilliog of a borehole in itself is a source of disturbance
for the groundwater sampling. The core drilling technique needs

" large amounts of water to cool the drill bit and to lift the

drilling debris. The drilling water which is flushed down is
seldom recovered &t ground surface. Consequently most of the
cooling water is pressed into the more permeable parts of the
rock, where it mixes with the groundwater. Our experience is that
the water in the high permeability parte of the rock (K > 10 -6
m/s) is always conteminated by drilling water. This is not sur-
prising since 200 m3 of drilling water is used for the drilling of
a 600 m long borehole. Assuming that the drilling water is mixed
with a ten fold volume of groundwater the affected volume is 2000

m3. In order to be eble to measure the amount of drilling water in
_the water samples the drilling water can be tagged with a trac-

er. Uranine is . a dye well suited for this purpose mainly because
it can be analyzed down to a concentration of 1less than 1 micro
gram/litre by & simple fluorimeter.

Water conducting sections are normally‘located through hydraulic
conductivity measurements. This is a time consuming and expensive

procedure which is not only made for the purpose of locating

suitable sampling sections of a borehole. Another method, tube
wave seismics, has been tested as a quick method of locating water
conducting sections. The limited experience indicates _that the

‘vmethod is well suited for this purpose.

- Contamination with drilling water can be avoided by the use of air

flush percussion drilling instead of water cooled core drilling.
The compressed air will empty the borehole £from water, thus
reducing the hydrostatic pressure in the borehole. The result of
thie will be that water flows from the rock mass into the
borehole, i.e. in the opposite direction to what is the case in
core drilling. This technique has been tested at Finnsj¥n. The
resulte are preliminary so far but it seems as if this is a viable
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techniqua for the sampling of highly conductive zones with a
hydraulic conductivity above 10-6 m/s which are otherwise always
contaminated by drilling water. Such fractured zones are normally
found in the uppermost 100 meters of the bedrock. At great depth
when the air compressors do not manage to keep the borehole free
from water air intrudes into the water conducting fracture sys-
tems. This intrusion has a much worse effect on the chemistry than
the mixing with drilling water. In such situations the normal core
drilling technique is preferabls.

The pumping of groundwater from a borehole creates an artificial
pressure gradient. Especially if the sampling section has a low
conductivity the artificial gradient in considerably larger than
the natural ones. This will result in a flow of water towards the
pump frem all directions. In this way a mixed water is pumped to
the surface. A severe example of this type occurs when the sealed
off section is completely tight and water leaks into the section
from above or below the packers.

The mixing of water through the borehole can be minimized if the
drilling and sampling is done as a stepwise procedure where the
drilling is interrupted at regular intervals or when conductive
levels are penetrated. In such situations the sampling is
performed below a single packer, placed =as clese as possible to
the bottcm of the hole.

Chemical aspects

The chemical composition of the groundwater is different from
surface waters o.g. with respect to the redox condition. Because
of this it is necessary to collect the samples without exposing
the water to the oxidizing air. Another factor of importance is
also the pressure decrease to which the water is subjected when it
is pumped up from great depth. Dissolved gases will escaps and
causa changes in the equilibrium situations, e.g. the pH of the
water is increasing when tha dissolved carbon dioxide escapes.

We have encountered the largest difficulties to cbtain pure samp-
les for the analyses of gases, trace constituents and radioiso-
topes.of atmospheric origin. However, it should be noted that in
cases of minor contamination of the deep groundwater with water
from the surface or near surface the samples are still representa-
tive as far as major components are concerned. This is also true
for the trace comporents which are specific for the deep groundwa-
ters.
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VEQUIP‘MENT FOR SAMPLING AND ANALYSIS

Objective

In an early stage of the'site 1hvestigations it was obviocus that
an equipment specially designed for these investigations had to be
designed. This equipment was developed to meet the following

" requirements:

. . Main conetituents in the groundwater should be analyzed

immediately and the results used for quidance of the drilling
and sampling program.

. Redox sensitive trace elements should be analyzed in the

field
*  Eh (the redox potentizl) should be measured in situ

The entire equipment meeting these requirements consists of a
mobile field laboratory for analyses of main constituents and
redox sensitive trace elements, a down-hole measuring sond equip-
ped with electrodes for Eh, pH and pS measurements connected to a
pump and packer system through an umbilical hose and & downhole
gas sampling unit. This integrated equipment is described by Almen

- et.al. (1986) and in paper 1I1I. It is also illustrated in Figure

2. Only the main features will be described here.

Hydrauli‘ealvly operated down-hole equipment

The pump and packer - systems are hydraulically operated through
pressure tubings in an umbilical hose. The packers used to seal
off the sampling section in the borehole, consist of rubber
sleeves which are inflated and pressed towards the walls of the
borehole. The packers are inflated with a pressure exceeding the
hydrostatic one by 0.8 MPa. The groundwater pump is operated with
pressure pulses of 3 MPa.

The unit for collecting the gas samples is also hydraulically
operated. Evacuated stainless steel sample cylinders arg filled
when a needle penetrates & rubber plug et the top of them. The
cylinders can be emptied in the same way as they have been £il-
led. Consequently there is no risk of contaminating the samples
when the gas content 15 analyzed.

The ~umbilical hose, consists of nine polyamid pressure tubings,
three copper conductors with a cross section area of € mm? and a
24 conductor signal cable. The - multihose is wound on & reel,
making the raising and lowering of the equipment convenient and
fast. In the centre of the multihose there is a steel wire taking
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Figure 2. A schematic illustration of the integrated mobile
field unit which is used for the chemical charac-
terization of the deep groundwaters sampled from
isolated sections in slim boreholes. The water passes

' through an unbroken plastic liner all the way from the
pump to the outlet in the field laboratory.
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up the load. The relatively low density of the umbilical hose as
compared to the conventionally used steel pipes makes it light in
the water filled holes, even when the deep levels are sampled.

Equipment for Eh and pH measurements

Reliable Eh measurements are notoriously difficult to make and
this area is perhaps the one were most of the efforts have been
made in- order to improve the sampling technique. The different
instrumentations and methods which have been tried are discussed
in some detail in paper I. Therefore they will only be briefly
mentioned here: ‘

* in situ measurements in oﬁen boreholes

* on surface measurements in cells through which the pumped up
water flows

* in situ measurements in packed off sections in the borehole
from which water is pumped out

The in situ measurements in open  boreholes were not reproducible
and the attempt to measure Eh values in this way was abandoned.

The measurements in the surface flow through cell indicated that
reliable values could be obtained even though it took & long time
for the electrodes to reach a stable level. In the field investi-

" gations proceeding the KBS-3 report (KBS-3, 1983) the Eh and pH

were measured in this way. The measuring cell was frequently
opened for calibration of the sensors. This resulted in oxygen
contamination and because of this there was never time enough for
the Eh electrodes to reach & constant level. Also interruptions in

" the pumping had great influence on the Eh electrode readings.

In order to eliminaég these disturbances we constructed a down-
hole measuring system which should prevent accidental contamina-

‘tion by oxygen. This equipment consists of & down-hole flow
through cell with electrodes connected to &n electronics compart-

ment for measuring the potentials and transmitting the signal to a
surface computer. The setup is schematically illustrated in Figure
3. The surface flow through cell is principally the same as the
down-hole one. The entire measuring system is described #h detail
in paper I. It is a&lso discussed@ together with the redox condi-
tions of the deep groundwaters in paper III.

The pH is measured by a pressure equilibrated g¢glass electrode and

the sulphide concentration is measured by e silversulphide mem-
brane or a silver/silversulphide electrode. The reference is & gel
filled triple junction silver/silverchloride electrode. The down-

A‘hole electrodes are all specially designed for our measurements

while the electrodes in. the - surface flow through cell are &ll
commercially available.
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Surface computer:

% Operats the
down-holq sond

% Collect and store
the data

Electronics
Compartment:

amplifiers

A/D converter

parallelle/scrial
converter

*:.
#* multiplexer
*
*

— Eh (gold)

— Eh{platinum)

¢ Electrodes

X pH (glass)
p S (silver sulphide)
Eh (glassy carbon)

Z2ZZ
22777

Reference J

m%—— Water Iniet -

Figure 3. A schematic illustration of the equipment for down-
hole Eh, pH and pS{sulphide) measurements. The down-
hole sond contains electrodes and electronics which is
operated from the surface computer system. The sond is
connected to a pump which passes the water up to the
surface.
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Each of the electrodes is connected to a separate amplifier. In
this way very little current is drawn through the electrodes. The
amplifiers are connected to & multiplexer which is operated from
the surface computer. The multiplexer connects one of the elect-
rodes to an A/D converter. The digital word is then converted into
serial form and sent to the surface computer as a frequency shif-
ted signal.

The mobile field laboratory

The water from the borehole is lead directly into a field labora-
tory. In this way the water can be analyzed without coming into
contact with the atmosphere. In the field laboratory the water
passes through cells where the Eh and pH values measured down-hole
are checked. The conductivity and the dissolved oxygen content of
the water are &lso measured in these cells. The celle are placed
in a refrigerator which is kept at the same temperature as in the
down-hole sampling section.

The main ions and redox sensitive trace constituents are also
analyzed in the mobile laboratory. The main constituents &are used
for guiding the investigation and are thus needed immediately. The
redox sensitive elements have to be analyzed immediately in order
to avoid reactions between the atmospheric oxygen and the reducing
elements in the water samples.

The water samples are slso analyzed for uranine which is used as a
tracer in the drilling water. In this way contamination by dril-
ling water can be traced down to concentrations of less than one
per mil in the sampled water.

The groundwater pumped up into the laboratory passes & 0.45 micron
online filter before it 4is collected for analyses. In special
cases the water is filtered through membrane filters place in
series with 0.4, 0.2, 0.05 and 0.05 micron pore sizes. The par-
ticle fractions collected on these filters are analyzed for Fe,
Al, Mn, S, Ca and S§i. The filtrate is analyzed for total and
ferrous iron. o '

The ﬁainvinsfruments/techniques used for the field analyses are an
ion chromatograph, a spectrophotometer and titrations. Methods,
elements and the detection limits are summarized in the Tgble 1.



12 . P

Table 1. Methods and detection limits of the analyses which are
performed in the field laboratory.

.
Method Rlement Detection limit (mg/l)
I1C Na 0.1
ic K 0.1
1C/SP NH, 10.1/0.005
1c NO3 0.05
IC/SP NO, 0.05/0.001
Ic F 0.1
1c cl 0.1
ic Br 0.05
1c/sP PO, 0.2/0.002
1c S0, 0.05
sp Feyop/Fe?*  0.005
sP Mn 0.01
sP S10, 1
SP s2- 0.01
tot
Tit Ca 2
Tit Mg 0.4
Tit HCO, 0.6

SF Uranine <0.1% drilling water contamination

IC = ion-chromatograph
SP = spectrophotometer
Tit= titration

SF = spectrofluorimeter

The trace constituents. isotopes and gases which are analyzed at
external laboratories are listed in Table 2.

The fiald laboratory is schematically illustrated in Figure 4.
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Table 2. Trace elements, isotopes and gases are sampled for
external analyses.

AR = Atomic Absorption
AE = Atomic Emission
MS = Mass Spectrometry

Element Sample Volume Method

Al

B 250 ml AR/AE

Ba
" 8Sr

TOC 11

U

Ra 101

Rn Activation Analyses
" Th

2y 100 m1 Ms

3y 11 Natural Decay

13¢ MS

14¢ 130 1 Natural Decay
189 100 ml MS

234y /238y s 1

Gases S0-200 ml Gaschromatograph

Fulvic and Humic Acids Chemical

| ' ' Characterization

An extensive calibration/standardization procedure has been made
in order to check the results from the field laboratory against
two other laboratories (Axelsen et. al, 1986). The results of this
work is also presented in some deteil in paper II. All the ana-
lyses made in the field laboratory were found to give correct
results. It was quite clear from this study that the iron and

‘sulphide/sulphate analyses must be made immediately in order to be

reliable. The acidification of the samples do not prevent ferrous
iron from being oxidized even if the reaction of course is slower
than in a neutral solution.
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Pigure 4. An illustration of the mobile field laboratory with
analytical instruments on both 1long sides used for
cation, anion and redox sensitive trace element
analyses.

Conclusions

In conclusiocn the advantages with the new eéuipment can be stima-
rized as follows:

od Sensitive parameters such as pH, Eh and Pe(II) are more
accurately obtained by analyses in situ in the field labora-

tory.

* Drilling water markers and main constituents are immediately
analyzed. Borehole sections which are too heavily contami-
nated can quickly be identified and avoided all together or,
alternatively be the subject to only limited sampling.
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= Longer packer sleeves and controlled pumping prevents water

from the borehole to bypass the packers.

| The mobile field laboratory was first tested in Fjlllveden in

1984. It has been in regular use since then. The entire equipment
is described in more detail in paper II.

RESULTS FROM THE SITE -INVESTIG‘ATIONS AND THE
LABORATORY STUDIES

General éhemistry

The sampling is continued at every sampled section until represen-

. tative water samples are collected. The criterion for a represen-
tative water sample has been stable Eh values and constant compo-
sition of the main elements. In practice this has been obtained
after pumping periods of about two weeks. In some cases it has not
been possible to cbtain representative samples due to a severe
contamination by the drilling water. Such sections are only samp-
led for main constituents and are then abandoned.

The results of the analyses performed in the field laboratory are
given in Table 3. Only major and redox sensitive elements are
included in the table.

Table 3. Chemical composition of the groundwatars analysed with the mobile fleld laboratory. All

concentrations are given in mg/l.

Bore level Ba K C Wy By € B0y B-IX Fep,y Fe2* pHi Eh Type
hole a . av

F§2 468 36 1.4 27 3.0 182 3.7 2.0 0.2 0©.65 OC.65 6.9 220 A
" F47 722 300 1.3 40 0.2 16 410 0.5 ©.6 ©.005 0.004 9.0 =350 C
KL 1 406 € 1.6 W 2.3 1 4 1.8 ©.1 0©.013 0.012 8.2 =305 B
‘K12 326 0 28 1.1 3 1.0 W7 17 0.1 .08 ©.140 0.134 7.6 -290 8
' %1 38 1.6 36 2.0 9 2 0.1 ©.2¢ 0.04S 0.033 8.2 =340 B
761 12 .3.0 23 4.0 106 ? 0.5 0.03 ©.350 0.34S &0 -290 A

86 65 1.6 8.3 1.8 102 51 1.S ©0.12 0.043 0.041 8.1 =300 B

KL 9 €96 16 1.3 .29 3.0 120 3 4.6 0.02 0.036 0.094 7.6 =215 A
FL9 9¢ 410 6.2 .201 16 286 €70 100 0.22 0.590 0.580 7.5 -245 D
182 1050 17 708 78 150 2900 220 ©.2¢ 0.915 0.915 7.3 -220 D

360 1600 8 1900 110 33 5200 300 ©.01 0.310 0.310 7.7 === D
P13 3 % € 22 31 8 <01 9.01 8.88 6.9 +40 A
©. 234 650 -9 320 - 40 260 1500 140 © ©.03 ©.437 0.432 7.7 270 ©
€% 1700 15 1600 120 48 S500 400 <.01 0.01 <.005 7.0 +400 D

HK1 €9 - 1500 7 950 170 75 4100 340 <.01 0.470 0.465 7.5 -140 D
HX10 340 1500 36 1100 250 104  S000 490 <.01 5.25 5.25 7.5 + S0 D

¥j = rjillveden K1 = Elipperis i = Finngjon WX = Forsmark
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From Table 3 it can be seen that there is a great variation in the
composition of the different waters. According to the composition
they can, howaver, be grouped as indicated in the last column of
Table 3.

Type A is a typical granitic water normally found at depths vary-
ing from several tenths of meters down to several hundreds of
meters, depending on the local hydrogeology; recharge/discharge,
conductive zones stc. Calcites have been dissolved and part of the
calcium ions have been exchanged with sodium £rom sodium rich
minerals (Jacks, 1973). The concentration of other elements is
often very low. The type A waters are neutral to slightly alka-
line, depending on whether the carbonate system is open to input
of carbon dioxides or not (Garrels and Christ, 1965 p. 74).

Type B watars have had a longer residence time in the rock than
the type A waters. The weathering reactions and perhaps scme other
processes have given the waters a contribution of sodium and
chloride. The pH of thesa waters are in general slightly higher
than that of the type A waters.

Type C waters have been isolated in the rock for long time peri-
ods. The interactions with the minerals in the rock have given
them a high pH and high concentrations of sodium, calcium and
chloride. The high pH and calcium concentrations of the water have
resulted in precipitation of calcite and hence a decrease in the
bicarbonate concantration.

Type D waters have probably a marine origin. These waters are
characterized by a neutral pH and high concentrations of sodium,
calcium, chloride and sulphate. The main difference between the
type C and type D waters is, besides the amounts of total dis-
solved solids also the pH and the sulphate concentration.

The boreholes Fi9 and FiBl are located in a discharge area while
all the others are located in recharge areas. The discharge area
Finnsjdn was covered by the Litorina Sea batween 5000 - 7000 years
ago. A probable explanation for the salinity at Finnsjdn is there-
fore that thae seawater which seeped into the rock during this time
has been isolated by a freshwater pillow. The freshwater i3 sepa-
rated from the saline water by a subhorizontal fracture zone. The -
fracture zone itself holds some mixed water, but duas to the diffe-
rence in density there is very 1little mixing between the fresh-
water and the saline water above and balow the zons.

The boreholes HK1 and HK10 are located in the bedrock under the
Baltic Sea. It is therefors not pessible to define the surrounding
as a recharge or discharge area because the sea above has lsvelled
cut all the 1local gradients. However, it is interesting to see
that the saline water in the boreholes Fi9, FiBl, HK1l and HK10 all
have fairly similar composition, 1ndicating a similar origin.

From Table 3 it can also be seen that the type A, B and C waters
can exist at any depth. However, there i3 a good correlation
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. Cl+S0g4
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Figure S. A modified Piper plot based on the concentration of
: main constituents in the water samples. The letters A
~ to D represent different categories of water which

have different residence time in the bedrock.

between the hydraulic conductivity of the rock and the type of
water found 4in it. The A type waters are all sampled in highly
water conducting fracture zones whereas the type C water is ex-
tracted frocm the low permeability parts of the rock. The type B
waters are mostly cbtained from discrete fractures in the rock.

In Figure S the waters from Table 3 are plotted on a modified
Piper diagram. It can be -seen from the figure that the waters of
the different categories fall close together in the diagram. The
figure also includes the "evolution" line of the groundwaters,
indicating the relative residence time of the water in the
rock. Water percolating the soil cover takes up carbon dioxide and
dissolves calcite when it enters the bedrock (A'). The slower
* weathering reactions, give the water an increasing sodium chloride
character (A -> B => C). As the salinity increases there *%s often
a tendency of 1ncreasing calcium ratios (C -> D). However, in this
case the type D waters are expected to have an origin different
- from the others. It is important to understand how mixing effects
"'will appear in the Piper plot. Water with a composition given by
any point on a straight line between two end members of given
composition may be obtained from & mixing of water from the end

' members. In the same way eany point within a triangle can be ob-

tained by mixing of water with the chatactets described by the
"corners of the triangle. .
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Even though the waters are of different type, they are all
strongly reducing. This is also in good agreement with the total
and“ferrous iron analyses which indicate that all the iron in the
waters is in the ferrous form. Many of the waters also contain
detectable amounts of sulphide. There is one exception to the
this, the FiBl borehola where both the most shallow and the deap-
est of the sampled sections gave positive Eh values. The strongly
oxidizing conditions at the 439 m level is due to the Presence of
considerable amounts of oxygen in the water. This is due to the
air flush drilling technique tested for this borehole. When the
effact of the booster air campressor - is no longer sufficient to
keep the borehole free from water the pressure at the bottom of
the hole increases, which results in a flow of air into the water
conducting fracture systems. Large quantities of air can be dis-
solved due to the high pressure at depth. At 439 m depth 43 times
more air can be dissolved than at the same temperature at atmos-
Pheric pressure. The positive Eh of the most shallow level is in
good agreement with the PH and iron content of the water, assuming
that the water is saturated with respect to ferric hydroxide.

All the water which is sampled has passed a 0.45 micron online
filter. The amount and the distribution of the particulate mate-
rial in the water was estimated by filtering through 0.4, 0.2,
0.05 and 0.05 micron membrane filters placed in series. These
filters are analyzed for ironm, aluminium, calcium, silica and
sulphur by an X-ray fluorescence. The results from such analyses
show that the amounts of particulate material is in general a few
tens of micrograms/l. However, there does not seem to be any
systematics in the distribution between the different elements.
The reason for this might be that the particulate material results
from the mixing of water of different origin. This hypothesis is
based on the results from a redox relaxation experiment where the
rate of reduction of dissolved oXygen was tested in situ in a
field experiment. Guided by results from laboratory studies the
test was made in the following way:

1000 1 of groundwater was pumped out of a sealed off section at
the 468 m level of the borehole F32. The water was analyzed in the
mobile field laboratory while it was pumped up. The water was
aerated, tagged by uranine and stored until the iron hydroxide had
Precipitated. Afterwards this water was pumped back into the
pPacked off section. Two weeks later the pumping of water was
started again, including the analyses in the field laboratory. The
results cbtained on these two pumping occasions agreed witﬂ-tha
results previously reported for the 468 m level of the borehole
FJ2 in Table 3. However, the water contained only 4% of the water
which had been purped down. Furthermora the amount decreased
rapidly down to 0.2 % within a few days. The explanation to this
is that the water in the packed off section had flowed awvay due to
the natural hydraulic gradient. Because of the very low portion of
the aerated water it was not possible to see any effects on the Eh
electrodes, which rapidly levelled out at a value of =250 mV. The
conclusion to be drawn out of this is that the experiment should
be repeated in a section with a much lower conductivity.
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During the experiment the water was filtered through the filters
of different pore size. The results of the analyses of these
filters are presented in Figure 6. The three first analyses are
made on the water sampled in the first pumping period. The con-
centrations are constant with small variations between the samp-
les. The other analyses are made on the water pumped out of the
section the second time. From the figure it is obvious that the
intrusion of the oxidized water has had a dramatic effect on the
contents of particulate materjiel in the water. The Al and Si
concentrations are not affected while the Fe content is high the
first two days and then decreases to "initiel" values. The sulphur
content is the one which has increased most. It also takes & long

‘time before it decreases to the 1level of the undisturbed waters.

The explanation is that the oxygen in the water which was pumped
down reacts with the sulphide in the water oxidizing it to sulph-
ur. If this is a common situation the amount of sulphur collected
on the filters might be used to detect the mixing of small por-
tions of oxidizing waters with the reducing deep groundwater.

Redox conditions

Eh measurements

The possibility of direct Eh measurements i poorly buffered
natural waters has been frequently discussed in the
literature. Part of this discussion is reviewed in paper III and
is therefore not repeated here. However, when we started the
investigations we controlled the behaviour of the inert electrodes
in solutions which had & good buffering capacity, due ¢to the
presence of solid material, but a low concentration of free ions
in ‘the solution. To 0.01 mol/l and 0.05 mol/l carbonate-
bicarbonate buffer solutions Fe2* and Fe3* was added in quantities
large enough to cause precipitaticn of Fe(OH) and FeCO3. In this
way the free concentrations of Fe‘* and Fed* are controlled by the
free carbonate concentration and the pH, both of which are well
defined@ in a carbonate-bicarbonate buffer solution. The Eh of
these solutions can easily be calculated from the Fe3"/Fe2 ratio
and compared with the experimentally obtained values. Four
different experiments in both of the +two solution gave Eh values
of =(349+/-9)mV and ~(384+/-11)mV for the 0.05 and 0.01 mol/l
carbonate-bicarbonate solutions respectively. The theoretical
values are -348 mV and -389 mV respectively. These experiments and
calculations are described in more detail by Wikberg et al (1983).

The down-hole Eh measurements turned out to be more stable than
those made on the surface. Figure 7 dillustrates the difference
between the Eh values measured on the surface and down-hole.
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Pigure 6. " The concentration and size distribution of particulate
material filtered off the groundwater in a redox
relaxation experiment in Fjdllveden 2, 468 m level.



The shaded areas in Figure 7 include readings of all three elect-
rodes, gold, platinum and glassy carbon. The difference between
the_ electrode readings is smaller down-hole than on the
surface. However, the surface electrodes also approach the values
of the down-hole electrodes, even though this takes a long
time. One observes, that the pump failure indicated in the figure
has only & marginal effect on the down-hole electrodes, whereas
the surface electrodes are strongly affected. This is caused by
oxygen diffusion into the surface cell, and the effect of this on
the redox processes on the electrodes and in the solution. The
down-hole electrodes are not affected because of the total absence
of oxygen in the surrounding groundwatet.

The most important conclusion to be drawn from Figure 7 is that
after the initiel equilibration process the electrodes are cons-
tant without any drift even in the time scale of several months.

In Figure 8 a plot of Eh versus time is presented for another type
of water. A comparison between the two figures indicate that the
initial behaviocur of the electrodes differ. The most likely reason
for this is the large differences in the chemical character be-
tween the two waters. c.f. Table 4. The water described in Figure
8 has a high pH and a high sulphide concentration and a correspon-
dingly low iron concentration. Because of the low iron concen-
tration the time needed for the downhole electrodes to reach
equilibrium is longer than in the case where the iron concentra-
tion is high, Figure 7. On the other hand the éifference in the
- behaviour of the surface and down-hole electrodes are smaller in
Figure 8 than in Figure 7. An explanation to this might be that
the residual oxygen which causes the disturbances of the surface
electrodes is reduced faster in the high pH-sulphide water than in
the neutral pH-iron water.

Table 4. The chemical composition of groundwater from boreholes
FjBllveden 2, at 468m and with high hydraulic conducti-
vity and Fj8llveden 7, at 722 m and low hydraulic con-
ductivity. All concentrations are given in mg/l.

Analysis Fj 2 P37 Analysis Fj 2 F3j7

pH . 6.9 9.0 Eh(mV) - -220 -350
HCO4 182 16 Na 36 300 **
cl ' 3.7 470 K 1.4 1.3
F . -~ 06 62 ~ca 27 40
'sog 2.0 0.5 Mg 3.0 0.2
s(-II) = - 0.2 0.6 ‘Mn 0.2 .007
NO  <.001  .009 . Fe(II) 1.0 <.005
NO, <001  <.001 " NH, .05 .04




21

Eh/mV

+100

0 -

Measured on surface
-1001§ .
! \
| N
_200 - !
— Measured in the zone
Pump failure
-3001]
-400 T T T —
0 20 40 60 Time/days

Figure 7. Eh versus time plot of the surface and down-hole
' measured values. Both measurements are made in
continuously flowing water. The dashed filelds
represent the largest differences Dbetween the
potentials of the gold, platinum and glassy carbon
electrodes. The length of a pumpfailure period is

indicated.
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Figure 8. Eh versus time plot of the surface and down-hole

' measured values. Both measurements are made in

continuously flowing water. The dashed fields

represent the largest - differences between the

.potentials of the gold, platinum and glassy carbon
electrodes. o
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Figure 9. Eh versus time plot of the gold, platinum and glassy
carbon electrodes in the surface Ilow-through-cell at
the beginning of a pumping period in borehole Fjill-
veden 2 at 468 m level.
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Figqure 10. Eh versus time plot of the gold, platinum and glassy

- carbon electrodes in the surface flow-through-cell at
the beginning of a pumping period in borehole Pjall-
veden 7 at 722 m level.



In some cases mixed potentials have been identified. An example is
the effect of small amounts of dissolved oxygen on the electrode
readings. This effect is easy to spot because the electrodes
always respond in the game way to small portions of oxygen dis-
solved in the water. Figure 9 and Figure 10 show how the elect-
rodes in the surface flow through cell respond in the beginning of
a sampling period. Even though the examples are taken from two
different type of waters, see Table 4, the Eh electrodes respond
in the same way. The gold electrode always gives a valuve which is
much higher than the other electrodes. The gold electrode is also
the one which gave the largest response to the pump failure in
Figure 7. This indicates that the electrode processes on gold are
more influenced by oxygen than on platinum and glassy carbon. The
concentrations of oxygen that causes these changes is not exactly
known. However, the results plotted in Figure 11 indicate that
concentrations well below the detection limit of the oxygen sen-
sor, 0.03 ppm, still have an effect on the Eh electrodes.

Eh/mv 2~ PO
/i PS” pm
200 x En glessy carbon D410

O Enh piatinum

& ps?

000 . 20108
19408

1007
18404
17402
(4] %610

15 =

. “T -
=100

: 6 't i 5 & Days

Figure 11. Eh, pS(sulphide) and dissolved oxygen data versus time
in the beginning of a pumping period in the early
stage of the investigations.
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The rate of the reaction between ferrous iron and oxygen in
aqueous solutions is well known. In neutral solutions the rate is
equal to

-d(Fe2*) d(poy)
—————— A = 2+ - 2
TR 4 =z k(Fe )P0 (CH")

The rate constant kX has been found to have a value of approxi-
mately 1012 (mol/1)~2 atm~15-1 by several investigators, see
e.g. Lowson (1982). With a pH of 8.5 and a constant ferrocus con-
tent of 0.56 mg/l and a sufficiently low concentration of oxygen
this is a pseudo first order rate equation with a half life of
about 8 hours. However, the rate is very sensitive to pH and the
estimates of the rates of oxygen reduction must be calculated for
each situation. Theres is no doubt froem the above estimate that the
intrusion of a pulse of oxygen in the sampling section or in the
measuring cell will spoil the measurements for several days.

The reproducibility of the Eh measurements was checked on several
occasions. The results are compiled in Figure 12. These data
indicate that the reproducibility of both the Eh and the pH mea-
surements is good.

The Eh is given as a function of PH in Figure 13. All data where
stable Eh values were obtained are included. The bars in the
figure represent the largest difference between the measured Eh-
values of the different electrodes.

From Figure 13 one observes that there is a difference in the
results obtained in the early phases of the field measurements as
compared to the later ones. This difference is a result of the
improvement of the measuring procedures. In the early phase the
Eh-measurements were interrupted frequently by calibrations of the
electrodes. Each time oxygen entered into the flow cell, and it
was only slowly expelled. A typical situation after a calibration
is shown in Figure 11 where Eh and dissolved oxygen values are
presented as a function of time. From the figure it is obviocus
that there is a drift in the readings as long as there is dis-
solved oxygen left in the measuring cell. In order to eliminate
this source of error we decided to continue the pumping without
interruptions throughout the whola measuring period in the &ield
studies. This procedure has been used ever since and has resulted
in much lower Bh readings as can be seen in Pigure 13.
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Figure 12. Eh and pH data obtained at repeated groundwater
sampling in selected boreholes. The bars indicate the
uncertainty in the values.
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Figure 13, Eh vefm pB data of all the groundwater samples which
have been considered representative of the environment
where they have been sampled.
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Figure 14. Results of analyses of total and ferrous iron
concentrations in the groundwaters at three different
laboratories. Filled bars equal the amount of ferrous
fron. The full bar equals the amount of total iron.

Analysis of redox sensitive elements

The field laboratory gave results that were more consistent than
found previously. The most important improvement was foufil in the
iron analyses. Earlier results, on waters sampled and preserved
with hydrochloric acid (Nordstrom et.al., in prep) and sent to
laboratories for analyses, showed & notable difference between the
amounts of total and ferrous iron. However, this was an artifact
due to the time delay between sampling and analyses. The oxidation
of ferrous iron to ferric is a slow process in the acidified
sample but it does occur, and by time significant quantities are
oxidized. The results of analyses made at three different labora-
tories are presented in Figure 14. One can easily see that the
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results from the field laboratory always gives a ferrous iron
content which is equal to the total iron content. The results from
the other two laboratories vary considerably. However, the results
of the total iron analyses agree very well between all three
laboratories.

Some of the computer codes used for the equilibrium modelling
compute the Eh-value of the solution on the basis of analytical
data for ferrous and ferric species. Calculations of this type
will be erroneous if a proper analytical method is not used. Our
data indicate that the traditional HCl-preservation must be used
with great care. ‘

Modelling of the redox conditions of the deep groundwaters

The chemical interaction between the groundwater and the minerals
in the crystalline rock investigated, determines the character of
the groundwater. The water in the highly permeable parts of the
rock are of sodium-calcium bicarbonate type and has a fairly high
Fa(Il) content, whereas the water in the less permeable parts of
the rock are of sodium-calcium chloride type with much lower iron,
but a rather high sulphide content. An example of the composition
of these two typas of water is given in Table 4. From the Eh-
values in the table it is obvious that both types of water are
strongly reducing.

The results of the Eh measurements made in the early stage of the
investigations provide an example of the Jdifficulties in the
interpretation. The measurements gave a poor fit to a modal based
on the ferrous and ferric iron content of the water (Wikberg
et. al, 1983). This was thought to be dJdue to disturbances of
oxygen. Later on the same data were modelled by Nordstrom and
Puigdamenech who showed that the Eh in fact was controlled by the
sulphide, polysulphide and sulphur equilibria (Nordstrom and
Puigdomenech, 1986). The formation of polysulphide has taken place
through oxidation of sulphide caused by the intrusion of
oxygen. Similar phenomena are known from some sulphide rich brines
(Boulegue and Michard, 1979). From the EQ3/EQ6 data base (Wolery,
1983) the theoretical Eh-pH dependence for 0.01 ppm and 1 ppm
sulphide have been calculated (Puigdomenech pers. comm.) and
included in Figure 13, 1lines Al and A2. The theorstical Eh-pH
dependence for the hematite-magnetite equilibrium is also from the
EQ3/EQ6 data basa (Puigdomenech pers. comm.), line C.

The more recent field data have not been disturbed by intrusion of
oxygen. Therefora they plot close to the thecratical line for the
hematite-magnetite equilibrium. As can be seen from Figure 13 the
measured values both down-hole and on the surface agree very
well. This indicates that the redox condition of the groundwater
is controlled by the minerals of the rock. This is reasonable
since the large buffering capacity is in the rock and fracture
filling minerals and not in the water. However, the fact that a



certain mineral equilibrium agrees with the measured Eh does not
mean that the electrodes respond to this reaction. The electrode
process must still be mediated by & redox couple in the solution
which has a2 high enough exchange current density on the electrode
surfaces. It is reasonable to think that this is the ferrous/fer-
ric redox couple. The ox/red ratio of this redox couple is then
controlled by the minerals.

The following scenario might describe the Eh determining processes
in the rock - groundwater system. Water which percolates through
the fracture systems of the rock slowly dissolves primary minerals
"of the rock. This process, weathering, occurs on the fracture
-surfaces in the recharge areas. The weathering results in alter-
. ation products which are specific for the process. Such reactions,
‘occurring in granitic rocks, have been frequently discussed in the
literature. Edmunds et.al (1984), have studied the chemistry of
groundwaters in Carnmenellis granite in the south west of the
British Isles. They concluded that the highly saline waters
encountered had resulted from the kaolinization reactions of
biotite and feldspar. Cramer (1982), also found that the chemical
composition of the groundwater in the Lac.du Bonnet granite in
Manitoba, Canada was described by the ealteration of plagioclase,
- K-feldspar, biotite &and muscovite - to form kaolinite and
illite. These alteration products - were also found in the open
" fractures. The kaolinization . reaction as given by Edmunds
et.al. is: . ,

Ko (Mg,Fe)4(Fe,AL,L1)5(SigAly050) (OH) 5 (F,C1)y+3H0+12H* ===> €17+

R1,51,05(0H) 4 +4H,S10,42K*+2(Mg2*+Fe2* ) +2 (Fe3*+R13*4L1* )45~

This is a process where ferrous iron is dissolved in quantities
large enough to explain the amounte in the groundwaters. In cases
where oxygen containing water has weathered the rock it is pos-
gible to see an increase in the amount of Fe(IIIl) oxides as the
ferrous iron released was oxidized to ferric which was precipi-
tated immediately, see e.g. Goldish (1938).

The redox conditions of the groundwater thus reflect the redox
conditions of the bedrock even though chemical equilibrium has not
been reached between the s0lid minerals and the dissolved species
in the groundwater. As iron is the main redox constituent in the
solution it is not ‘surprising that the Eh-values measuréd in the
groundwaters shows & good correlation with Fe(II) and Fe(III)
- mineral equilibria. Many minerals give equilibrium lines which are
close to one another. We have used the magnetite-hematite equili-
brium as an example even if these are not the dominating Fe(II)
- and Fe(III) minerals in the investigated granites. Brotzen has
- previously described the Eh-values in deep groundwaters in crys-
talline rock (KBS-1, 1977) as controlled by the ferrous/ferric
ratio in silicates. Due to the possible variations of the ratio
Fe(III)/Fe(Il) in the silicate solid solutions a variation of
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+/-100 mV was applied. The Eh-pH relation valid for unity ferrous/ '
ferric ratio is given by the equation

Eh(V) = 0.26 - 0.06 pH

Results of more recent investigations show that the Fe(II) mine-
rals are by far more common than the Fe(III) minerals in the
investigated sites (Torstenfelt et.al, 1983). Assuming an average
ratio of Fe(IIl)/Fe(II) of 0.1 the values are 60 mV more negative
included as line B in Figure 13. This line is only about 20 mV
apart from the magnetite-hematite equilibrium line and as good a
model for the measured Eh values as the line C. There are also
other phase equilibria which give an Eh-pH relation close to the
measured Eh data. An example of such a reaction suggested by
Eriksson (1985), p. 76, involves the equilibrium between goethite
and pyrite. This reaction has a slope of -75 mV/pH and depends on
the concentration of sulphate in the water.

The bedrock 1s very heterogenecus from a strict chemical point of
view. Therefore we do not want to imply that Eh is controlled by
one specific reaction but only conclude that the redox conditions
are determined by the iron in the rock and fracture minerals. It
should also be noted that the measured Eh values in general show
that the waters are undersaturated with respect to Fe,03 by ap-
proximately three orders of magnitude. These calculations are made
using the Eh, ferrous iron and pH data because fearric iron con-
centrations are not analytically available because practically all
the iron in the waters is in ferrous form, c.f. Figure 14.

The water samples from the early phasa of the investigation should
also have given Eh values closa to the latter ones if the measure-
ments had been carried out without interruptions for longer peri-
ods. This is indicated by the fact that one single point where the
sampling section was pumped for a much longer time than the others
due to a very low flow rate plots close to the model lines B and C
in Figure 13. In this particular experiment there was time enough
for all the dissolved oxygen to ba expelled from the measuring
cell.

Laboratory simulation of the redox conditions

The results of three consecutive experiments where wate? was
circulated in contact with drill cores in a well sealed glass
vessael are illustrated in Figure 15 in the form of Eh versus time
plots. The pH 1is8 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
and the one where the water was deaerated clearly shows that there
is a delay in the Eh drop in the first case. It should also be
noted that the platinum electrode is much more sensitive to oxygen
than the graphite electrcde, c.f. Whitfield (1974). However, when
the oxygen is consumed all electrodes level ocut at about the same
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Figure 15. Eh versus time déta cbtained in the laboratory studies
- of the redox kinetics. The first run is made with
. deaerated water, the other two with air saturated

water. :

values.ISimilar‘experiences have been reported by e.g. Jantzen
(1985).

During these experiments the water was analyzed for iron and
sulphide. The results eare presented in Table 5. The analysces were
made after terminating the experiments, except for the first run
. where the natural groundwater was used.

The successively decreasing amounts of ‘iron suggests that the
surface of the drill cores is gradually oxidized, leaving a smal-
- ler amount of ferrous iron left to be dissolved in the water. How-
"ever, 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 4in the bulk of the solution. If the

reaction had teken place in the sclution the rate would have been
_proportional to the amounts of dissolved iron, c.f. p. 26. Conse-
_ quently the last experiment should have needed a longer time to
* . reach reducing conditions than the two preceeding ones, this was

not the case. :
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Table 5. Sulphide and total and ferrous iron contents in the
water rock interaction experiments. The 0-values are

. the concentrations in the natural groundwater used for
the first experiment. All concentrations are given in

mg/1.
NATURAL GROUNDWATER DEIONIZED WATER + HCD4
Component O-valuas 1A 1B 2 3
Fe(II) <.005 .039 .039 .006 <.005
Fe(tot) <.005 .041 041 .01 <.005
S{-II) <.01 ——— .03 02 meee-

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. We do not think that this is the case but the pro-
bability will be investigated in the future.

A set of similar experiments has been run with crushed material in
a differont experimental setup. The result of these four runs are
prasented in Figure 16. The first three of them are identical. In
the forth the equipment was placed in a box with nitrogen atmos-
phere. 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. The constant Eh values in the
three first experiments indicate a steady state situation where
the rates of oxygen diffusion into the system is balanced by the
rate of reduction by tha Fe(IIl) minerals.

The reduction of oxygen due to chemical interaction between the
minerals and the infiltrating groundwater is a commonly accepted
theory. Ferrous iron is dissolved £rom easily weathered minerals
and reacts with the dissolved oxygen precipitating ferric hydrox-
ide (Siever and Woodford, 1979). Neretnieks (1986) proposed that
the main process for cxygen reduction in the infiltrating water is
the diffusion of oxygen into the rock matrix and a subsequent
oxidation of Fe(ll) minerals. This process probably involves
diffusion of carbon dioxide or protons into the micro fragtures
where the Fe(II) 1is dissolved and immediately oxidized to an
Fa(Ill) oxide by tha oxygen which has also diffused into the
micropores. Thus the oxygen reduction takes place in the pore
water in the micro fractures. Neretnieks (1886) has used an aver-
age flow rate of the water and a diffusion rate of oxygen in the
rock matrix, to calculate the depth of oxygen penetration. The
result of this calculation agrees waell with some experimental
findings. He has made the assumption that the oxidation has taken
placae since last glaciation which may be doubtful.
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Figure 16. Eh versus time data of four consecutive experiments on
- redox kinetics. The fourth experiment is made in a
totally oxygen free qbuxqﬁmme

Investigaticns of weathering profiles show that the content of
total iron is. constant,(Cramer, 1982), but the ratio
Fe(I1I)/Fe(II) is high at the surface and decreases gradually into
the bulk of the rock (Clauer et.al, 1982). Fergusson (1982) p. 48
and Goldish (1938) have demonstrated how weathering gradually
changes the amounts of Fe(II) and Fe(III) oxides. The ferrous
oxide decreases and ferric oxide increases. Ferrous iron is dis-
solved, oxidized and precipitated as ferric hydroxide.

When a large number of experiments have been run 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 initisl ' reduction of oxygen. Polishing the sides
of the drill cores when the reducing effect was very low &id not
improve the capacity significantly. Hence, it seems Bs if the
ability to reduce the oxygen resides mainly in the fracture mine-
rals in these experiments. :

. In this context it 1is 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.
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The surface water is normally depleted from dissolved oxygen, due
to the biological oxidation of organic material, when it perco-
lates through the soil cover. However, when the so0il cover is
thih, the water which reaches the upper part of the bedrock still
contains scme dissolved oxygen. Studies of the fracture surfaces
in such rocks tell that this residual oxygen has been reduced by
Fe(Il) dissolved from the minerals in the bulk of the rock. As a
result of ' this reaction the existence of rust can be seen on the
fracture surfaces. Another cbvious process is also the diffusion
of oxygen into the micro pores of the rock matrix, as described
previously. The diffusion of oxygen into the rock matrix is a slow
process, howaever, the flow rate of the water in these fractures is
also very slow giving the diffusion process time enough to deplete
the water from the dissolved oxygen.

In the measuring cells the reducticn of oxygen is a homogeneous
reaction which cccurs in the aquecus phase. Fe(Il) specias or
sulphide (HS™) reacts with the oxygen. The rate of such reactions
is much more rapid as indicated from the calculations of the
reduction of dissolved oxygen previously. Also the reactions
taking place when a deep reducing groundwater is mixed with a
portion of surface or drilling water is of course also of this

type.

The reaction taking place in the laboratory is in principle of the
same type as the one occurring in the uppermost part of the
rock. However, there is one difference. The results of the labora-
tory studies indicate that the reduction of oxygen is due to
reactions with the fracture filling minerals. Such minerals hava
partly been formed by the precipitates from supersaturated water
flowing in the fracture systems. Therefore it is expected that
thess minerals should be kinetically more accessible to reactions
than the bulk rock minerals.

One experiment has also been performed with carben dicxide satu-
rated water. The pH of this was three units lower than in those
previously described. Within two weeks the iron content of the
water had reached a 1level of 0.2 mg/l which is five times higher
than what has ever praviously been obtained. Therefore there is no
doubt that the carbon dioxide weathering is responsible for the
high iron concentration in the water. Siever and Woodford (1979)
have studied the dissolution kinetics and weathering of mafic
minerals. The have divided the dissolution processes into the
following steps: >

» a rapid exchange between cations, including Fe2* and Mg?*,

and protons in the water ‘

* a slower incongruent dissolution of silica

Thair studies at different pH values indicated that the dissolu-
tion rata is strongly dependent on pH. For the results of our
field and laboratory investigations this is a fully acceptable
modal for the most important water-rock interactions.
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Isotope geochemistry

The stable isotopes oxygen-18 and deuterium and the radiocactive
tritium of the water have been regularly analyzed as well as
radioactive carbon-14 and stable carbon-13 of the carbonate dis-
solved in the water. These results are presented in Table 6 for

~all the sampled sections where representative samples have been

obtained (Smellie et.al, 1985). As compared to the results of

‘general chemistry presented previously in Table 3, Table € in-

cludes data obtained also from investigations where the field
laboratory has not been used. The isotopic data has previously

- been discussgd by Karlsson and Wikberg (1987).

. The results in Table 6 will be discussed in some detail in two

different categories, stable isotopes &and radioactive isotopes
since there is & fundamental difference in how these data can be

. used.

‘Table 6. Isotopic composition of the grdundwaters investigated

 in the course of the Swedish nuclear waste management
research program.

Area Borehole Depth 14¢ T D 189
m PMC 0 %, SMOW %, SMOW

Kamlunge Km13 197 40.5 10 - -13.7
Gided Gi 2 157 45.3 <3 -90.4 ~-12.6
, Gi 4 212 23.0 s -89.7 -12.6
Svartboberget Sv 4 324 16.0 <3 -85.3 -13.2
The Baltic Sea : S0 -57.7 - 7.0
Forsmark HK 1 S0 : ) -12.2
. B 140 , - 9.8
‘ ' . BK10 - 140 Co - 9.3
Finnsisn Fie 182 . 21.9 <3 -86.6 ~10.6
R Fi Bl 71 : : : -88.2

Fi Bl 169 - : -85.2

FI Bl - 23¢ -85.7

: Fi Bl 439 : -88.7
Fjllveden "F§2 = 506 - 18.3 <3 -14.1
\ , FJ 4 131 43.6 <3 -84.7 ¥ -11.9
- . 647 <3 -80.3 ~-11.4
Klipper8s Kl 1 406 2.9 <3 -86.3 =12.0
‘ K19 2.2 <3 -11.9

1231
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Stable isotopes

The data of the stable isotopes deuterium and gen-18 are pre-
sented as tha deviation from the isotopic ratios°§30/150 and 2H/IH
of the standard mean ocean water (SMOW). Because of climatic
conditions these values deviate, the colder the climate the lower
are the values. However, it has been glcbally proved that the
water which has a meteoric origin always follows a straight line
on a deuterium-oxygen-18 diagram (see e.g. Dansgaard,
1964). Therefore the deuterium and oxygen-18 values are extremely
useful for dJdeciding whether the deep groundwaters are of meteoric
or metamorphic origin. So far no metamorphic waters have been
encountered.

The oxygen~18 wvalue in itself is a good indicator of the climatic
condition when the water was precipitated. The data from the
northern sites, Kamlunge, Gided, and Svartbcberget tend to have
lower oxygen-18 values than tha southern sgites, Fjdllveden and
Klipperds. One specific notation on the results is that the oxy-
gen-18 value of the Forsmark groundwaters are much lower than the
value of tha Baltic Sea at the same chloride concentration. This
suggests that the Forsmark groundwaters consist of coceanic sea-
water mixed with freshwater with a much lower oxygen-18 value than
the freshwater which now a days dilutes the oceanic water to form
the Baltic Sea water.

Radiocactive isotopes

The radicactive isotopes which have been analyzed are tritium and
carbon~-14. Carbon-14 has a half life of 5730 years and is expres-
sed in Table 6 as the percentage of carbon-14 in relation to the
amount in living organisms (per cent of modern carbon = PMC). The
very long half life of the carbon-14 makes it a useful tool for
detecting water with a 1long residence time. Tritium was produced
in the nuclear bomb tests in the early sixties. Before that the
background concentration was insignificant, partly due to the fact
that tritium has a half life of only 12.4 years. The tritium data
of the groundwaters is given az the arbitrarily defined tritium
unit (TU). The precipitation contained at the most, in 1964, about
2000 TU which has continuously decreased to a level of below 100
TU to day. However, there have probably been large differences
batween the north and the south of Sweden. Nevertheless datectable
amounts of tritium in the groundwater simply indicates that the
water has been precipitated less than 40 years ago.

The data in Table 6 show that the carbon-14 values are generally
around or below 50 PMC indicating that the water has a long resi-
dence time in the rock. However, in two of the samples the tritium
content i3 above the datection limit which indicates that there
are portions of the water which has been precipitated less than 40
years ago while the carbon-14 value indicate a residence time of
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5000 to 10000 years. There are some possible explanations to this
sitvation given in the discussion'of groundwater residence time.

Uranium geochemistry

Uranium is &n element which is of interest for two reasons. The
first one is that the uranium is the major part of spent nuclear
fuel and as such important for the safety assessment of & reposi-
tory. The chemistry of uranium makes it important also for the

 evaluation of the redox conditions in the groundwaters. Under

reducing conditions uranium exists in an almost insoluble tetrava-
lent form whereas it exists in a very soluble hexavalent form as
carbonate complexes under oxidising conditions. The concentrations
of uranium as well as the uranium 234/238 activity ratio has been
regularly analyzed in the site investigation program. The results
and the use of these data has been discussed by Smellie et.al
(1985). Mostly the contents of uranium in the waters has been
close to or below the detection 1limit. This is in good agreement
with the 1low Eh-values measured in the waters. The activity ratio
234/238 increases with decreasing uranium concentrations, see
e.g. Andrews et.al (1982). This is due to the solution of alpha-
recoil Th at the rock-water interface, which has an appreciable
impact on the activity ratio at the low uranium concentrations
under reducing conditions. It should be noted, however, that the
groundwater flow rate affects the activity ratio. ’

DISCUSSION

Natural background

The ultimate goal of the geochemical investigations is to identify
and quantify the results of the groundwater rock interaction. This
knowledge is necessary for any safety evaluation of a subsurface
nuclear waste repository. One very important part of this work is
the identification of water flow paths and the mixing of different
groundwater types. For this purpose the chemistry of both surface
and deep groundwaters need to be studied in some detail.

" The depth investigations include groundwater sampling f¥om water
. conducting fractures at different depth in boreholes. Samples need
" to be teken both from sections with extremely high and low
- permeabilities. The technique used for obtaining these samples

will depend the hydraulic conductivity.

In addition to main and redox sensitive elements trace elements
which are important for equilibrium modelling; Al, B and Ba, and
trace elements which are part of the waste form, e.g. uranium and
radium need to be analyzed. These elements are naturally occurring
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in the groundwater system and are thus modals for the behaviour of
the sama or similar elements from the waste. Other elements like
thorium are analogues to other tetravalent actinides such as
Pu(IV). The content of uranium is of interest also for the redox
conditions. Tetravalent uranium is very insoluble whereas hexava-
lent uranium can exist in much higher concentrations as carbonate
complexes.

The content of dissolved gas in the groundwater will describe the
equilibrium conditions but also the evolution of the groundwater.
Gas seeping out from the mantle of the earth can be detected and
the deep gas carrying fractures thus located. The different gases
and the purpose of analyzing them are:

* Ny main component, sample quality

* 0, redox sensitive, sample quality
* COy PH-HCO3~ CO, equilibrium

* Ar sample quality

* He radicactive decay, deep source
* Hy redox sensitive, deep source

» CH, redox sengitive, deep source

Oxygen and - argon are analyzed only because they indicate whether
the samples are contaminated by the air or not.

The groundwater rock interaction is schematically illustrated in
Figure 17. The bulk rock minerals are weathered and dissolved in
the groundwater which percolates through the upper parts of the
rock. The water will be supersaturated with respect to scme
minerals which will be precipitated in the fracture systenm.

: Fmnm
B r weathering G w precipitation r i
uo > ra >an
lec ot ke
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- - > nr < ua
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Figure 17. Schematic illustration of the reaction path in the

groundwater rock interaction.



If the chemical composition of the groundwater is changed then the
fracture minerals will be dissolved etc. This can be seen as a
dynamic process including partial equilibria. The weathering which
"is & non equilibrium process gives a water composition which is
depending on the time the water has been in contact with the
rock. If the hydrologic situation is changed then the residence
time of the water and the water composition are also changed. This .
will in general result in changes of the fracture minerals. From
careful fracture mineral studies and groundwater chemical analyses
it is possible to understand how these events have taken place in
- the past. This is the only information which can be used to make
extrapolations into the future. A process that is necessary if one
wants to make predictions on how radionuclides will be transported
in the groundwater when released from the waste form. It is
obvious that extrapolations cannot be made over extensive periods

of time. The uncertainty of the predictions will increase with
~ increasing time in much the same manner as the knowledge of the
geologic history fades out in the past. However, the knowledge of
the geological events taking place since last glaciation are
fairly well known and ' therefore the extrapolation to the end of
next glaciation should be fairly safe.

The chemical cggggsitich of the grcundwater

Groundwater under land is in general of meteoric origin. The
chemical composition of groundwater is & result of interactions
with soil minerals, soil atmosphere and further interactions with
~ the minerals of the bedrock as the water infiltrates into the
recharge areas. The most important reaction is the addition of
carbon dioxide in the so0il zone which leads to calcite dissolu-
tion. The carbon dioxide weathering has been used by e.g. Jacks
(1973) to describe the composition of different groundwaters in
"silicate rocks. By plotting the contents of different elements as
- a-function of the bicarbonate concentration he could easily detect
where incongruent dissolution or other processes had occurred. His
results are in good agreement with our investigations where the

deep groundwaters in general have a calcium content and slowly
““increasing sodium concentration due to weathering of sodium
containing minerals.

Paces (1972) has described = the groundwaters from granitic,
" granodioritic rocks a&s being in partial equilibrium witk®respect
to K-feldspars, indicating the weathering or dissolution of this
" to be ' fairly rapid. Kaolinite and Ca-montmorillonite are fre-
- quently stable secondary minerals in the chemical conditions
- defined by the composition of the groundwater. The waters are in
general dominated by sodium, bicarbonate and chloride in decreas-
ing concentrations. The concentrations of sulphate and silica are
much lower.

'Reactions-in "the carbon dioxide calcium carbonate system deter-
- mines the pH of the groundwater. There is a great difference in pH
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depending on whether the weathering processes have occurred in an
open or closed system (Garrels and Christ, 1%965). In an open
system carbon dioxide is continuously added dJuring the process.
The consequence of this is that large amounts of calcite are
dissolved resulting in high concentrations of calcium and bicarbo-
nate. Due to the continuous addition of carbon dioxide the pH of
the water is buffered at a value of about 7. In a closed system
where no restoring of the consumed carbon dioxide takes place the
calcite dissolution stops when an amount equivalent to the initial
carbon dioxide concentration has been dissolved. The pH of this
water is controlled by bicarbonate at a value of about 8.5. In
most of the situations where water has been sampled the pH lies
between these values defined by the totally open and the totally
closed sgystems, see Tabla 3.

~ The dissolved oxygen from the atmosphere is gradually consumed
during the infiltration and reducing conditions are cobtained:
first due to microbiological decomposition of organic material in
the soil zone and later due to reactions with reducing minerals
containing iron and sulphur. Thess changes c¢an be followed by
studying the water composition and fracture mineral composition at
diffarent depths. Slever and Woodford (1979) have studied the
dissolution kinetics and weathering of mafic minerals, c.f. p. 36.

Claesson (1983) found from an extensive study of water-rock
interaction at elevated temperatures that weathering shells,
formed by the secondary minerals, did not affect the rate of
dissolution of the minerals. An other result obtained by Claesson
was that he could naver detect iron and magnesium dissolved from
the minerals. This was thought to be due to an adsorption of these
elements in the weathering shell.

Increased salinity is sometimes encountered at depth in crystal-
line rocks. This has been found both in the Canadian Shield (brine
concentrations) (Frape at.al, 1984) and in the Fennoscandian
Shield in Sweden {(Nordstrem et.al, 1985) and Finland (Hyyppi.
1985). The main components are sodium, calcium and chloride. The
origin of these saline waters are being discussed and several
explanations have been suggested, such as ancient seawater,
dissolved evaporites, released fluid inclusions, leached chloride
containing minerals, residual water after deep permafrost etc (see
a.g. Nordstrom and Olsson, 1987 and references therein). Two
different types of saline water have been encountered throughout
the site investigations. The most saline, with chloride conceptra-
tions arcund and above 5 g/l, have been found in the bedrock close
to cor balow the Baltic sea. The other type, with chloride contents
of about 500 mg/l, has been found in low conductivity fracture
systems at great depth. The main difference batween the two types
of water is in the pH, the sulphate concentration and in the
sodium/calcium ratio. The water in the deep low conductivity parts
has a high pH (around 9), a sulphate/chloride ratio of 1/1000 and
a sodium/calcium ratio of 10/1 whereas the water with a composi-
tion close to sea water has a neutral pH and the values 1/10 and
1/1, respectively, for the ratios. These differences in combina-



tion with the difference in the . surrounding where they have been
sampled indicate that the waters are of different origin. By the
guidance of the oxygen-18 data the saline water in the coastal
areas has been found to originate from the Litorina Sea some 5000
years &go (Wikberg, 1986), & simildr explanation has been given to
the origin of high salinity groundwater found in the bedrock below
the Gulf of Finland (Kankainen, 1986 and Nordstrom, 1986).

The composition of deep groundwaters can change considersbly from
" one part of the bedrock to the other. An example of this is the
sharp increase in salinity from a few mg/l of chloride to about §
g/l on passing & subhorizontal fracture zone in Finnsj¥n (Ahlbom
et 2l., 1986). This is an illustrative example of the role
_ geological features might have on the hydrological regimes.

In conclusion the results of the water analyses can be used to
delineate the normal composition of groundwater at a specific site
and the varistions in the composition due to depth and in/outflow
conditions. The results can also be used in combination with
information from rock and fracture mineral investigations as input
data for geochemical models in order to explain the water composi-
tion and predict possible changes in this composition. Important
systems in this respect are those which defines pH (HCO™, calcite
and feldspars), redox conditions (Fe2 . HS® in solutioh, iron (II)
and sulphide minerals) and actinide chemistry (uranijum and thorium
“containing minerals).

Groundwater-rock interactidn

The interactions between crystalline rock and water will predomi-
nantly take place in the fractures. Fracture filling minerals as
well as groundwater chemistry can therefore give information about
the geochemical conditions in the fractures. Representative
groundwater samples can sometimes be difficult to obtain, especi-
ally in inflow areas &and at low depth (Smellie et &l 1985). One
recent investigation (Tullborg, 1986) shows that fractures
containing Fe(III) minerals are more frequent in fractured zones
whereas calcite £illings are more common in single fractures. The
~ explanation to this is that the water has flowed with different
‘rates in the fracture systems. In fractured zones oxidizing water
has reached depth of several hundred meters because the flow rate
has  been so fast that there has not been time enough for the
water-rock processes to reduce the dissolved oxygen &htil the
water has reached considerable depth. Calcite filled fractures on
the other hand indicate that the water in them has been supersatu-
‘rated with respect to calcite indicating that the flow rate has
been low and the water has been in equilibrjum with the rock
minerals.

Most of the Fe-minéréis presént as fracture £illings are iron oxy-
hydroxide, hematite and pyrite. These minerals represent different
redox states and the distribution of them will therefore give
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information about the variation of thae redox conditions in the
fractures.

From the evidence cbtained it seems likely that many of the water
conducting horizons sampled are directly asscciated with dykes,
schlieren or bands etc. of rocks characterized by compositions
distinct from the overall bedrock; these may also influenca the
groundwater compositions. For example, at one of the sites
(Fjdllveden) where waters have been sampled from well-defined
greenstone horizons, there is a strong possibility that the
exceptionally high iron content is due to contact between the
groundwater and the greenstone for some time/distance. Further-
more, large increases in sulphate content were observed in
groundwaters collected from an amphibolite bedrock mass at another
study-site (Kamlunge).

Alteration and oxidation in the rock immediately surrounding a
fracture/ fracture 2zone gives information about the migration of
watar into the rock itself. This is of importance also for the
migration of radionuclides. One pilot study of oxidation profiles
from a fracture into _a granitic rock is at present carried
out. Fe(IlI)/Fe(ll), 0, D and uranium series isotopes are
analysed. The aim of this study is to get 1) an oxidation profile
in the rock 2) to characterize the water responsible for the
alteration 3) to use the uranium series isotope analyses to get
information about the residence time of the water circulation
system.

Another very useful agproach is to carry out uranium decay series
measurements (2350 233y 23°’1‘h) on carefully selected fracture zone
mineral phases, togethar with the corresponding groundwaters. Iso-
topic characterization of the fracture zones can reveal the redox
nature of corresponding groundwater, i.e. whether the fracture
section (usually salected from a drill core) represents an
environment of uranium leaching (high redox potential) or precipi-
tation (low redox potential).

A very specific situaticn has been encountered in some basic rocks
where low temperature interaction has produced calcite and
swelling clay minerals 1like smectites in the fractures. These
minerals have sealed the fractures and thus decreased the hydrau-
lic conductivity and the water-rock interaction. Therefore the
fracture fillings in the basic rocks have to a large extent
preserved their original oxygen-18 values in contrast t» the
situation in granitic rock (Tullborg, 1986).

Groundwater residence time

Due to the mixing processes it is not possible to assign a single
"age" to a groundwater. The water has a residence time distribu-
tion. Short lived natural radionuclides may give an indication on
the fraction of the water with short residence time, longer lived



nuclides on the  fraction with long residence time. Several
nuclides with different half 1lives are needed to get & coherent
picture on the residence time distribution of a water. An investi-
gation of the 14c and other isotopes in the groundwater, the
organic material of the groundwater and in the calcites in the
fractures might give @& history of the groundwater from which the
residence time of the water can be obtained.

Deuterium and axygen-l& in general reveal the meteoric origin of
‘the water and the climatic conditions during infiltration. It is
therefore & valuable part of the information on groundwater
origin. In case of the groundwaters found below the Baltic Sea the
oxygen-18 data was sufficient for the dating of these waters. This
was due to the fact that this water was stagnant covered by the
Baltic Sea which levelled out all possible local gradients which
could cause & mixing with other types of water.

Tritium could in principle be used to find cases of rapid infilt-
‘ration. In practice, however, tritium is used as & measure of
sample contamination. Surface waters anéd near surface waters are
"rich in fsllout tritium from the nuclear bomb tests in the sixties
and this may enter deeper sampling levels through the borehole if
care is not taken to avoid this.

Carbon-14 in dissolved carbonate is a classic method to measure
groundwater "age" and the stable -isotope carbon-13 is sometimes
used to correct for errors in carbon-14 age due to the dissolution
and precipitation of calcite. However, there is &a series of
circumstances that may affect the carbon-14 age values such &as;

*  Mixing of different waters along the flow path (IAEA, 1983)

had Dissolution and precipitation of carbonate minerals (Wigley
' 1976) , (

* Sorption and exchange with carbonate minerals (Allard et al
1981)

*  Diffusion loss of carbon-14 1ntoA the open microfracture
system (Meretnieks 1981)

* _ Oxidation of carbon-14 deficient organic material

All these processes give an "age" which is higher than the actual
residence time of the water in the rock. Therefore the carbon-14
age should be expressed as per cent modern carbon (PMC) in stead
of in years. L ‘

From the discussion on the tritium and carbon-14 data above it is
obvious that the water samples occasionally have detectable
tritium concentrations even though the carbon-14 values (PMC) are
low. In most cases this can be explained by a contamination during
the sampling, see section 2. However, there are also situations
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when the detectable tritium concentration cannot be explained by
sample contamination. E.g. the two samples in Table & are consi-
dered representative of the location whers they have been
sampled. There are a few pcssible explanaticns to this situation:

i) The representative water of the sampled horizon consists of a
major portion of water with a long residence time and a minor
portion of water which has reached the sampling depth very
rapidly through natural flow paths.

i1) The representative water of the sampled horizon has a long
residence time but due to the great pressure gradient caused
by the pump new flow paths are opened. Such flow paths could
then transport surficial water down to the sampling horizon.

iii) The different processes that affects the carbon-14 content
have diluted it to such a degree that the age indicated by
the PMC value is totally wrong, whereas the age indicated by
the tritium content is correct and valid for the whole water
wvolume. :

The explanations i and 1ii are reascnable. Unfortunately there is
no simple way to sort out which ocne iz the correct explanation in
the different situations. The third explanation J4is the most
hypothetical one, but nevarthaless possible. The processes
mentioned above, dissolution of old calcite, sorption and exchange
of carbonate and diffusion into microfractures, can easily dilute
the carbon-14 content in the infiltrating water by a factor of
more than two in some specific situations. Therefore this possibi-
lity must be kept in mind when the residence time of the water is
evaluated. It is also possible that all three explanations are
partly valid. Depending on the hydrogeological conditions the
contribution of them will vary. Fortunately there is one indirect
way of deciding whether the water has a 1long or short residence
time in the rock. The general chemical composition of the ground-
water can be used for this purpose. Neutral calcium bicarbonate
waters are young and high pH sodium chloride waters are old.

Equilibrium modelling of ground wataer evolution

The flow-rate of deep groundwaters is slow. Hence the time for
chemical interactions between the water and tha mineral components
along the flow path i{s long. This state can often be described by
assuming chemical equilibrium between the water and the minerals.
Chemical interactions between the infiltrating water and the
minerals results in changes both in the minerals and in the
groundwater composition. There is thus a continuous chemical
evolution of the water along the flow- path. Many attempts (Jenne,
1979) have been made to model thesae processes.
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Equilibrium models are all based on the assumption that there is
chemical equilibrium between the various minerals and the ground
water. From thermodynamic data for the various solid phases that
occur or may form in the system and similar data for the soluble
ions and molecules that may form in the aqueous phase one can
calculate the chemical composition of both the agqueous and the
solid phases. This is & well- established method and several well-
tested computer codes exist for the execution of these calcula-
tions (Nordstrom et a2l 1979). The calculations are no better than

' the assumptions and the quality of the thermodynamic data.

The evolution of & ground water along & flow-path is usually made
with "box" models. B given quantity of water is equilibrated with
a given quantity of minerals with an equilibrium model. This water
is equilibrated with new minerals etc. The box models have been
useful for the description of some groundwater systems (Drever,
1982).

Kinetic modelling

The equilibrium models do not take into account that some chemical
equilibria are slow even in comparison with the 1long residence
times of deep groundwaters. These equilibria have to be identified
otherwise the equilibrium models will give erroneous results.

Weathering processes are slow.compared to egquilibrium reactions in
a solution. Slow weathering reactions can be modelled (Gould,
1971) and these models are capable of a more deteailed and precise
description of the repository system than the equilibrium
models. However, modelling of reaction kinetics has not been made
so far on complicated systems like a nuclear-waste repository.
Some development work is necessary because kinetic processes may
be important for several phenomena of critical importance for the
over-all safety of the repository. These are;

hd The rate of reduction of dissolved oxygen and uranium(VI) by
the minerals in bedrock and fractures

* The formation of a skin on the fracture mineral surfaces

‘which will affect the rate of reduction of dissolved oxygen
and uranium{VI) : ,

* The rate of dissolution Aand ie-precipitétion and their role
in changing the hydrologic path ways

* The rate of dissolution and re-precipitation and their role
for co-precipitation phencmena and colloid formation
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Near field

The near field is defined as the vicinity of the repcsitory which
will be chemically and physically affected by the processes and
materials in the repository, i.e. the buffer, the waste canister
and the waste. The near fleld processes where the composition of
the undisturbed groundwater has an impact will be shortly mention-
ed.

Buffer stability

It is necessary to know the content of the main components of
groundwater and the possible changes in these concentrations in
order tc assess the long time stability and performanca of the
backfill. Trace constituents such as aluminium, iron and silica
may also be of interest depending on the choice of backfill
material.

Canister corrosion

The corrosion of the waste canisters is determined by the proper-
ties of the canister material and the chemical composition of the
groundwater, and the backfill. The main corroding agent for
metallic copper is sulphide-jons present in groundwater c.f. KBS-3
(1983).

Dissolution of tha waste form

The most important characteristic for the dissolution of the waste
form and the subsequent transport of dissolved radionuclides is
the redox properties of the rock-groundwater system. The solubi-
lity will in addition be influenced by strong complexing agents,
the most important of these are carbonate and possibly naturally
occurring organic materials. The dissolution rate may be severesly
rastricted by the rate at which the components may diffuse or flow
away from tha fuel. -

Radiochemical aspects

The properties of the radionuclides are strongly influenced by the
chemical composition of the groundwater, mainly its redox-state
and pH. The concentrations of substances which may form insoluble
solid phases, or solubilize solids through the formation of
soluble complexes, are also important.



Many of the radionuclides may occur in different oxidation
states. The relative stabilities of the various oxidation states
are determined by the groundwater composition. The chemical
properties of the different oxidation states of a given radionu-
clide are often totally different. Tetravalent actinides are for
instance extremely insoluble in groundwater while the penta and
hexavalent actinides may have solubllities which are more than one
million times higher.

Raéiolysis is likely to be 1mportant in the near field. The oxygen
vhich is produced will oxidize the nuclides dissolved from the
waste form. The extent of these reactions are not known, but some

E evidence is given from studies of the OKLO formation (Curtis and

Gancarz, 1983). The oxidized form will be transported until the
point where the interaction between the groundwater and the rock
has reduced all the oxidants to & state where actinides are no
longer soluble. In this way & redox front will be created which
. will move downstream from the repository. The propagation of the
front is depending on the groundwater flow and the kinetics of the
reactions between the oxidants in the groundwater and the reduc-
tants in the rock. : o

The redox capacity of the rock can be expressed in terms of the
amount of reducing elements. The bedrock contains 1 to 10 per cent
of iron mostly in the ferrous form. The reducing capacity of the
rock is certainly lower than this because only & part of the iron
is accessible for the interaction with the groundwater. A conser-
vative estimate of the redox capacity of the system is that only
- the amounts of reducing elements in the fracture surfaces are
accessible. In a very long time scale the redox capacity is larger
_ éue to the fact that also some of the reducing elements at depth
in the fracture minerals and even in the bulk of the rock are
available for reaction. This is because the oxidants sre diffusing
into the rock matrix and the reductants are diffusing out of the
rock. As & consequence of this the kinetics and the transport
.processes of the redox reactions are more important than the total
redox capacity.

The immediately available redox capacity of the groundwater-rock
system might be determined by the weathering reactions. The high
concentration of ferrous iron in the groundwater at shallow depth
is thought to be the result of weathering of biotite. This is a
fairly rapid reaction indicated by the fact that all the near-
surface waters .have reached -a fairly high iron concentrggion. up
to 10 mg/l. Further processes will change the composition of the
groundwater giving it a high pH and a high sulphide content and &
correspondingly low ferrous concentration. Practically all the
iron which was initially dissolved has been precipitated on the
fracture surfaces during this process. The iron is easily avail-
. able for reaction in case the groundwater composition is changed
. e.g. due to effects of radiolysis. From the laboratory experiments
we have seen that the reduction of oxygen is fast most likely due
to the dissolution of fracture minerals. The amount of fracture
£fillings available is identical to the amount of iron initially
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dissolved in the water. This amount should be seen as the immedi-
ately accessible redox buffer.

CONCLUSIONS

The chemical composition and evolution of the groundwater is a
central issue in hydrogeology. It is also of very great importance
for all studies concerned with the transport of trace elements and
toxic materials, corrosion etc. in groundwater systems. E.g., any
typa of modelling of the avolution of a repository for radiocactive
waste materials, including the stability of metallic waste
canisters, the dissolution of the waste form, and the subsequent
transport of radiocactive material with the groundwatar, must start
with a model for the undisturbed system. The data reported in
this study indicates that wa have a gocod understanding of the
chemical phencmena responsible  for the redox stata of deep
granitic groundwaters and that we can express this understanding
in quantitative terms.

For the modelling of the groundwater chemistry it is necessary to
identificy the processes which have resulted in the chemical
composition observed. These processes are mainly the interaction
baetween the groundwater and the rock but can also include other
factors like disturbances due to other activities in the borehole.

For the qualitative modelling it is an advantage to be able to
test different hypotheses in a laboratory where the system of
interest can be isolated from outside disturbances, something
which is very difficult in the field.

The redox buffer capacity in the groundwater-rock system can be
described by the surficial weathering processes. Siever and
Woodford (1979) have described the dissolution of main cations
including Fe(1l) as the initial and fast reactions in the weather-
ing processas of mafic reccks. This is in good agreement with the
results we have obtained where the water samples taken at shallow
depth normally have a higher iron content than the deeper
waters. This is due to the fact that the deeper waters have a
higher pH and also a sulphide concentration which regulates the
iron concentration in the solution. The fact that the water at
shallow depth always has a high iron content indicates thaf, the
weathering reactions dissolve iron by a rate which is fast in
comparison with the flow rate of the infiltrating groundwater. Re-
sults of our laboratory studies support -these observations. Prac-
tically all the iron initially dissolved in the water will be
precipitated on the fracture surfaces. This fracture filling
mataerial is, howsver, accessible for reaction in case the chemical
conditions in the water are changed. Therefore the redox buffer
capacity can be defined as the amount of iron dissolved in the
weathering process.



It is well known that redox measurements in weakly buffered
systems are difficult to perform. Our studies indicate that
reproducible Eh values may be obtained wunder certain well speci-
fied conditions in the deep groundwaters. These are

* Nob atmospheric oxygen must be allowed to enter into the
.measuring system. ‘

* The hydrology in the borehole and in the vicinity of the
borehole must be known, so that waters from different origin
are not accidentally mixed in the borehole.

® The fate of the drilling fluid (preferably pure groundwater)
used during the drilling operation must be investigated. It
may take & long time to eliminate disturbances in the water
chemistry from this source.

Accurate chemical analysis of the redox components of the ground-
water provides additional information about ite redox status. Such
an anslysis should always be made because it also provides the
necessary information for the chemical modelling of the groundwa-
ter composition and evolution. We have pointed out that the
traditional ECl conservation method for the analyses of total Fe
and Fe(II) has serious drawbacks.

In many of the investigated waters the content of sulphide is of
the same order of magnitude as the content of sulphate. The
sulphide sample is always preserved by zinc acetate and sodium
hydroxide, which seems to be an acceptable method. The sulphate,
however, is normally &nalyzed on an untreated sample where the
sulphide at least partly may have been oxidized to sulphate. This
might result in errors unless the sulphide is expelled from the
sample. This could be done by acidification and flushing by
nitrogen at the time when the sample is collected.

The sampling of groundwater from depth is not & straight forward
process. In order to fully understand the results obtained from
these investigations one needs to consider the hydrological
situvation in the rock both before and after the boreholes have
penetrated the water conducting parts of the rock mass.

Before the boreholes have been drilled the groundwater flows in
the natural flow paths. This situation can be modelled from the
hydrogeologic data collected from the borehole investigatjons.

As one or more boreholes have penetrated the water conducting
horizons the hydraulic situation is no longer undisturbed. The
boreholes shortcircuit water conducting horizons and will result
in a flow of water from sections with a higher hydraulic head to
sections which have a lower head. In recharge areas this results
in a flow of surficial water down the borehole and in to deeper
lying permeable horizons.
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The drilling in itself is also a source of disturbance for the
groundwater sampling. The core drilling technique needs large
amounts of water to cool the drill bit and to lift the drilling
debris. The drilling water which is flushed down is saldom
recovered on the ground surface. Our experience is that the water
in the high permeability parts of the rock (with hydraulic
conductivities above 105 m/s) are always contaminated by drilling
water.
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REDOX CONDITIONS OF DEEP
GROUNDWATERS

~ Peter Wikberg and ‘lngmar Grenthe

Department of inorganic chemistry,
The Royal Institute of Technology
100 44 Stockholm, Sweden

'ABSTRACT

~ The redox conditions of deep groundwaters from crystalline rack
have been studied by in situ field measurements of Eh and analyses
of main and redox .sensitive elements dissolved in the groundwa-
ter. The field ocbservations have also been simulated under well
controlled conditions in the laboratory. New equipment for the
- down-hole Eh measurements and a mobile field laboratory have been
* constructed. The deep groundwaters investigated are reducing. The
Eh level being controlled by iron containing minerals in the
bedrock. This is also consistent with the analysis of redox
sensitive elements in the water.




INTRODUCTION

The redox potential, Eh, is one of the most important master
variables used to characterize natural water systems. Eh may be
measured experimentally and/or calculated from a chemical analysis
of the various redox couples in the water system.

Several attempts have been made to model the measured Eh-values by
using equilibrium models. The results of these attempts have often
been discouraging, c¢.f. Stumm and Morgan, and Lindberg and Run-
nels. On the other hand there are some cases where there is a good
agreement between measured and calculated Eh-values. Some of the
more interesting studies and discussions of Eh-data in natural
water systems are summarized below:

Lindberg and Runnels (1985) have made a comprehensive review of
experimental Eh-data. Their study included several hundreds of Eh
measurements in various groundwater systems obtained from the
racords of the US Geologic Survey. They compared the measured
values with those calculated for all possible redox couples in the
solution and found no correlation. Consequently they stated that
"The computed Eh values do not agree with each other, nor do they
agree with the single “"master" value measured in the field with a
platinum electrode" and "Eh values as input to equilibrium hydro-
geochemical computer models will generally yield misleading re-
sults for normal groundwaters".

Nordstrom et al. (1979) have studied the redox chemistry of acid
mine drainage. They found an excellent fit between measured Eh-
values and those calculated from the ferric/ferrous ratio in the
solution. They stated that the very good fit was due to the high
concentrations of iron. The authors also discuss the criteria
which must be fulfilled in order to obtain reliable Eh-measure-
ments.

Bouleque and Michard (1979) have studied the redox conditions in
sulphur rich brines and found that the redox potential is control-
led by polysulphides. They conclude that this can be the case in
many natural sulphide rich groundwaters.

Stumm and Morgan (1981) p 490, Stumm (1966) and Morris and Stumm
{1967) have discussed the Eh concept and the reliability of Eh-
measurements. They point out the experimental difficulties encoun-
tered when making Eh-measurements in systems with a low redox
buffer capacity and with redox couples which give low exchange
current densities at the electroda surfaces.

Whitfield (1974) has studied the behaviour of the platinum elect-
rodes as an Eh measuring device theoretically. He found that the
platinum will act as an inert electrode only within a rather
narrow interval. In solutions containing dissolved oxygen the
electrode will always respond to the platinum oxide potential. In
sulphide rich solutions there is a risk of PtS formation on the



electrode surface. In high saline waters PtCl coatings will be
formed.

There are some other studies where the authors  have discussed the
Eh-evolution in aquifers. Edmunds et al. (1984) have investigated
redox processes in three British aquifers. They interpreted the
results in terms of sequential reactions giving the water & more
reduced character in each step. Both the measured Eh and the
analyses of redox sensitive elemente supported this interpreta-
-~ tion. The unconfined sections of &all three &aquifers contained
- dissolved oxygen, Eh 350 - 450 mV. After a sharp redox boundary
the Eh seemed to be controlled by Fe(II) (Eh 0-100 mV), Fe(II) and
‘sulphide (Eh -200-0 mV) and methane and hydrogen for Eh< -200 mV.

Champ et al. (1979) have also investigated the redox conditions of
a groundwater flow path over & certain distance in a confined
aguifer. They interpret the results as redox sequences. These
- different sequences are characterized by the occurrence of oxygen-
nitrate, iron- manganese and sulphide, respectively when going
from upland recharge to lowland discharge areas.

From the literature survey given above it is obvious that both the
measurements and the modelling of the redox conditions of natural
groundwaters is not & straight forward process. The limited mate-
rial reviewed above, indicates that the measurements and modelling
of Eh may be successful in the cases where both chemically and

" hydrologically well defined systems have been investigated. It

gseems easier to elucidate how the chemical conditions can affect
the Eh measurements than to see how the hydrology affects them. In
the following will present & brief discussion on both subjects.

The chemical system must have a sufficiently large redox buffer
capacity in order to avoid that the system is disturbed by the
measuring procedure itself. The system must also contain & redox
-couple capable of exchanging electrons with the electrode materi-
al. The exchange current density decreases proportionally with the
concentration of the redox couple. Hence there is nc sharp con-
centration limit below which it is impossible to measure Eh.
However, good measuring devices  are needed  when measurements are
made in solutions with low concentrations of redox couples. Dis-
turbances in the form of irreversible reactions at the electrode
surfaces will be more important as the concentration of the elect-
roactive species decreases. It is therefore necessary to identify
and eliminate such disturbances.
-

The kinetics of the redox reactions affects the Eh-measurements in
two ways. One is that slow redox _equilibria, involving structural
changes in the molecules, e.g. S0<~ <=> §¢°, cannot be measured at
the electrode surfaces due to too  low exchange current densi-
ties. The .other is disequilibria  in the bulk phase caused by
recent mixing .of different types of water with different redox
status, e.g. oxic and anoxic.

'The mixing of waters with different charactefs is the hydrologic
. phenomenon which in many cases might be the (unknown?) reason for
the poor results of many attempts to measure and model Eh. Conta-



mination by drilling water may be one important cause of disequi-
libria when studying samples of deep groundwaters. Most drilling
methods use a cooling medium, no matter whether this is pure
groundwater or if it contains mud and lubricants it causes a
mixing of the water in the fractures of the rock. Due to this
mixing the chemical reactions are no longer at equilibrium or
reprasentative of the undisturbed medium.

The pumping of water from a specific section which is sealed off
from the 1rest of the borehole is also a source of
disturbances. The pressurs gradients in the undisturbed rock are
small compared to the gradient caused by the pumping. During the
pumping the water is subject to different pressure gradients than
normally, hence it also flows and mixes in a different way which
may result in a mixing of waters from different regions.

The mere existence of the borehole will also result in mixing
procasses as water conducting levels are shortcircuited. This
results in a flow of water from the 1level with the highest pres-
sure to the ones with the lowest pressura.

We have recently been engaged in a program to study the chemical
properties of deep groundwaters, as a part of an integrated effort
to study the geological, hydrogeological and geochemical condi-
tions at saelected sites in crystalline rocks in Sweden. In connec-
tion with this work we have improved both the sampling methods and
the analytical procedures. These technical improvements have made
it possible to obtain reproducible Eh-data and to describe these
data by using equilibrium models. The experimental work has also
given us some insight into the sources of errors that might be
encountered when measuring Eh-values in deep groundwaters in
crystalline bedrock. In order to support our chemical interpreta-
tions of the deep groundwater systems we have also made laboratory
studies of the grocundwater - bedrock chemical interactions.

This paper is intended to describe the rasults of Eh-measurements
and to compare them with the results of analysis of redox sensi-
tive elements in the groundwater. Both the equipment and the
procedure used will be discussed as they both have a large impact
on the results. The results of the fisld investigations have been
varified by laboratory simulations of the groundwater - rock
interaction.

EXPERIMENTAL

Equipment for in situ Eh measurements

A mobile laboratory and bore hole devices have been built (Almen
et al., 1986) in order to characterize the groundwater chemistry
in deep crystalline bedrock. Different experimental procedures
have been used to measure Eh. These are:



* in situ measurements in open boreholes

* measurements in cells on the surface through which the pumped
up water flows

* in situ measurements in isblated sections in the borehole
- from which water is pumped out

~ The in situ measurements in open boreholes were nbt reproducible
and the attempt to record Eh values in this way was not pursued.

In an early stage of the field investigations we pumped subsurface
water from a packed off section in a borehole to a flow-through
cell on the surface. In this cell we measured Eh (and pH). The
data obtained indicated that reproducible Eh-values could be
obtained, even if it took & long time (three to five days) for the
electrodes to attain a steady value (equilibrium?). We also found
that calibrations of the electrodes and interruptions of the
pumping caused large changes in the Eh-readings. These changes
were the result of the entry of small amounts of oxygen into the
measuring system. The oxygen was  then slowly reduced by the
‘strongly reducing groundwater. ‘ _

In order to eliminate these disturbances we constructed a down-
hole measuring system which could totally eliminate the entry of
oxygen. This equipment consists of a down-hole flow through cell
with electrodes connected to a&n electronics compartment for mea-
suring the potentials and transmitting the signal to a surface
data collection computer system. We kept the surface flow through
cell in order to obtain 2 comparison between the two measuring
systems. The setup is schematically illustrated in Figure 1. The
surface flow through cell is principally the same as the down-hole
one. The entire measuring system is described in detail by Almen
et al. (1986).

- The down-hole measuring sond contains three different electrode .
systems for measurement of Eh, pH and pS and a common reference
electrode. The reference electrode is a gel filled triple junction
Ag/AgCl electrode. The Eh measuring system consists of three
different electrodes, made of Pt, Au and glassy carbon, respec-
tively. We have used different electrode materials in order to
ascertain whether the measured potential is influenced by the
electrode material (electrocatalysis) or not. The most important
advantage of using several different types of Eh electrodes is
that mixed potentials are more easily identified as the different
inert materials catalyze the electrode reactions differently. Con-
sequently @ mixed potential is specific for the electrode materi-
al. Even if the mixed potentials would be stable in time they
would be expected to have different values for the different
electrode ‘materials. A

The down-hole pH and pS values eare measured by using & pressure
equilibrated glass electrode &and a Ag/Agzs or & silversulphide
membrane electrode, respectively. The down-hole electrodes are all
specially designed for the purpose, while the electrodes in the
surface flow through cells are &ll commercially available. The



measuring system was tested for stability in different ways. At
constant temperature the electronics has a drift less than 1 mv,
when tested over pericds of several weeks. The pH and Eh electrode
systems have the same stability when tested against stable buffer
solutions. It was not possible to perform such long term tests of
the sulphide electrode since the sulphide solutions were not
sufficiently stable. The calibration of the electrodes was used as
a continuous test of the performance and stability. The alectrode
system was calibrated before the down-hole equipment was lowered
into the hole and immediately after it was taken up. The
calibrations were made at the same temperature as in the sampling
section in the borehole. The difference between the two
calibrations were in general 1less than 5 mV for all the elect-
rodes. Differences of 10-15 mV are acceptable for our purposes.
When the differaences waere larger the electrodes were exchanged for
new ones. Our criterion for stable Eh values during the measuring
pericd was that all the slectrcdes should lie within a span of 20-
30 mV and the change in potential should be less than 10 mV within
two days.

Each of the electrodes was connected to a separate amplifier. In
this way very little current passed through the electrodes. The
amplifiers were connected to a multiplexer which was operated from
the surface data collection computer system. The multiplexer
connects each of the electrodes to an A/D converter. The digital
word was then converted into serial form and sent to the surface
as a frequency shifted signal.

The Eh-measurements is one of the parameters used to characterizs
the redox state and the general chemistry of the groundwater. We
have also made extensive chemical analyses of the major chemical
cocmponents including redox sensitive main and trace elements. The
main constituents are necessary in order to understand the flow
and mixing processes that might occur down-hole. These data are
needed continuously and immediately in the field experiments. The
redox sensitive alements have to be analyzed before oxygen has
entered into the water samples. In order to cbhtain this informa-
tion we have used on site measurements in a mobile field laborato-
ry. As discussed in the next section this was the only possibility
to cbtain quick and reliable analyses.

Sampling procedures -

Sampling holas were in general core drilled. The water yielding
fractures were located by hydraulic conductivity measurements. A
set of sections were selected for groundwater sampling. These were
then sealed off by packers and the water was pumped out conti-
nuously. A schematic illustration of the entire equipment is given
in Figure 2.

The pumped up water was lead directly into a field laboratory. In
this way the water could be analyzed without coming in contact
with the atmosphera. In the field laboratory the water passed
through cells where the down-hole measured Eh and pH values were
checked. The conductivity and the dissolved oxygen contents of the



water were also measured in these cells, which were placed in a
refrigerator kept at the same temperature as in the down-hole
- sampling section. -

An Jjon-chromatograph, & spectrophotometer and various titration
methods were .used for the field analyses. Methods, elements and
the detection limits are summarized»in the Table 1 below.

Table 1. Hethods and detection limits of the analyses which are
performed in the field laboratory.

Method  Element Detection limit (mg/l)
IC--  Ka 0.1
IC K 0.1
IC/SP NH, 0.1/0.005
IC NO5 0.05
IC/SP NO, 0.05/0.001
1c F 0.1
1c c1 0.1
Ic Br 0.05
IC/SP PO, 0.2/0.002
1Ic S0, 0.05
SP Feyoi/Fe?* 0.005
'SP Mn " 0.01
sp 510, o
sp s2- . 0.01
 Ttet S
Tit ca ‘ 2
it Mg 0.4
Tit  HOO3 0.6

§F . Uranine .. <0.1% dfilling water contamination

-~
- IC = ion-chromatograph
SP = gpectrophotometer
Tit= titration
§F = gpectrofluorimeter




Equipment for laboratory simulation of the redox conditions

During the field investigations weé have in many cases found water
samples which had ten per cent or more of drilling water contamin-
ation. Despite of this the waters were mostly reducing with an
appreciable concentration of ferrous iron. This indicates that the
kinetics for the reduction of the oxygen initially dissolved in
the drilling water is fast enough to deplate the water of oxygen
within a time span of a few months.

In order to test these observations on a laboratory scale we made
a number of experiments where we kept groundwater in contact with
drill cores of the rock in well sealed glass vessels. The water
phase was circulated continuously by a magnetic piston pump inside
the vessel. The pH and the Eh were measured continuously by elect-
rodes. The vessel was filled with approximately 5 litres of water
and the surface area of the drill cores were approximately 30
square decimeters, geometrically estimated. The experimental setup
is schematically illustrated in Figure 3.

RESULTS AND DISCUSSION

Eh measurements

The down-hole Eh measurements turned out to be more stable than
those made on the surface, Figure 4 illustrates these differences.

The shaded areas in Figure 4 include readings of all three elect-
rodes, gold, platinum and glassy carbon. The difference between
the electrode readings is smaller down-hole than on the
surface. However, the surface electrodes also approach the values
of the down-hole ones, aeven though this takas a long time. One
observes, that the pump failure indicated in the Figure has only a
marginal effect on the down-hole electrodes, whereas the surface
electrodes ars strongly affected. This is caused by oxygen diffu-
sion into the surface cell, and the effect of this on the redex
processes on the electrodes and in the solution. The down-hole
electrodes are not affected because of the total absence of oxygen™
in the surrounding groundwater.

The most important conclusion to ba drawn from Figura 4 is that
after the initial equilibration process the electrodes are con-
stant without any drift even in the time scale of several months.

An example of mixed potentials is the effect of small amounts of
dissolved oxygen on the electrode readings. This effect is easy to
distinguish because the electrodes always respond in the same way
to small portions of oxygen dissolved in the water. Figure 5 and
Figure 6 show how the electrodes in the surface flow through cell



respond in the beginning of a sampling period. Even though the
exzmples are taken from two different type of waters, see Table 2,
the Eh electrodes respond in the same way. The gold electrode
always gives & value which is much higher than the other electrod-
es. The gold electrode is also the one which gave the largest
response to the pump failure in Figure 4. This indicates that the
electrode processes on gold are more influenced by oxygen than on
platinum and glassy carbon. The concentrations of oxygen that
causes these changes is not exactly known. However, the results
plotted in Figure © indicate that concentrations well below the
detection limit of the oxygen sensor, 0.03 PP®, still have an
effect on the Eh electrodes.

‘The rate cf the reaction hetween ferrous iron and oxygen in

"~ aqueous solutions is well known. In neutral solutions the rate is

equal to
-&4(Fe2*)  &(po,) 2e 9
& "t xm = k(Fe )pOz(OH )

The rate constant k has been found to have & value of approxi-
mately (mol/l) 2atm~1g" by several investigators, see
e.g. Lowson, 1982. With a pH of 8.5 and a constant ferrous content
of 0.56 mg/l and a sufficiently low concentration of oxygen this
is a pseudo first order rate reaction with & half life of about 8
. hours. However, this reaction is very sensitive to pH and the
estimates of the rates of oxygen reduction must be calculated for
each situation. There is no doubt from the above estimate that the
intrusion of & pulse of oxygen in the sampling section or in the
measuring cell will spoil the measurements for several days.

The reproducibility of the Eh measurements was checked on several
occasions. The results are compiled in Figure 7. These data indi-
cate that the reproducibility of both the Eh and the pH measure-
ments is good. .

-The Eh is given as & function of pH in Figure 8. RAll data where
stable Eh values were obtained are included. The bars in the
Figqure represents the largest difference between the measured Eh-
values of the different electrodes.

. In Figure 8 one observes that there is a difference in the rgsults
- obtained in the early phases of the field measurements and the
later ones. This difference is a result of the improvement of the
measuring procedures. In the early phase the Eh-measurements were
interrupted frequently by calibrations of the electrodes. Each
time oxygen entered into the flow cell, it was only slowly expel-
. led. A typical situation after a calibration is shown in Figure 9
where Eh and dissolved oxygen values &re presented as a function
of time. From the ficure it is obvious that there is & drift in
the readings as long as there is dissolved oxygen left in the
measuring cell. In order to eliminate this source of error we
decided to continue the pumping without interruptions throughout
the whole measuring period in the field studies. This procedure
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has been used ever since and has resulted in much lower Eh read-
ings as can be seen in Figure 8.

Analysis

The field laboratory gave results that wers more consistent than
found previously. The most important improvement was found in the
iron analyses. Earlier results, on waters sampled and preserved
with hydrochloric acid (Nordstrom et al., in prep) and sent to
laboratories for analyses, showed a notable difference between the
amounts of total and ferrous iron. However, this was an artifact
due to the time delay baetween sampling and analyses. The oxidation
of ferrous iron to farric is a slow process in the acidified
sample but it does occur, and by time significant quantities are
oxidized. The results of analyses made at three different labora-
tories are presented in Figure 10. Cne can easily see that the
results from the field laboratory always gives a ferrous iron
content which is equal to the total iron content. The results from
the other two laboratories vary considerably. However, the results
of the total iron analyses agrees very wall between all three
laboratories.

Some of the computer codes used for the equilibrium modelling
compute the Eh-value of the solution on the basis of analytical
data for ferrous and ferric species. Calculations of this type
will be erroneous if a proper analytical method is not used. Our
data indicate that the traditional HCl-preservation must be used
with great care.

Modelling of the redox conditions of the deep groundwaters

The chemical interaction between the groundwater and the minerals
in the crystalline rock investigated, determines the character of
the groundwater. The water in the highly permeable parts of the
rock are of sodium-calcium bicarbonate type and has a fairly high
Fe(II) content, whereas the water in the less permeable parts of
the rock are of sodium-calcium chloride type with much lower iron,
but a rather high sulphide content. An example of the composition
of these two types of water is given in Table 2. From the Eh-
values in the Table it is obvious that both types of water are
strongly reducing.



Table 2. . The chemical composition of groundwater from boreholes
.Fj8llveden 2, at 468m and with high hydraulic con-
ductivity and Fj&llveden 7, at 722 m and low hydraulic
conductivity. All concentrations are given in mg/l.

Analysis Fj2  Fj7 Analysis Fj2  Fj7
PR 6.9 9.0 Eh(nV) -220  -350
3603 ‘182 16 Na ‘ 36 300
cL. | 3.7 40 - X , 1.4 1.3

F o0& - €2 ca 2 40

S04 ‘ 20 0.5 K 3.0 0.2
S(-1I) 0.2 0.6 Mn S .0.2 . .007
NO3 <.001  .009  Fe(II) 1.0  <.005
NO, | <.001  <.001  NHg .05 .04

The results of the Eh measurements made in the early stage of the
investigations provide an example of the difficulties in the
interpretation. The measurements gave & poor fit to a model based
on the ferrous and ferric iron content of the water (Wikberg
-et al., 1983). This was thought to be due to disturbances of
oxygen. Later on the same data were modelled by Nordstrom and
Puigdomenech who showed that the Eh in fact was controlled by the
sulphide, polysulphide and sulphur equilibria (Nordstrom and
Puigdomenech, 1986). The formation of polysulphide has taken place
through oxidation of sulphide <caused by the intrusion of
oxygen. Similar phenomena are known from some sulphide rich brines
(Boulegue &nd "Michard, 1979). From the EQ3/EQE data base (Wolery,
1983) the theoretical Eh-pH dependence for 0.01 ppm and 1 ppm

. . sulphide have been calculated (Puigdomenech pers. comm.) and

included in Figure '8, 1lines Al and A2. The theoretical Eh-pH
dependence for the hematite-magnetite equilibrium is also from the
EQ3/EQ6 data base (Puigdomenech pers. comm.), line C.

, : v A . -

The more recent field data have not been disturbed by intrusion of
oxygen. Therefore they plot close to the theoretical line for the
‘hematite-magnetite equilibrium. As can be seen from Figure 8 the
measured values both down-hole and on the surface &gree very
well. This indicates that the redox condition of the groundwater
-is - controlled by the minerals of the rock. This is reasonable
since the large buffering capacity is in the rock and fracture
£filling minerals and not in the water. However, the fact that a
certain mineral equilibrium agrees with the measured Eh does not
mean that the electrodes respond to this reaction. The electrode
process must still be mediated by a redox couple in the solution
which has & high enough exchange current density on the electrode
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surfaces. It is reasonable to think that this is the ferrous/fer-
ric redox couple. The ox/red ratio of this redox couple is then
controlled by the minerals.

The following scenario might describa the Eh determining processes
in the rock - groundwater system. Water which percolates through
the fracture systems of the rock slowly dissolves pPrimary minerals
of the rock. This process, weathering, occurs on the fracture
surfaces in the recharge areas. The weathering results in alter-
ation products which are specific for the process. Such reactions,
occurring in granitic rocks, have been frequently discussed in the
literature. Edmunds et al. 1984, have studied the chemistry of
groundwaters in Carnmenellis granite in the south west of the
British Isles. They concluded that the highly saline waters en-
countered had resulted from the kaolinization reactions of biotite
and feldspar. Cramer, 1982, also found that the chemical composi-
tion of the groundwater in the Lac du Bonnet granite in Manitoba,
Canada was described by the alteration of plagioclase, K-feldspar,
biotite and muscovite to form kaolinite and illite. These altera-
tion products were also found in the open fractures. The kaolini-
zation reaction as given by Edmunds et al. is:

xz(ug,re)4(Fe,A1,Li)2(s16A1202°)(oa)z(p,c1)2+3nzo+1za* -=--> Cl1-

Al2S1705(0H)4+4H,510442K*+2(Mg2*+Fe2* )+2(Fe3*+A13*4p1* )45~

This is a process where ferrous iron is dissolved in quantities
large enough to explain the amounts in the groundwaters. In cases
where oxygen containing water has weathered the rock it is pos-
sible to see an increase in the amount of Fe(III) oxides as the
ferrous iron released was oxidized to ferric which was precipi-
tated immediately, see e.g. Goldish, 1938.

The redox conditions of the groundwater thus reflect the redox
conditions of the bedrock even though chemical equilibrium has not
been reached between the solid minerals and the dissolved species
in the groundwater. As iron is the main redox constituent in the
solution it is not surprising that the Eh-values measured in the
groundwaters shows a good correlation with Fe(II) and Fe(III)
mineral equilibria. Many minerals give equilibrium lines which are
close to one another. Wa have used the magnetite-hematite equili-

brium as an example even if these are not the dominating Fe(II) .»

and Fe(III) minerals in the investigated granites. Brotzen has
previously described the Rh-values in deep . groundwaters in crys-
talline rock (KBS-1, 1977) as controlled by the ferrous/ferric
ratio in silicates. Due to the possible  variations of the ratio
Fe(III)/Fe(II) in the silicate solid solutions a variation of +/=
100 mV was applied. The Eh-pH.relation valid for unity ferrous/
ferric ratio is given by the equation

Eh(V) = 0.26 - 0.06 pH
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Results of more recent investigations show that the Fe(II) mine-
rals are by far more common -than. the Fe(III) minerals in the
investigated sites (Torstenfelt et al., 1983). Assuming an average
ratio of Fe(IlII)/Fe(II) of 0.1 the values are 60 mV more negative
included as 1line B in Figqure 8. This line is only about 20 mV
apart from the magnetite-hematite equilibrium line and as good a
model for the measured Eh values as the line C. There are also
other phase equilibria which give an Eh-pH relation close to the
measured Eh data. An example of such & reaction suggested by
Eriksson, 1985, p. 76, involves the eguilibrium between goethite
. and pyrite. This reaction has & slope of -75 mV/pH and depends on
the concentration of sulphate in the water.

" The bedrock is very heterogeneous from a strict chemical point of ~
view. Therefore we do not want to imply that Eh is controlled by
one specific reaction but only conclude that the redox conditions
are determined by the iron in the rock and fracture minerals. It
should also be noted that the measured Eh values in general show
that the waters are undersaturated with respect to Fe;03 by ap-
proximately three orders of magnitude. These calculations are made
using the Eh, ferrous iron and pH data because ferric iron con-
- centrations are not analytically available because practically all
the iron in the waters is in ferrous form, c.f. Figure 10.

The water samples from the early phase .of the investigation should
also have given Eh values close to the latter ones if the measure-
ments had been carried out without interruptions for longer peri-
ods. This it indicated by the fact that one single point where the
sampling section was pumped for a much longer time than the others
due to & very low flow rate plots close to the model lines B and C
in Figure 8. In this particular experiment there was time enough
for all the dissolved oxygen’ to be expelled from the measuring
cell.

Laboratory simulation of the redox conditions

- The results of three consecutive experiments where water was
circulated in contact with drill cores in a well sealed glass
vessel are illustrated in Figure 11 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
and the one where the water was deaerated clearly shows that tkere
is a delay in the Eh drop in the first case. It should &lso be
noted that the platinum electrode is much more sensitive to oxygen
than the graphite 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
(1985) : .

Duzing these experimente the water was analyzed for iron and
sulphide. The results are presented in Table 3. The analyses were
- made after terminating the experiments, except for the first run
where the natural groundwater was used.
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Table 3. Sulphide and total and ferrous iron contents in the
water rock interaction experiments. The 0O-values are
the concentrations in the natural groundwater used for
the first experiment. All concentrations are given in

mg/1.

NATURAL GROUNDWATER DEIONIZED WATER + HCO5
Component  O-values iA 1B 2 3
Fe(I1I) <.005 .039 .039 .006 <.005
Fe(tot) <.005 .041 .041 .011 <.005
S(-II) .01 ——— .03 02 0 ee=--

The successively decreasing amounts of ircn suggests that the
surface of the drill cores is gradually oxidized, 1leaving a smal-
ler amount of ferrous iron left to be dissolved in the water. How-
ever, 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. If the
reaction had taken place in the solution the rate would have baen
proportional to the amounts of dissolved iron. Consequently the
last experiment should have needed a longer time to reach reducing
conditions than the two preceeding cnes, this was not tha case.

A constant reduction rate could also be explained by a microbial
reduction of the dissolved oxygen. Organic material 1left on the
drill cores from the drilling could constitute the substrate for
the bacteria. We do not think that this is the case but the proba-
bility will be investigated in the future.

A set of similar experiments has been run with crushed material in
a different experimental setup. The result of these four runs are
presented in Figure 12. The first three of them are identical. In
the forth the equipment was placed in a box with nitrocgen atmosp-
here. 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. The constant Eh wvalues in the
three first experiments indicate a steady state situation where
the rates of oxygen diffusion into the system is balanced by the
rate of reduction by the Fe(II) minerals.

The reduction of oxygen due to chemical interaction between the
minerals and the infiltrating groundwater is a commonly accapted
theory. Ferrous iron is dissolved from easily weathered minerals
and reacts with the dissolved oxygen precipitating ferric hydrox-
ide (Siever and Woodford, 1979). Neretnieks (1986) proposed that
the main process for oxygen reduction in the infiltrating water is
the diffusion of oxygen into the rock matrix and a subsequent
oxidation of Fe(II) minerals. This process prcbably involves
diffusion of carbon dioxide or protons into the micro fractures
whera the Fo{(II) is dissolved and immediately oxidized to an
Fa(Ill) oxide by the oxygen which has also diffused into the



micropores. Thus the oxygen reduction takes place in the pore
water in the micro fractures. Neretnieks (1986) has used an aver-
age flow rate of the water and a diffusion rate of oxygen in the
rock matrix, to calculate the depth of oxygen penetration. The
result of this calculation agrees ' Wwell with some experimental
findings. He has made the assumption that the oxidation has taken
place since last glaciation which may be doubtful.

~ Investigations of weathering profiles . show that the content of
total iron is constant, (Cramer, 1882), but the ratio
Fe(III)/Fe(Il) is high at the surface and decreases gradually into
the bulk of the rock (Clauer et al., 1982). Fergusson (1982) p.48
and Goldish (1938) have demonstrated how weathering gradually
changes the amounts of Fe(II) and Fe(IIlI) oxides. The ferrous
oxide decreases and ferric oxide increases. Ferrous iron is dis-
solved, oxidized and precipitated as ferric hydroxide.

When a large number of experiments have been run with the same
drill cores there is a decrease in the reducing capacity. This
results in more easily disturbed Eh wvalues and & ‘longer time
needed for the initial reduction of oxygen. Polishing the sides
of the drill cores when the reducing effect was very 1low did not
improve the capacity eignificantly. Hence, it seems as if the
ability to reduce the oxygen resides mainly in the fracture mine-
rals in these experiments. :

In this context 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 perco-
lates through the scil cover. However, when the soil cover is
thin, the water which reaches 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(II) dissolved from the minerals in the bulk of the rock. As a
result of this reaction the existence of rust can be seen on the
fracture surfaces. An other obvious process is also the diffusion
of oxygen into the micro pores of the rock matrix, as described
previously. The diffusion of oxygen into the rock matrix is a slow
process, however, the flow rate of the water in these fractures<is
also very slow giving the diffusion process time enough to deplete
the water from the dissolved oxygen. A ‘

In the measuring cells the reduction of oxygen is a homogeneous
reaction which occurs in the aqueous phase. Fe(II) species or
sulphide (HS™) reacts with the oxygen. The rate of such reactions
is much more rapid &as indicated from the calculations of the
reduction of dissolved oxygen previously. Also the reactions
taking place when & deep reducing - groundwater is mixed with &
portion of surface or drilling water is of course also of this

type.



The reaction taking place in the laboratory is in principle of the
same type as the one occurring in the uppermost part of the
rock. However, there is one difference. The results of the labora-
tory studies indicate that the reduction of oxygen is due to
reactions with the fracture £illing minerals. Such minerals have
partly been formed by the precipitates from supersaturated water
flowing in the fractures systems. Therefore it is expected that
these minerals should be kinetically more accessible to reactions
than the bulk rock minerals.

One experiment has also been performed with carbon dioxide satu-
rated water. The pH of this was three units lower than in those
previously described. Within two weeks the iron content of the
water had reached a level of 0.2 mg/l which is five times higher
than what has ever previously been obtained. Therefore there is no
doubt that the carbon dioxide weathering is responsible for the
high iron concentration in the water. Siever and Woodford (1979)
have studied the dissolution kinetics and weathering of mafic
minerals. They have divided the dJdissolution processes into the
following steps:

* a rapid exchange batween cations, including Fe?* and Mgz*, and
protons in tha watar

* a slower incongruent dissolution of silica

Their studies at different pH values indicated that the dissolu-
tion rate is strongly dependent on pH. For the results of our
field and laboratory investigations this is a fully acceptable
model for the most important water-rock interaction.

CONCLUSIONS

It is well known that redox measurements in weakly buffered sys-
tems are difficult to perform. Our studies indicate that repro-
ducible Eh values may be obtained under certain well specified
conditions in the deep groundwatars. These are

* No atmospheric oxygen must be allowed to enter into the measur-
ing system.

* The hydrology in the boreshole and in the vicinity of the bore-
hole must be known, so that waters from different origin are
not accidentally mixed in the borehole.

* The fate of the drilling fluid (preferably pure groundwater)
used during the drilling operation must be investigated. It may
take a long time to eliminate disturbances in the water che-
mistry from this source.
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Eh values obtained in this way, may very well be used as input to
equilibrium hydrogeochemicél computer models. When interpreting
the results of such calculations one must of course always test
the equilibrium assumption. It is well known that some redox
equilibria are extremely slow, and they are of course not properly
modelled by the single master variable Eh. The statements of
Lindberg and Runnels (1985) thus need to be somewhat modified.

Accurate chemical analysis of the redox components of the ground-
water provides additional information about its redox status. Such
an analysis should glways be made because it - also provides the
necessary information for the chemical modelling of the groundwa-
ter composition and evolution. We have pointed out that the tradi-
tional HCl conservation method for the analyses of total Fe and
Fe(II) has serious drawbacks.

By comparing the results of fielé@é measurements with laboratory
experiments under well controlled conditions we have obtained data
that strongly indicates that the Eh-values in deep groundwaters
are determined by equilibria in the water phase which are control-
led by the minerals in the rock. On an Eh-pH diagram the measured
values lie close to the equilibrium line of magnetite and hema-
tite, and the ferrous/ferric ratic in the silicate mineral solid
solutions. The low wvalue of Eh is supported by the fact that no
ferric, only ferrous iron and sulphide are the dominant redox
sensitive elements present in the groundwaters.

The redox  conditions in the waters with & high concentration of
sulphide and where there has been an intrusion of oxygen seems to
be controlled by the sulphide/polysulphide equilibria in agreement
with the observations of Boulegue and Michard (1979).

The observed behaviour of oxygen which has intruded into the
laboratory system is qualitatively in agreement with the general
accepted theories for the evolution of groundwaters from oxidizing
to reducing, by Edmnds et al. (1984) characterized by oxygen,
iron and sulphide systems.

The redox buffer capacity in the groundwater-rock system can be
described by the surficial weathering processes. Siever and Wood-
ford (1979) have described the dissolution of main cations includ-
ing Fe(Il1) as the  initiasl and fast reactions in the weathering
processes of mafic rocks. This 1is in good &agreement with the
results we have cbtained where the water samples taken at shallow
depth normally have a higher iron content than the deeder
waters. This 4is due to the fact that the deeper waters have &
higher pH and also a sulphide concentration which regulates the

dron concentration  ‘in the solution. The fact that the water at

shallow depth always has & high iron content indicates that the
weathering reactions dissolve iron by a&a rate which is fast in
comparison with the flow rate of the infiltrating groundwater. Re-~
sults of  .our laboratory studies support these observations. Prac-
tically all the iron initially dissolved in the water will be
precipitated on the fracture surfaces. This fracture £filling
material is, however, accessible for reaction in case the chemical
conditions in the water are changed. Therefore the redox buffer
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capacity can be defined as the amount of iron dissolved in the
weathering process.

The chemical composition and evolution of the groundwater is a
central issue in hydrogeology. It is also of very great importance
for all studies concerned with the transport of trace elements and
toxic materials, corrosion etc. in groundwater systems. E.g., any
type of modelling of the evolution of a repository for radiocactive
waste materials, including the stability of metallic waste canis-
ters, the dissolution of the waste form, and the subsequent trans-
port of radiocactive material with the groundwater, must start with
a model for the undisturbed system. If one cannot model this it
will not be possible to model the more complex repository
system. The data reported in this study indicates that we have a
good understanding of the chemical phencmena responsible for the
redox state of deep granitic groundwaters and that we can express
this understanding in quantitative terms.
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1.

2.

A schematic . illustration of the equipment for down-

‘'hole Eh, pH and pS(sulphide) measurements. The down-

hole sond contains electrodes and electronics which is
operated from the surface computer system. The sond is
connected to a pump which transports the water up to
the surface. ~

b schematic illustration of the integrated mobile
field unit which is used for the chemical characteri-
zation of the deep groundwaters.sampled from isolated
sections in narrow boreholes. The water passes through

‘an unbroken plastic liner all the way from the pump to

the outlet in the field laboratory.

A schematic illustration of the glass vessel and cir-
culation pump system used for the laboratory simula-
tions of the groundwater-rock reactions.

Eh versus time plot of the surface and down-hole
measured values. Both measurements &re made in con-
tinuously flowing water. The dashed fields represent
the largest differences between the potentials of the
gold, platinum and glassy carbon electrodes. The
length of a pumpfailure period is indicated.

Eh versus time plot of the g¢old, platinum and glassy
carbon electrodes in the surface flow-through-cell at
the beginning of & pumping period in borehole Fjkllve-
den 2 at 468 m level. ‘ .

Eh versus time plot of the gold, platinum and glassy
carbon electrodes in the surface flow-through-cell at
the beginning of a pumping period in borehole Fj¥llve-
den 7 at 722 m level. -

Eh and pH data obtained at repeated groundwater samp-
ling in selected boreholes. The bars indicate the
uncertainty in the values.



Figure 8.

Figure 9.

Figure 10.

Figure 11.

Fiqure 12.
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Eh versus pH data of all the groundwater samples which
have been considered representative of the environment
where they have been sampled.

Eh, pS(sulphide) and dissolved oxygen data versus time
in the beginning of a pumping period in the early
stage of the investigations.

Results of analyses of total and ferrous iron concen-
trations in the groundwaters at three different
laboratories. Filled bars equal the amount of ferrous
iron. The full bar equals the amount of total iron.

Eh versus time data cbtained in the laboratory studies
of the redox kinetics. The first run is made with
deaerated water, the other two with air saturated
water.

Eh versus time data of four consecutive experiments on
redox kinatics. The fourth experiment is made in a
totally oxygen free atmosphere.
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INSTRUMENTATION FOR MEASUREMENTS OF Eh, pH and pS in DEEP GROUNDWATERS

Peter Wikberg and Karin Axelsen
Department of inorganic chemistty, The Royal Institute of Technology.
100 44 Stockholm, Sweden. : -

Jan Lund, Bengt-Erik Johansson and Olle Olsson, Swedish Geological Company,
Box 118, 930 70 Malé, Sweden. ’

ABSTRACT

Different methods have been used 1n order to measure the Eh (tedox potential),
pH and pS (sulphide concentration) in natural deep groundwaters. A light
weight logging tool has been developed for the measurements in open 56 mm
boreholes. This equipment 1is useful <for obtaining & chemical profile of &
borehole, indicating locations where the character of the water changes. The
measurements are not reproducible and therefore useless for & quantitative
description of the chemistry of the groundwater. Measurements have also been
- made in continuously flowing water pumped out from fsolated water conducting
sections in boreholes. These measurements are vreproducible. In conjunction,
the water is sampled for further analyses of main and redox sensitive
elements. Flow-through-cells have been constructed for measurements both
downhole and on the surface. The downhole measurements are not disturbed by
atmospheric oxygen as the measurements on the surface.




1. INTRODUCTION -

During the past ten years several questions regarding deep groundwaters have
been emphasized in the framework of nuclear waste disposal in deep geological
formations. Some of the important areas are:

How does the groundwater move in the formation?
How will the water affect the wasta package?

How willradionueiides, eventually released from the waste package, be
transported by the groundwater?

These questions are fundamental for an evaluation of the over-all safety of a
nuclear waste repository located in a deep geological formation. To answer the
questions one must have a good knowledge of the groundwater composition and
the interaction between the groundwater and the waste package.

Within the Swedish programme for disposal of nuclear wastes, known as the KBS
project, the Swedish Nuclear Fuel and Waste Management Company (SKB) has
performed investigations of areas, potentially suitable as a repository for
underground disposal of spent nuclear fuel (KBS-3, 1983) A number of sites all
over Swedan hava been studied, cf. fig 1. At some of them, Kamlunges, Gidei,
Svartbobergst and Fjdllveden, thorough geochemical groundwater investigations
have been performed. The characterization of the groundwater has bzen done by
three diffesrent methods:

1) pumping water from packed off sections to the surface and sampling of
vater for analyses of major and minor elements, trace slements and
isotopes. Measurements by electrodes of pH, Eh (redox potential), pS
(frea sulphide concentration), DO (dissolved oxygen content) and

. conductivity on the continuously flowing water

2) logging of pH, Eh, pS of the water in open coredrilled boreholes

3) monitoring of pH, Eh and pS in a packed off sections of the borehole
from which water is pumped up. The water is characterized and analyzed
as described in 1).

2. INSTRUMENTATION

Increasing emphasis has been put on field measurements and new procedures have
successively been developed. As many measurements and analyses as possible
should be made in the field, especially those of unstable quantities. There
ars a number of reasons why such measurements are suparior to later analyses
made on sampled water. Some of these will be mentioned below.

Many of the critical parameters are changed in contact with the atmosphers,
for 4instance oxygen sensitive parameters like Eh and the concentrations of



ferrous iron, sulphide and dissolved ox§géh. The same i1s true also for carbon
dioxide sensitive parameters like pH and alkalinity. Therefore these analyses
should be made downhole or at least as soon as possible after the water has
been removed from the borehole. . ' ’

- Another important advantage of the field measurements is that they 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.

2.1, "Suffgce measurements N : o ‘ .

"Measurements performed at the surface are made with conventional equipment
with commercially available sensors and instruments. The water pumped up
passes to flow through cell where pH, Eh, pS, dissolved oxygen and
conductivity are measured, cf. fig. 2. The cell is made of stainless steel and
* polyamid plastic lines are used for transporting the water. The equipment used
for this type of measurements consists of: , '

o . two inflatsble packers that are wused to seal off a section of a

borehole around a conductive fracture or fractured zone

o a polyamid.or teflon iiner used to transport the water to the surface
© . a hydraulically cperated pump, situated between the packers

. This instrumentation has been used to obtain analytical data from the

groundwater in the site investigations as mentioned above. The data has been
condensed into & table where rather narrow intervals are given for the
concentration of the main constituents in the water. In fact more than 90 per
cent of all the investigated waters fell within these 1limits. The remaining
vaters are mostly saline with a much higher concentration of sodium, calcium,
chloride and sulphate.

~ Table 1.

Average composition of ‘non saline groundwaters im Swedish gfanitic rock
(KBS-3, '1983). The concentrations are given in mg/l. '

pH . 7-9 . ca2*. 0 - 40 .
Eh, V. 0 -(-0.45) . Mg2* S 210
HCOg- .90 - 275 Na' 10 - 100
. 80427 . .e5-15 K" 7 1.5
" HPO42™ 7 0.01 - 0.2 Fe2* © 0.02 -5 -
KOg- ©0.01 -0.5 . Mn?* 0.1 - 0.5
F . 05-4 NH, . 0.05- 0.2
c1” 4 - 15 | §10z (tot) 3 - 1&

BS® ~0-05 . T . 1-8



2.2. Dovnhols measurements

The instrumentation for the in situ measurements in the boreholes is gpecially
dssigned for this purpose. Two sets of instrumentation have been developed,
ons for open hole measurements and one for measurements in a packed off
section of the borehols.

2.2.1. Equipment for opén hole measurements

The equipment dasigned for open hole measurements is a light-weight chemical
logging system, cf. fig. 3. It consists of a surface unit, a down hole sond
and a winch with cable and measuring wheel. The measuring electrodes are of
our own construction. Currently the pll Eh, ps and temperature can bs measursd
with this equipment. :

The surfa'ce unit is dased on a 'RCA 1802 CMOS microprocessor. The unit
transmits a digital word to the downhole unit, The word with the instruction
"mesasura slectrode mn® {s deccdad and the signal from the slectrods {3 sent to
the surface unit, also in digital form. From a keyboard the operator can
select the slectrodes to be measured and add comments in alpha numerical form.
All information is stored on paper lists and tape.

The downhole proba consists of a battery package, an slectronic compartment
and a head for attachment of the electrodes. All units are housed in a 2000 mm
long pastic tube with a diamster of 35 mm. The electrode head supports four
replacable alectrodes and two stationary electrodes (gold and platinum) and a
thermistor.

'2.2.2. Equipment for measurements in packed off sections

A downhole sond in conjunction with a downhole pump is placed in a zone that
is isolated by rubber packers, ef. fig. 4. Water is continuously pumped out of
the section and brought to the surface via the sond through a plastic tube. In
the downhole section the pH, Eh, pS and temperature are measured. At the
surface the same parameters plus the conductivity and the dissolved oxygen
concentration are measured, once again in flow through cells, which enable us
to check the performance of the downhole equipment.

All measurements are controlled by a surface unit, a RCA:s 1806 CMOS
processor. From a keyboard the operator can instruct the unit how to carry out
ths mneasurements; name the elactrodes, change time batwasen ths measurements
ete. The software 1s written in assembler language and consists of an
application program and an operative system capables of handling multiple
tasks. The communication between the surface and ths downhole units is made in
frequence shifted serial form with a rate of 300 baud.In combination with a
mobile field laboratory (Almen et al., 1986) the operation is made by a MDX-11
computar fron Scientific Micro Syaten Inec.

The downhole sond consists of an slectronic unit and a measuring chamber. All
communication and the power supply to the downhole probs goes through a five
conductor cable. The slectronics in the downhole unit has the following main
tasks:
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1, Receive a digital word from the surface unit containing the
1nformation "measure electrode nn' and decode it
2. Select the appropriate electrode and convert the analog signal to &
4 digital word
3. ;Transmit»the-digitel word in a seriai form to the surface unit

In the chamber the water flows continuously by the electrodes. Four of the

': electrode positions are constructed for replaceable electrodes and two
. electrodes (gold and platinum) are permanently mounted. All the electrodes are

connected to separate amplifiers with an extremely high input empedance, 10
Gohms. The temperature is measured by a thermistor with & resolution of 0.01
degree. The electronics and the measuring chamber are housed in a stainless
steel tube with a length of 1600 mm end & diameter of 54 mm.

A flow through cell on the surface consists of three chambers, in order to
provide separate calibrations of the different electrodes. This unit is placed
in & refrigerator in order to obtain a stable temperature. The flow through
cell can be equipped with up to eighteen electrodes including the conductivity
cell and the DO sensor. The electronics connected to these electrodes are
three sets of the same type as used in the downhole probe. All parts of the
cell are made. of stainless steel and the tubings between the parts are
polyamid plastics (Teczlan 6/4). '

2.3, ' Electrodes and sensors

The electrooes and sensors used in the surface flow through cells are 1listed

in table 2. These are all commercially availsble and reliable under the
conditions valid in our experiments

Teble 2. = '
Electrodes and gensors for measurements in flow through cells
Sensor ) Msnufacturer Model Type
PH o Electrofact SM 21/AG4 glass electrode
Eh ' ~ Metrohm . : EA 276 - glassy carbon
'Eh o ~ Metrohm .~ -~ EA 281 ' massive platinum
Eh Metrohm EA 284 massive gold
pS own construction Ag/AgaS :
reference . Electrofact S "SR 20/AP4 ' - gelfilled Ag/AgCl
DO - ¥Ys1 , - 57 . DO meter
‘ conductivity . Kemotron .~ . ' - 802-81 ° =~ = four elecprode

For the downhole measurements there are no commercial electrodes available.
The high pressure at depth §{n combination with the limited space in the bore
holes are the reasons why we have constructed own downhole electrodes. All
electrodes except for the reference have a diameter of less than 10 mm. The pH
and the reference electrodes are equipped with a pressure equalisation system
so that they can in principle withstand any pressure. Pressure changes do not
affect the electrode readings to any significant extent.



3. EVALUATION OF THE MEASUREMENTS

The types of instrumentation described above have been used in very different
ways. The use of an equipment for measuring the characteristics of the
groundwater when 1t has been pumped up to surface is a safe way of cbtaining
data, though in some cases it will be a very time consuming one. The downhole
measurements on the other hand 13 a much- batter way of obtaining the
characteristics in the trus surrounding of the water. The downhole
measuremsnts, howevar, need an instrumentation which because of limited space
and high pressure in the boreholes need to be specially constructed and hence
will become more vulnerable. Tha sxpsrience obtained wvith the different types
of equipment is summarized below:

1) A grou.ndwater punmp in combinat:ion with a flow through cell on the surface
is a sufficient tool for obtaining both master parameters like pH and Eh, and
gsamples for total analyses of the water constituents. The Eh measurements

performed in this way are time consuming especially when water with low redox
buffer capacitias ars encountered. It might tske a week for the redox
elactrodes to stabilize after a calibration of the system. This slow drift is
probably caused by traces. of oxygen that will only slowly be reduced 4in the
water. This assumption is confirmed by laboratory simulations which show that
it is possible to obtain stable electrode potentials within ons day in
solutions with a similar composition as the groundwater (Wikberg et al. 1983).

From a practical point of view the surface flow through cell i{s convenient to
use as the parts are commercially available and they can be exchanged without
removing the entire equipment from thas borehole.

2) The {instrument for measuring the pH, Eh and pS in open boreholes gives a
chemical profile of the borehols by measuring these parameters while the
instrument 1is lowered down the hole. However, the reproducibility of ths
measurements i1s poor and a quantitative interpretation cannot be made of the
measured data. The water in the borehole is not repressentatives of the
surrounding rock because of the mixing of shallow and deep waters, and
occasionally because of the presence of drilling water in the borehols. On the
other hand, the data has a qualitative value as indicator of inflow and
outflow of water with different character and the measurements are fast and
1naxpens£ve.

3) The ‘best results have beesn obtained with a gquite recently developed
equipment which is a combination of the surface and the downhole systems. The
pH, Eh and pS values monitored in situ as the water is pumped up are fres Trom
disturbances of atmospheric oxygen and therafore even the Eh values stabilize
vithin ona day. The same parameter monitored on the surface in a flow through
cell shows a different potential to begin with and it lasts about one week
before the Eh values monitored on the surface have reached the same lavel as
the electrodes downhole. Fig. 5 illustrates the redox potentials as function
- of time monitored both downhols and at the surface with threa different inert
electrodo materials.



4. DISCUSSION

The quality and usefulness of the results obtained is depending on the
~ chemical and the hydrological conditions of the investigated system. It is not
trivial to idencify the one which has the largest impact on the results in
different situations. Therefore each of them vill be discussed in some detail.

The chemical system in the groundwater of the rock reflects the chemistry of
the rock minerals interacting with the water. This interaction is & process
 which moves towards an equilibrium situation. However, the time needed for the
different - reactions to reach equilibrium may vary considerably, some
equilibria are reached fairly rapidly, e.g. calcite saturation (Fergusson,
1982, p 46), while others are very slow, and equilibrium is, if ever, reached,
e.g. quarts saturation (see e.g. Siever, 1957, Krauskopf, 1956).

The internal equilibrium among the redox couples present in the groundwater
also need varying time to be established. Hence, different redox couples
analyzed in the same water sample give different Eh values (Lindberg and
Runnels, 1984). It 1s essential to identify the different redox couples and to
see which of them are reversible and can possibly contribute to the electrode
reaction and electrode potential. It is not surprising that one single master
Eh value is not obtained from all redox couples present in the water. However,
there must be one or more couples which agree with the measured Eh value. This
value could be called the effective Eh of the water.

In the case where the Eh level and the buffering capacity are determined by
~the rock minerals the electrons mnust be mediated by a redox couple in the
solution which has a large enough exchange current density st the electrode.
Such a system might . easily be disturbed and the Eh measurements have to be
made carefully. We have noticed that the measurements in reducing mnatural
groundwaters are extremely sensitive even to trace quantities of dissolved
oxygen. It might take days before the effects of the dissolved oxygen have
disappeared and the electrode readings are stable.

The prevailing hydrogeological situation determines how the water mixes in an
undisturbed situation. In low conductivity parts of the rock the water travels
very slowly and is expected to be at equilibrium internally and with the rock
-minerals. This ideal situation is no longer valid when a borehole has been
drilled into the rock. The drilling in itself and the mere existence of the
borehole are factors which strongly affect the mixing of waters.

The normal core drilling technique needs large amounts of drilling fluid, pure
groundwater or mud, which is pressed down at a high pressure. Most of the
drilling fluid is not recovered at the ground surface. Hundreds of cubic
meters of water is lost intc the conducting sections when a 1000 m deep hole
is drilled. Assuming that this water mixes with a ten fold volume of

groundwvater the volume of wmixing water is in the order of thousands of m3.

This mixed water is in general not in equilibrium neither internally, nor with
the rock minerals. The careless investigator may erroneously take this as
characteristic of the deep undisturbed groundwater. A subsequent modelling may
reveal its non-equilibrium nature. However, this conclusion is not necessarily
valid for the undisturbed water. It is essential to have & good understanding
of the possible mixing processes when discussing the chemistry of deep ground
vater systems.



The borehole shortcircuits conductive parts of the rock mass which mostly have
different hydraulic heads. The result of this is that water flows from the
parts with the higher heads through thas borehole into parts with lower heads.
Especially in recharge areas whers the hydraulic head decrsases by depth this
results in a flow of surficial water down the borehols. In this way all the
conducting parts in the borehole will be intruded by the surficial water.

The low parmeability parts in the rock are normally less contaminated than the
. high conductivity parts. However, when these sections are sampled a great
force is needed to pump out the water. The pressure gradient which is created
in this way is orders of magnitudes higher than the natural one. Consequently
. this results: in a flov which is different from the natural water flow, i.a.
the rasult i{s a mixing of water that would not occur in the undisturbed
systen.

5. CONCLUSIONS

The mathod one selects for the characterization of the groundwater chemistry
must depend on the purpose of the investigation. A gquantitative picture of the
groundwater chemistry can only be cbtained from the investigation of water
from an isolated section. The Eh and pH values should be recorded downhole and
the analyses of redox sensitive elements should be made in the field.

A qualitative picturs of the chemistry can be obtained from a logging of a
borehole. The usefulness of the results is in this case dependent of the
hydrogeologic conditions.

Befors the data are used 4in equilibrium models ona should define the
hydrological conditions prevailing when the water sample was taken. A good
point i3 to tagg the drilling water with a tracer so that drilling water
residues can bs detected in the water samples.
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location of the places in Sweden which have been investigated
in order to obtain data for the safety assessment of a
repository for a final disposal of spent  nuclear fuel in a
crystalline bedrock.

A schematic illustration of the groundwater sampling equipment

~ whers pH, Eh, pS(sulphide), DO(dissolved oxygen) and
" conductivity measurements are made in a flow-through-cell on

tl;a surface.

A schematic 1illustration of the equipment for down-hole Eh,
PH, pS(sulphide) and temperaturs measurements in open

.boreholas. The down-hole sond contains elactrodes and

slectronics which is oparated from the surface unit.

A schematic illustration of the equipment for down-hole Eh, pH
and pS(sulphide) measurements. The down-hole sond contains
alactrodes and slectronics which is opsrated from tha surface
computer system., The sond i3 connected to a pump which
transports < the water up to ths surface flow-through-cells
where the measurements ars checked.

Eh versus time plot of the surface and down-hole measured
values. Both measurements are made in continuously flowing
water.
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INVESTIGATION OF THE
CHEMISTRY OF DEEP
GROUNDWATERS

"Peter’Wik‘berg and Karin Axelsen

' Department of kinorganic'chemistry.r
The -Royal Institute of Technology
- 100 44 Stockholm, Sweden

ABSTRACT

Equipment for the chemical characterization of deep groundwaters
have been developed. This is an integrated system consisting of a
mobile field laboratory where groundwater chemical analyses are
made and a down-hole measuring sond by which the most sensitive
parameters, Eh and pE, of the water are measured in situ.

The analyses made in the field laboratory have been controlled
against analyses made at external laboratories. The analysis of
redox sensitive elements are more consistent when analyzed in the
field laboratory. The other (main) constituents are in good agree-
ment with the results from the external laboratories. ‘

The deep groundwaters encountered at depth in the Swedish crys€;1-
line bedrock are mostly of sodium-calecium bicarbonate type, with a
TDS value of less than 0.1%. In isolated sections water with a
higher concentration of sodium and chloride are found. In areas
close to the shore line waters with high sodium, calcium, chloride

- and sulphate concentrations have been encountered. These waters
have a TDS value of more than 1%. : :



INTRODUCTION

The chemistry of the groundwater is influenced by minerals. The
reactions between rock minerals and the infiltrating groundwater
may be very slow. If the flux is very low there might be time for
a chemical equilibrium to be established between most of the
components of the groundwater and the rock, but if e.g. surficial
water has penetrated deep into the rock in a very short time there
might be a total disequilibrium batween the groundwater and the -
rock. However, different reactions need different time to reach
equilibrium. For some reactions even the geologic time might not
be sufficient for the equilibration. The dissolution and precipi-
tation of calcite is an example of a fast reaction as practically
all natural groundwater systems are in equilibrium with respect to
calcite see eo.g. Fergusson (1982) p.46. An example of the cpposite
gituation is the equilibration of quartz which at low temperatures
seems to be a very slow process (see a.g. Siever, 1957, Krauskopf,
1356).

The sampling of groundwater can in principle be dons in many
different ways. The method used mst be selected so that it will
fit the purpose of the investigation and the prevailing hydrogeo-
logical conditions. For groundwater sampling in boreholes there
are somg aspects which will sericusly affect the choice of samp-
ling technique. These are:

i the hydrogeological situation in the vicinity of the borehole

ii the number and the hydrology of the water yielding sections
in the boreholes

From the sampling point of view the easiest situation is an arte-
sian borehole with only one water yielding fracture. For the
sampling of this water practically no equipment is8 needed. It is
sufficient to collect the water that flows out of the borehole in
sample bottles. In all other situations the section which will be
sampled has to be sealed off from other sections in order to avoid
mixing of different types of water. The worst sampling situation
is in recharge areas where the borehole transports the surface
water down into water conducting sections at depth in the bore-
hole. An extensive pumping pericd might be needed in order to get=
rid of such disturbances before a representative water sample can
be obtained. ’

We have during the past five years been involved in a program to
study the chemistry of deep groundwaters. For a nuclear waste
repository placed at depth in the bedrock the chemistry of the
groundwater 1is of great importance. The reactions 1leading to
corrosion of the waste canisters and the dissolution of the waste
form will depend on the chemical composition of the groundwater.
Tharefore the chemical character of the groundwater will be one of



the most important factors for the safety assessment. Some chemi-
cal parameters are more important than others. These are factors
_that will speed up the corrosion rate, increase the solubility of
the radionuclides due to complexation and affect their migration.

Examples of some repository processes and hoﬁ they are influenced
‘by the groundwater components are given below.

Copper can;eter corrosion:fl ,sulbhide ions,end redox conditions
Bentonite backfill stability: alkaline and alkaline earth element
- jions
Spent fuel dissolution:. o carbcnete ions, pH-ané redox condi-
: : tions.
Radionuclide migration: " pH, redox ICOnditions, carbonate
. ) ' ‘ ' ions, colleoids, ‘humic and fulvic
acids

The trace elements that need to be characterized carefully are
those which are part of the waste form,  e.g. uranium and
radium. These elements are naturally occurring in the groundwater
system and are thus models for the behaviour of the implaced
waste. Other elements like thorium are analogues to the hazardous
nuclides with a similar chemistry and are therefore of interest to
study. ,

The migration of the dissolved radionuclides will take place only
in the groundwater which has passed 'through the repository. Hence
another group of important parameters are also those which can be
used to trace the history of the groundwater, thus indicating the
time of the water turn over cycle. It should in principle be

- possible to draw ‘important conc¢lusions on . hydraulic conditions

from the composition of the groundwater. In particular the iso-
topes should be useful in this respect (see e.g. Davis and Bent-
ley, 1982).

The contents of dissolved gas in the groundwater will describe the
equilibrium conditions and the evolution of the groundwater. Gas
seeping out from the mantle of the earth can be detected and the
- deep -gas carrying fractures thus located : .
>

Due to the conditions shortly described’ abovef_this{ type of an
investigation needs an instrumentation which is specially designed
for the purpose. In this paper we will describe the integrated
system we have developed for the investigations. We will also
present and discuss some of the experimental results.



EQUIPMENT FOR GROUNDWATER CHEMICAL CHARACTERIZATION

An integrated system of equipment has been developed to improve
the sampling and the analysis of deep groundwaters, see Figure
1. This equipment includes a sond for in situ measurements and a
fully equipped laboratory. The sond and the field laboratory are
connected via an umbilical hose through which the water is pumped
to the surface, the packer system and the down-hole pump are
hydraulically operated. Data communication and power supply be-
tween the surface and the down-~-hole sond is obtained through three
alectrical conductors also included in the umbilical hose. The
sond contains electrodes for Eh, pH and pS measurements. The
pressure is recorded and water for gas analysis can be collected
at the in situ pressure by remote control. The pump flow is adjus-
ted according to the pressure drop in the packed off section. The
maximum flow is 250 ml/min. Extensive pumping in a low permeabi-
lity section can decrease the pressure with more than 1 MPa, which
can cause an unwanted mixing of water with different origin.

The mobile field laboratory

We found that although many groundwater components can be accu-
rately analyzed at a later stags on well -preserved samples, the
redex sensitive components are better analyzed in the field before
the atmospheric oxygen has altered the redox conditions. In order
to perform the investigation most efficiently the analysis of the
main constituents and the drilling water residue are needed imme-
diately. Earlier results had clearly shown that sections that were
contaminated by drilling water should be avoided and that the time
needed for obtaining stable water composition varied considerab-
ly. Based on these experiences we constructed a field laboratory
for the analyses of major constituents and redox sensitive trace
slements.

interior

The laboratcry is installed in a specially designed caravan. The
external dimensions are 7 x 2.5 meters. The sieling is high, 2.5
m, providing an inside space large enough for two people to work
in conveniently. The two long sides are supplied with work benches
" and shelves and the short sides .are equipped :with doors, one of
them used only as an emergency exit and for loading:and unloading
of large equipment. A plan of the £field laboratory 1is given in
Fiqure 2. )

A 200 1 teflon coated water tank is connected‘to a pressure tank.
Normal tapwater, delionized water and doubly deionized water is
distributed in copper and poly amid plastic pipes, raspectively.
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A fume cupboard equipped with a fan is connected to a heat ex-
changer, through which the incoming air also passes. Inside the
laboratory there is an air conditioner to which an electrostatic
filter is connected. In this way dust is filtered off before the
" air comes into the laboratory and the small size particles that
passes through the dust filters are collected on the electrostatic
filter. Due to  this precaution we can analyze trace constituents
down to ppb levels._‘ :

instruments -

The analytical instruments used in the field laboratory are selec-
ted on the following basis:

*  because of limited space as many parameters as possible must
be analyzed with the same instrument

* the instruments should not require eide equipment such as
cooling system, forced ventilation, gas etc

An ion chromatograph, a spectrophotometer, a spectrofluorimeter
and titration equipment fulfill the requirements we have on the
instruments. The major constituents; sodium, potassium, chloride,
fluoride, bromide, sulphate and high concentrations of ammonia,:
nitrate and nitrite are analyzed on & Dionex 20101 ion chromato-
graph, to which & BHewlett-Packard integrator model 3392-A is
connected. The trace constituents; ferrous and total iron, manga-
nese, phosphate, nitrite, ammonia and sulphide, and also silicate
are analyzed on a Perkin-Elmer Lambda 1 spectrophotometer. The
alkalinity, calcium and magnesium are titrated with a Metrohm
Multidosimat E415 automatic buret. Uranine, the tracer which is
added to the drilling water is a&nalyzed with & Perkin-Elmer LS2
Fluorimeter.

Analyses

All the water samples which are collected have passed through an
inline 0.45 micron membrane filter. The methods and the quantifi-
cation limits of the analyses are summarized in Table 1. A more
detailed presentation of the analyses is given below. -

Major cations and anions are analysed by ion chromatography. The
cations are separated in a CS1 column and the anions in a AS4
column. 0.005 mol/l HCl and 0.0029 mol/l - 0.0023 mol/l bicarbo-
nate - carbonate buffer solution are wused as eluents for the
cation and anion separations respectively. In both systems fiber
supressors are used to decrease the conductivity of the
eluents. 0.0125 mol/l E,S0; and 0.08 mol/l tetramethylammonium
hydroxide are used for regenerating the fiber supressors for the



anion and cation systems‘respedtively. The datection limit is 0.1
mg/1 for most of the elements.

Ferrous and total iron are analyzed according to the ferrozine
method (Nordstrom et.al., in prep). The water sample is filtered
into a 100 ml volumetric flask containing 1 ml concentrated ultra-
pure hydrochloric acid. By using 5 cm cuvettes a quantification.
limit of 0.005 mg/l can be reached.

Table 1. Methods and detection limits of the analyses which are
performed in the field laboratory.

Method Element Datection limit (mg/1)
IC Na 0.1
K o 0.1 .
1C/SP NH, - 0.1/0.005
IC NO5 0.05
IC/sP  NOp - 0.05/0.001
1c F 0.1
Ic cl 0.1
1c Br 0.05
IC/SP- PO, © 0.2/0.002
Ic . so, 0.05
'SP . Fepgy/Fe?* 0.005 -
sp Mn 0.01
s»  sio, 1
sP s2" 0.01
tot
Tit ca 2
Tit Mg 0.4
Tit  HOOy 0.6 . .
SF uranine - <0.1% drilling water contamination

IC = ion-chromatograph
SP = gpectrophotometer
Tit=> titration

SF = gpectrofluorimater
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Manganese is analyzed according to a modified version of the
periodate oxidation method according to Hach, 1985 p.154. The
quantification limit is 0.01 mg/l.

Sulphide is analyzed according to the methylene blue method (SIS,
1976a) with & quantification 1limit of 0.01 mg/l. A simplified
version of the method (Hach, 1985 p.269) was abandoned due to bad
reproducibility of the calibration curves.

‘ Phosphéte is ccmplexed with» molybdate and cntimony(III) in acid

solution and reduced to a heteropoly complex (SIS, 1984). The
quantification limit is 0.002mg/1 as P. :

Nitrite is determined as an azo dye according to SIS, (1976éb). The
quantification limit is 0.001 mg/l as N.

Ammonium is determined by the indophenol blue method according to-

SIS, 1976c. The quantification limit is 0.001 mg/l es K.

Silica is determined by a simplified version of the silico-molyb-
date method (Hach, 1985 p. 274)

Calcjum and magnesium are determined by EDTA titrations according
to SIS, (1983) and SIS, (1974).

Alkalinity (=bicarbonate) is titrated@ with ECl  according to SIS,
1981.

Prilling water residues. The water used for the drilling is
tagged by uranine (0.5 mg/l). The uranine is analyzed at 520 nm in
the fluorimeter. The quantification 1limit is dependent on the
background fluorescence of the sample but always < 0.0005 mg/l,
i.e. less than 0.1% drilling water contaminaticn.

The down-hole sond for pH and Eh measurements

Relisble Eh measurements are notoriously difficult to make and
this area is perhaps the one where most of the efforts have been

-made in order to improve the sampling technique. As a result the

methods used for the Eh measurements have also been continuously
developed. The different methods which have been tried are:

* . in situ measurements in open boreholes . | -

R on surface measurements in cells through which the water,

pumped up from isclated sections, flows

* in situ measurements in packed off sections in the borehole

from which water is pumped out



The in situ measurements in open boreholes wera not reproducible
and the attempt to measure Eh values in this way was abandoned.

The measurements in the surface flow through cell indicated that
reliable values could be obtained even though it took a long time
for the electrocdes to reach a stable level. In an early stage of
the field investigations the Eh and pH were measured in this
way. The measuring cell was £requently opened for calibration of
the sensors. This resulted in oxygen contamination and because of
‘this there was never time enough for the Eh electrodes to reach a
" constant level. Interruptions in the pumping also had a great
influence on the BEh electrode readings due to leakage of oxygen
into the stagnant water in the measuring cell.

In order to eliminate these disturbances we constructed a down-
hole measuring system which should prevent accidental contamina-
tion by oxygen. This equipment consists of a down-hole flow
through cell with alectrodes connected to an electronics compart-
ment for measuring the potentials and transmitting the signal to a
surface computer. The setup i3 schematically illustrated in Figure
3. The volume of the down-hole flow through cell is approximately
one litre.

. Electrodes

For the down-hole Eh measurements three different inert materials
are used, gold, platinum and glassy carbon. In this way we can
identify erroneocus values which are due to reactions catalyzed by
the specific electrode material, among them the so called mixed
potentials. The gold and the platinum electrodes are permanently -
mounted whareas the glassy carbon like the rest of the electrodes
can easily ba disconnected and changed.

The pH is measured by a pressure equilibrated glass electrode and
the sulphide concentration is measured by a silversulphide mem-
brane or a silver/silversulphide electrocde. The reference elect-
rode is a gel filled triple junction silver/silverchloride elect-
rode. The down-hole electrodes are all speclally designed.

Each of the electrodes is connected to a separate amplifier. In
this way very little current passes through the electrodes. The
amplifiers are connected to a multiplexer which is operated from,
the surface computer. The multiplexer connects cne of the elect-
rodes at a time to an A/D converter. The digital word is then
converted into serial form and sent to the surface computer as a
frequency shifted signal.

The temperature of the water is sensed by a thermistor. This is
mainly because the temperature is needed for the calculations of
pH, Eh and the sulphide content from the measuring signals of the
alectrode systems.



The in situ measurements are checked in a compartment inside the
field laboratory, thermostated to the same temperature as in the
down-=hole measuring cell. The electrical conductivity and the
dissolved oxygen content of the water are also monitored. This
surface unit is principally the -same as the one used down-
hole. For the measurements in the surface system ordinary commer-
cial electrodes are used because there are no high demands on
pressure resistance or small size.

" Both the down-hole and the surface measurements are automatized.
The data collection system consiste of a MDX-11 computer from
Scientific Micro- Systems Inc. which is compatible with the digital
PDP11/23 computer. This uvnit has a 1 Mbyte memory &nd ‘& 15.9 Mbyte
Winchester drive.’

Céllbt;ation and corrections -

- The electrodes in the down-hole sond are calibrated in a standar-
dized manner. The calibration solution is circulated through the
cell by & circulation pump which is connected to the inlet and
outlet of the cell. The different calibration solutions and the
corresponding calibration values of the electrodes are shown in
Table 2.

Table 2. pH, Eh and pS values of the calibration solutions valid

at 1oqc.
Calibration solution pH Eh PSS
PR 4.0 buffer sélution_+ quinhydron 4.0  +487 nv
pH 7.0 buffer solution + quinhydron ‘ 7.0 +316 nV
pH 10.0 buffer solution » 10.2 '
0.05 mol/l NagS in 0.1 mol/l WaOH - (13.3) 2.0
0.01 mol/1 NasS in 0.1 mol/1l HCO™ '
CO3 buffer . - (10.5) - 5.5

a®
The calibration solutions are all prepared from ampoules and
dilution with deionized water. The pH standard buffers are ordi-
nary commercial products whereas the sulphide calibration solu-
tions have been specially made for these calibrations by pH-Tamm
Laboratorier AB. The pH buffers are also supplied by the same

campany.

The conductivity meter in the sutface ce11 is calibrated by 0.01
and 0.1 mol/l KCl solutions and the = dissolved oxygen meter is
checked egainst air saturated water.
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The temperature has a great influence on the electrode measure-
ments. Therefore we have tried to make <the calibrations at a
temperature which is close to the ' temperature of <the pumped up
water which is normally around 10°C. However, this is not always
possible and we therafore use data on the values of the calibra-
tion solutions as function of temperature in Table 3.

Table 3. The variation of the calibration values as a function of

temperaturae.
Temp pH 4 buffer - pB 7 buffer pH 10 buffer sulph
c PH Eh/mV PH Eh/mV pH pH* pH
0 4.00 501.3 7.06 355.5 10.30 10.57 13.67
5 4.00 494.2 7.05 325.4 10.23 10.52 13.49
10 3.99 486.7 7.04 315.9 10.17 10.47 13.31
15 3.99 479.1 7.01 305.9 -10.11 10.42 13.13

20 3.99 471.5 6.99 295.9 10.05 10.37 12.94

» pH of the carbonate-bicarbonate buffer containing 0.01 mol/l
sulphide

The concentration of the sulphide solutions is not changing due to
temperatura changes. Howevar, the hydrogen ion activity of the
sulphide solutions is dependent on the temperature as indicated by
the two last columns in Table 3.

If the calibraticn of the electrodes has been made at a tempera-
ture which is different from the ons of the pumped up water a
correction must be applied to the data. This correction is speci-
fic for the alectrode system and must be investigated for all the
different electrcde systems that are used, i.e. pH, Eh and pS. For
our electrode systems the following corrections are relevant:

spH = 0.02 x (Tea) jhration” Twater)
aEh = 0.5 mV x (Tca)ibration™ Twater)

apS = 0.07 x (Tcalibration™ Twater)

‘Gas sampling unit

Earlier investigations of the deep groundwaters have included a
qualitative-semiquantitative analysis of the gases dissolved in
the water. The groundwater has passed a trap where the gas which
has escaped from the water is collected. In this way the degree of



oversaturation of the water can be estimated. The gas collected is
analysed in a gas chromatograph with respect to the components
nitrogen, oxygen, carbon dioxide, helium and argon. However, this
technique can not tell how much gas there is left in the water
after passing the trap. It is also difficult to know exactly which
 volume the gas represents since it has been transported a long
‘distance through plastic tubings before it passes the gas trap.

_ The amounts of gas obtained on different sampling occasions varied
considerably. In some cases where water was sampled from a depth
‘greater than 500 m, the gas/water volume ratio was approximately

"1, while other waters contained orders of magnitude less gas.

These findings indicated that the difficulties in collecting the
gas dissolved in the deep groundwater had to be solved in such &
. way that the sample also could be transferred to the gas chromato-
_graph in ‘& safe way. Existing in situ sample collectors did not
- have a satisfactory way to transfer the sample from the collector
to the analyzer. The adapters that were needed always had too
large & dead volume, the gas content of which was difficult to
.control. We therefore redesigned the equipment for collecting the
pressurized water samples in close collaboration with the labora-
tory which will perform the analyses. We have tried to develop an
unbroken chain of procedures all the way from the sample elevation
to the laboratory analyses. The construction of the equipment was
made by "BAT AB" in cooperation with "IPA konsult". The design was
based on the principles of geotechnical-chemical sampling devices
- manufactured by "BAT AB" (Torstensson, 1984).

Pressurized sample collector

The gas sampler is placed together with the down-hole sond in
close connection to the down-hole pump and packer system, see
-Figure 1. The sampler consists of two unitg, one activation unit
. and one containing sampling flasks. These two can easily be sepa-
rated when new sampling flasks are loaded.

The sampling flasks are stainless steel cylinders sealed in both
-ends by flexible rubber discs. The sampling unit can be loaded by
- either two cylinders with the volumes 50ml and 100 ml or one
cylinder with a volume of 200 ml.

_ Operation and function

‘The sample cylinders are purged with very pure nitrogen and evacu-
ated several times before they are loaded in the sampler. A sample
is collected - by applying @& pressure on the hose to which the gas
. . sampler is connected. The connection between the inside of the

. sample cylinders and the outside water, provided by a double-
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ended needle, is kept open long enocugh fof the prassure in the
cylinder to reach the level in the outsids water..

The function of the double-ended needls is illustrated in Figure
4. vhen the sample cylinder is pressed downwards the needle pene-
trates the rubber discs, thus creating a hydraulic connection.
When the pressure is released springs (not included in the figure)
pull the needle out of the rubber discs. .

The rubber discs must be capable of withstanding a water pressure
of more than 10 MPa, corresponding to a  depth of approximately
1000 m. Consequently the composition and the geometry of the parts
involved must be carefully selected.

The filling and the emptying of the sample cylinders ares the only
occasions when the samples can be contaminated. Especially when
the sample is transferred from the cylinder into the analytical
equipment the connection must be absolutely tight in order not to
contaminate the sample by atmospheric gases. Therefore the trans-
for is made by the same technique as the sampling, i.a. by the use
of a double-ended needle and flexible rubber discs.

Pump and packer system

All the down-hole equipment is operated through the umbilical hose
which contains nine polyamid plastic tubes with inside diameters
from 4 to 10 mm, a 24 conductor signal cable and three copper
conductors with a cross-sectional area of 6 mmn . The hose is wound
up on a reael housed in a trailer, see Figure 1. The tubes and the
alectrical conductors are connected through a swivel in the center
of the reel.

The interface between the umbilical hose and the down-hole equip-
ment consists of a multicoupling for all the nine tubes and five
aelectrical conductors. The electrical connections have been tested
to withstand a current of 5 ampere.

The down-hole piston pump has a capacity of maximum 250
ml/min. The flow rate is adjusted by time relays controlling the
pressure pulses. The water is pumped up to the surface through the
down-hole measuring .cell. All parts in the pump which are in
contact with the water are made of stainless steel. . -

Tha packers that are used are normally one meter long. They con-
sist of inflatable rubber sleaeves which are tightly pressed to-
wards the walls of the borehole. The packers can be placed either
cne above and cne below the rest of the equipment giving a section
length of about six meters, or they can both be placed below the
purp at any desirable spacing. One configuration which we have
often used is to seal off the bottom of the hole by only having
the upper packer installed.
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'RESULTS AND DISCUSSION |

Performance of the field laboratory

The accuracy;_of the analyses that were madé in the field labora-

'~ -tory was controlled by analyses at two other laboratories. In &
" calibration and test run two boreholes with different types of

vater were sampled for a period of two months each. During this
test the * water was analysed five days & week in the field labora-

‘tory and samples were sent to the external laboratories. The

results of this "intercalibration" showed that the analyses made
in the field lsboratory were in most respects as reliable as those
made at the two other laboratories. This was very satisfactory
since the leboratories have used different methods for many of the
analyses. Atomic absorption and atomic emission spectrometers were
used for the cation and trace element analyses by the external
laboratories while they were analyzed on an ion-chromatograph and
calorimetrically in the field laboratory.

The sodium, potassium, calcium, magnesium, chloride, fluoride,
silica, bicarbonate and manganese analyses are in good agree-
ment. However, low concentrations of potassium and magnesium in
combination with high concentrations of sodium and calcium, res-

. pectively, give a large scatter in the results from the field
. laboratory. o S

The redox sensitive elements turned out to give more consistent
results when they were analyzed in the field laboratory as com-
pared to the results obtained from the two external laborato-
ries. Differences were obtained between total and ferrous iron,
sulphate and sulphide. The explanation to this will be discussed
in some detail. .

‘The water samples for ferrous and total iron analyses vere preser-

ved by hydrochloric acid. The acid was added to the sample bottle
before the water. Consequently the water was acidified immediately
as it entered the bottle. All samples for iron analyses, also the
ones analyzed in the field lasboratory were collected in this
way. The results show that the field analyses in most cases has
the same ferrocus and total iron content while there is. normally a
considerable difference in the ferrous results from the other

> laboratories. The reason for this is that part of the ferrous ¥on
 has been oxidized before the sample was analyzed. The oxidation of

ferrous iron to ferric is a slow process in the acidified sample,
but it does occur and by time significant quantities are oxi-
dized. The results of analyses made at three different laborato-
ries are presented in Figure S. It should be noted that the re-
sults of the total iron analyses agree very well between all three
laboratories.
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The sulphate analyses performed in the field laboratory are more
stable than those made externally. The reason for this is that the
sulphide in the water samples had time to be oxidized to sulphate
before the analyses were made at the external laboratories. Scme
of the investigated waters have a sulphide concentration which is
significantly higher than the initial sulphate concentratiocn. If
part of this sulphide is oxidized the sulphate concentration might
change considerably. In a quick check the sulphate concentration
.of a water sample changed from 0.43 to 0.63 mg/l within four hours
in a refrigerator. This is in good agreement with the half life of
sulphide oxidation in seawater which is known to bee a few hours,
Stumm and Morgan, 1981 p.471. If the sample for sulphate analysis
is acidified and purged by nitrogen it should be possible to
remove all the sulphida.

The sulphide is analyzed immediately on an untreated sample in the
field laboratory. The other sulphide samples are preserved by zink
acaetate and socdium hydroxide. The results of the external analyses
are more varying than the field analyses.

The fact that the result of the analyses were available immedi-
ately made it possible to use them for gquiding the drilling and
borehole investigations. The most Iimportant experiences in this
respect are: ,

. highly conductive sections (K=10°5 m/s) are severaly contami-
nated by drilling fluid. Occasionally the drilling water
rasidues have constituted up to ten per cent of the pumped up
water. The amount of drilling water contamination tends to
decreasa very slowly. Therefore the sampling of such sections
were terminated after only a couple of days pumping, because
it would take from months to years before the drilling water
had been totally removed.

* Low conductivity sections (x<1o‘5 m/s) have to be sampled for
a leng time before representative water 1is cbtained. This is
because the flow rate normally is very low. Figure 6 is an
example of the results from sampling such a section.

General Chemistry

The results of the analyses ﬁexformed in the mobile field laboras
tory are given in Table 4. Only major and redox sensitive alements
are included in the table.
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Table 4. Chemicdl compoiition ©f the groundwaters analysed with the scbile field laborstory. All
concentrations are given in mg/l. .

Bore level Ba K @ W Bo; @ B0 8-I11 Fey,y Fe2' pH Eh Type
hole = : S ) . ) -
S F§32 @68 3 14 21 3.0 182 3.7 2.0 0.2 0.65 0.65 6.9 -220
P37 122 300 1.3 4 0.2 40 0.5 0.6 D0.005 0.004 9.0 -350
- Kl 606 45 1.0 16 2.3 a 1.6 0.1 0©.013 ©.012 £.2 -305
Xx12 326 - 25 1.1 31 1.0 1" 0.1 0.08 0.140 0.13¢ 7.6 -290
41 3 1.6 16 2.0 23 0.1 024 0.045 0.039 8.2 -340
% 12 3.0 B - 40 ) 0.5 ©0.03 ©€.350 0.345 8.0 -290
860 65 1.6 6.3 1.8 .§1 1.5 0.12 0.043 0.041 8.1 =300
K19 €6 16 1.3 29 3.0 € 4.4 .02 0.09 0.09( 7.6 =275

€70 100 ©.22 C€.S30 0.580 7.5 245
2900 . 220 0.24 ©.915 0.%15 7.3 -220
$200 © 300 0.01 0.310 0.310 7.7 w---
61 8 <.0] 9.01 8.88 &9 ¢ 40
1500 "140 ©0.03 0.437 0.432 7.7 -270
S500 400 <.01 0.01 <.005 7.0 +400
4100 340 <.01 0.470 C.465 7.5 -0
§000 - 490 <.01 5.25 85.25 7.5 ¢ 50

Fi9 % 410 6.2 101 16

’ - 182 3050 17 78 78
360 . 1600 @ 1900 110
Fisl1 N 23 3 7% 6
23t €0 9 320 40

€33 1700 1S 1600 320
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From Table 4 it can be seen that there is a great variation in the
composition of the different waters. According to the composition
they can however be grouped as indicated in the last column of
Table 4. , i

Type A is a typical granitic water normally found at depths vary-
ing from several tenths of meters down to several hundreds of
meters, depending on the local hydrogeology; recharge/discharge,
conductive zones etc. Calcites have been dissolved and part of the
calcium' ions have. been exchanged with sodium from sodium rich
_minerals (Jacks, 1973). The concentration of other elements is
often very low. The type A waters are neutral to slightly alka-
~ line, depending on whether the carbonate system is open to input
of carbon dioxide or not (Garrels and Christ, 1965 p. 74).

Type B waters have had a longer residence time in the rock than
- the type A waters. The weathering reactions and perhaps some otber
processes have given the waters a contribution of sodium and
chloride. The pH of these waters are in general slightly higher

than that of the type A waters. S ' -

- Type C waters have been isolated in the rock for long time pe-
riods. The interactions with the minerals in ' the rock have given
‘them a high pH end high concentrations of sodium, calcium and
chloride. The high pH and calcium concentrations of the water have
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resulted in precipitation of calcite and hence a decrease in the
bicarbonate concentration.

Type D waters have probably a marine origin. These waters are
characterized by a neutral pH and high concentrations of sodium,
calcium, chloride and sulphate. The main difference Dbetween the
type C and type D waters is, besides the amounts of total dis-
solved solids also the pH and the sulphate concentration. -

The boreholes P19 and FiBl are located in 1& discharge area while.
all the others are located in recharge areas. The discharge area.
Finnsjén was covered by the Litorina Sea between 5000 - 7000 years
ago. A probable explanation for the salinity at Finnsjén is there-
fore that the seawater which seeped into the rock during this time
has been isolated by a freshwater pillow. The freshwater is sepa-
rated from the saline water by a subhorizontal £fracture zone. The
fracture zone itself holds some mixing water but due to the diffe-
rence in density there 1is very 1little mixing between the fresh-
water and the saline water above and below the zons.

The boreholes HK1 and HK10 are 1located in the bedrock under the
Baltic Sea. It is therefors not possible to define the surrounding
as recharge or discharge because the sea above has levelled out
all the local gradients. It is, howsver, interesting to see that
the saline water in the boreholes Fi9, FiBl1l, HK1l and HK10 all have
" fairly similar composition, indicating the same origin.

From Table 4 it can also be seen that the type A, B and C waters .
can - exist at any depth. However, there is a good correlation.-
between the hydraulic conductivity of the- rock and the type of -
water found there. The A type waters are. all sampled in highly
water conducting fracture zones whereas the type C water is ex-
. tracted from the low permeability parts of the rock. The type B
waters are mostly obtained from discrete fractures in the rock.

In Figqure .7 the waters from Table 4 are plotted on a modified
Pipar diagram. It can be seen from the figure that the waters of
the different categories fall close together in the diagram. The
figqura alse includes the "ewvolution" line of the groundwaters,
indicating the relative residence time of the water 4in the
rock. Water parcolating the soil cover takes up carbon dioxide and
dissolves calcite when it enters the bedrock (A'). The slower
weathering reactions, give the water an increasing sodium chloride
character (A -> B -> C). As the salinity increases there is often .
a tendency of increasing calcium ratios (C -> D). However, in this
case the type D waters are expected to have an origin different -

from the others. It is important to understand how mixing effects

would appear in the Piper plot. Water with a . composition given by -

any point on a straight line between two end members of given -

composition may be cbtained from a mixing of water from the end -
members. In the same way any point within:a triangle can be cb- -

tained by mixing of water with the characters described by the
corners of the triangle. “
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- Even though ‘the waters are of different type, they are all
strongly reducing. This is also in good agreement with the total
and ferrous  iron analyses which indicate that all the iron in the
waters is ' in the ferrous form. Many of the waters also contain
- detectable ‘amounts -of sulphide. There is one exception to the
~ thie, the FiBl borehole where both the most shallow and the deep-
. est of : the sampled sections gave positive Eh values. The strongly
oxidizing conditions at the 439 m level is due to the presence of
.considerable amounts of oxygen in the water. This is due to the
air flush drilling technique tested for this borehole. When the
effect of the booster air compressor is no longer sufficient to
keep the borehole free from water the pressure at the bottom of
the hole increases, and results in a flow of air into the water
conducting fracture systems. Large quantities of air can be dis-
solved due to the high pressure at depth. At 439 m depth 43 times
-more air can be dissolved than at the same temperature at atmos-
pheric pressure. The positive Eh of the most shallow level is in
good agreement with the pE and iron content of the water, assuming
that the water is saturated with respect to ferric hydroxige.

All the water which is sampled has passed a 0.45 micron online
filter. The amount and the distribution of the particulate mate-
rial in the water was estimated ' by filtering through 0.4, 0.2,
0.05 and 0.05 micron membrane filters placed in series. These
filters are analyzed -for .iron, aluminium, calcium, silica and
sulphur by an X-ray fluorescence. The results from such analyses

"léhow-that;‘the amounts of particulate material is in general a few:

tens of micrograms/l. However, there does not seem to be any
systematics in the distribution between ' the different
elements. .The reason for this might be that the particulate mate-
. rial results from the mixing of water of different origin. This
hypothesis is based on the results from a redox relaxation experi-
ment where the rate of reduction of dissolved oxygen was tested in
situ in a field experiment. Guided 'by results from laboratory
studies the test was made in the following way:

1000 1 = of groundwater was pumped out of a sealed off section at
.the 468 m level of the borehole Fj2. The water was analyzed in the
mobile . field laboratory while it was pumped up. The water was
. aerated, tagged by uvranine and stored until the iron hydroxide had
precipitated. Afterwards this water was pumped back into the
packed off section. Two weeks later the pumping of water was
. started again, including the analyses in the field laboratory. The
‘results obtained at these two pumping occasions agreed with the
results previously reported for the 468 m level of the borehkvle
Fj2 in Table 4. However, the water contained only 4% of the water
which had been pumped down. Furthermore ' the amount decreased

- rapidly down to 0.2 & within. a few days. The explanation to this

- is that the water in the packed off section had flowed away due to
the natural hydreulic gradient. Because of the very low portion of
the aerated water it was not possible to see any effects on the Eh
electrodes, which rapidly levelled out at a value of -250 mV. The
conclusion to be drawn out of this is that the experiment should
be repeated in a section with a much lower conductivity.
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During the experiment the water was filtered through the different

pore size filters as described above. The results of the analyses

of these filters are presented in Figure 8. The three first ana-

lyses are made on the water sampled in the f£irst pumping

period. The concentrations are constant with small variations

between the samples. The other analyses are made on the water

pumped out of the - section the second time. From the figure it is.
ocbvious that the intrusion of the oxidized-water has had a drama-.
tic effect on the contents of particulate material in the.
water. The Al and Si concentrations ara not: affected while the Fe:
content is high the first two days and then- decreases to "initial™
valuas. The sulphur content is the one- which has increased:
most. It also takes a long time befora it decreases to the level

of the undisturbed waters. The explanation to +this 1is that the
oxygen in the water which was pumped down reacts with the sulphide

in the water, oxidizing it to sulphur. If this is a common situa-

ticn the amount of sulphur collected on the f£ilters can be used to

datect the mixing of small portions of oxidizing waters with the

reducing deep groundwater.

Eh pH and pS measurements

The redox conditions of the groundwater are controlled by the
minerals of the rock. This is reasonable since the buffering

capacity is in the rock and not in the water. However, the fact -

that certain mineral equilibria agres with- the measured Eh does
not mean that they participate in the electrode reactions. The
alactrode process must still be mediated by a redox couple in the =
soluticn which has a high enough exchange current density. As iron -
is the dominating redox sensitive element with a high exchange
current density it seems likely that the iron redox couple is the
mediator. The redox conditions of groundwaters have been discussed
by Wikberg and Grenthe, (1987).

The down-hole pH measurements are in general consistent with the
surface measurements. Sometimes the down-hole values have been up
to 0.6 pH units lower than the surface values. This is prcbably
due to the escaps of carbon dioxide when the pressure is reduced.

In all the sampling occasions where the Eh and pH have been mea-
sured a sulphide electroda has also been used. From the results:
cbtained it is obvious that this electrode does not respond to the
sulphide content unless this is higher than about 10~5 mol/l1. Toe®
low sulphide concentrations may result in erronecus readings be-
cause the silversulphide acts as an inert electrode responding to -

the Eh of the reducing waters. In situations wheras low Eh values -
are measured, lower than =300 mV, the potential of the silver- --

sulphide electrode corresponds to a very high concentration of
sulphide, mg/l levels.
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Gas analysis

The contents of the sample cylinder is sucked into a high vacuum

- - bottle where all the gas dissolved in the water is released and
- pumped into & gas burette where the volume is measured. From this

burette a small volume is extracted for injection into & gas

. .chromatograph. The amounts of nitrogen, carbon dioxide, carbon
.. monoxide, helium,: hydrogen, methane, ethane, propane, isobutane,
.normal butane, argon and oxygen are determined with a typical
quantification limit of one ppm (volume gas/ volume sample). How-

ever an other 1limit 1is also set by the fact that the largest
sample volume is 200 ml and the smallest amount of gas needed for
the analyses is 1 ml.

.The gas sampling unit has recently heen taken into operation. So
far only one successful sample has been analyzed 1n order to test
the whole sequence of sampling and analyses.

CONCLUSIONS

The investigation of the chemistry of deep groundwaters has been
running for five years. During this time & large amount of data
have been collected, as well &s practical experiences. There are

- three steps, sampling, analysis and modelling, which are essential

for the understanding of the groundwater chemistry. All the steps
are equally important and it is useless to do the modelling, the
thiré step, if one of the previous steps is unknown or poorly
characterized. As a consequence of this in any groundwater study
the initiel efforts should be éirected towards the problems re-
lated to sampling and analysis.

: Sampling of groundwater from depth is not 'a straight forward

process. In order to fully understand the results obtained from

. these investigations one needs to consider the hydrological situa-
- tion in the rock both before and after the borehcles have pene-
_trated the water condncting parts of the rock mass.

-Before the boreholes have been drilled the groundwater flows in

the natural flow paths. This situation can be modelled from the

hydrogeologic data collected from the horehole investigations.*

-As-one or more . boreholes have penetrated the water conducting

horizons the hydraulic -situation 4is no longer undisturbed. The
boreholes shortcircuit water conducting horizons and will result
in a flow of water from sections with a higher hydraulic head to

.. sections which have a lower head. In recharge areas this results
. in a flow of . surficial water down the borehole and in to deeper

lying permeable horizons. In order to avoid these disturbances the
water samples should be collected as soon as possible after the
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holes have been drilled. The different water conducting sections
should also be isolated from each other by packers placed around
gvery section which has a hydraulic conductivity of 1078 m/s or
higher.

The drilling in itself is also -a source of disturbance for the
groundwater sampling. The core drilling technique needs large
amounts of water to ccol the drill bit and to 1lift the drilling
debris. The drilling water which is flushed down is seldom recove-
red on the ground surface. Our experience is that the water in the
high permeability parts of the rock (K > 10°6 m/s) are always
contaminated by drilling water. e

The contamination caused by the drilling water can be avoided if a
booster drilling technique is used instead of the diamond drilling
technique. In this case the compressed air will empty the borehole
from water and thus reduce the hydrostatic pressure in the bore-
hola. The raesult of this will be that water flows from the rock
mass in to the borehola, i.e. in the opposite direction to what is
the case in core drilling. Especially for high conductive fracture
zones close to the surface this mathod has proved to be
suparior. Howavaer, at great depth when the capacity of the booster
compressor is no longer sufficient to keep the borehole free from
water, the compressed air will intrude into the fracture systems
in the same way as the drilling water when core drilling tech-
~niques is used.

Other methods for obtaining repraesentative water samples frcmf;
fracture zones with high hydraulic conductivity might be the use
of pumps with much higher capacity.

Analyses

All the deep groundwaters we have investigated are reducing. Be-
causa of this the following aspects have to be considered:

* Analyses of ferrous iron must be performed immediately as the
sample is taken, because the acidification by hydrochloric
acid does not prevent the oxidation of ferrous iron. The deep
groundwaters are strongly reducing and there is practically
no ferric iron in them. Consequently the water sample acts as

. a trap for atmospheric oxygen, even though the reaction rato
is lower - than in a neutral solution. In samples where thé
ratio between ferrous and ferric iron is around unity the
waters are no longer reducing and the hydrochloric acid might
be useful for preserving the {ferrous-ferric ratio for a
longer time.

* In many of the investigated waters the content of sulphide is
of the same order of magnitude as the content of sulphate.
The sulphide sample is always preserved by zinc acetate and
sodium hydroxide, which seems to be an acceptable methed. The
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sulphate, however, is normally analyzed on an untreated

sample where the sulphide at least partly may have been

oxidized to sulphate. This might result in' errors unless the

sulphide is not expelled from thé sample. This could be done

by acidification and flushing by nitrogen at the time when
~ the sample is collected.

Modelling
The modelling of the groundwater chemistry should always be made
in two steps, the first one being a qualitative modelling of the

. groundwater chemistry. This includes the identification of the
" processes which have resulted in the chemical composition obser-

ved. These processes are mainly the interaction between the
groundwater &nd the rock but can alsoc include other factors like
disturbances due to other activities in the borehole.

For the qualitative modelling it is an advantage to be able to
test different hypotheses in a lsboratory. The great advantage
with the laboratory simulations is that the system of interest can
be isolated from outside disturbances, something which is very
difficult in the field.

A quantitative modelling performed with the aid of numerical
computer codes is the only tool which can be used to test the
chemical assumptions made. In order to make a verification one
must of course only use date which are representative of the
system one wants to model. Otherwise there is always the risk, as
in any multivariabel modelling, that the model which is created
fits the data even though the assumptions of the system are to-
tally wrong. Mixing of different types of water can create such
situations.
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LEGEND TO FIGURES

Figure 1. A schematic illustration of the integrated mobile
field unit which is used for the chemical characteri-
zation of the deep groundwaters sampled from isolated
sections in slim boreholes. The water passes through’
an unbroken plastic. liner all the way from the pump to
the outlet in the field laboratory. :

Figure 2. An illustration of the mobile fisld laboratory with
analytical instruments on both long sides used for
cation, anion and redox sensitive trace element analy-
ses. :

Figure 3. A schematic illustration of the equipment for down-
hole Eh, pH and pS(sulphide) measurements. The down-
hole sond contains electrodes and electronics which is
operated from the surface computer system. The sond is
connected to a pump which passes the water up to the
surface.

Figure 4. The .working principle of the gas'sampling unit.

Figure 5. Results of analyses of total and ferrous iron con-
centrations in the groundwaters at three different
laboratories. Filled bars equal the amount of ferrous
iron. The full bar equals the amount of total iron.

Figqure 6. Tha chemical composition as a function of time when a
low conductivity secticn in the borehole Fjillveden 7
at 722 m level is sampled for a long pericd. Only main
constituents are included.

Figure 7. A modified piper plot based on the concentration of
main constituents in the water samples. Thae letters A.
to D reprasent different categories of water which
have different residence time in the bedrock.

Figure 8. The concentration and size distribution of particulate
material filtered off the groundwater in a redox
relaxation experiment in Fjdllveden 2, 468 m level.
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