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ABSTRACT

The chemistry of groundwater in formations being considered as host rocks for

nuclear waste repositories must be known to assess the performance of those

repositories, and as media for laboratory experiments. Two potential repository

siting areas in the crystalline basement of northern Switzerland are being assessed.

This report gives the chemistry of water in both areas for reference use in this
assessment.

The western area is in the region defined by the Kaisten, Leuggern, Bottstein, and

Zurzach boreholes. The western reference water is an Na-S04-(Cl-HC03) type

with total dissolved solids of 1.0 gIl. Its composition is based on samples from the

Leuggern, Bottstein, and Zurzach boreholes. Kaisten water is of higher salinity

(1.3 gIl). The concentration ranges of the reference water include Kaisten values,

however. High quality samples and analyses, particularly from long term sampling

at Zurzach and Leuggern, define the concentration ranges of many trace elements.

The definition of this water assumes saturation with respect to calcite, baryte,

fluorite, chalcedony, and kaolinite. The reference pe is based on the assumption

that dissolved iron concentrations are controlled by the solubility of the mineral

goethite, and is consistent with other redox indicators such as the measured Pt

electrode potential and the ratio of dissolved As(V) to As(III).

The eastern area is characterized by the Siblingen borehole. The eastern reference

water is an Na-HC03-S04-(Cl) type with a total dissolved solids content of about

0.5 gIl. Only three samples taken during borehole drilling are available to define

this water, so it can be specified in less detail and with less precision than the

western water. Its definition assumes saturation with respect to calcite, baryte, and

fluorite. The samples permit only a broad definition of its oxidation potential and
content of redox-sensitive metals such as Fe, As, Mn, and U. Trace element data

for the most part are lacking.

Small quantities of much more saline water were found in two locations in the

realm of the western reference waters. A sample of an Na-(Ca)-Cl-(S04) water

was taken from 1326 m at Bottstein and of an Na-Ca-S04 water from 923 m at

Leuggern. These waters have total dissolved solids contents of 13 and 5 g!l,
respectively, and their chemistries are also given. They probably represent the

extreme range of water compositions that might be encountered in parts of a

repository in the crystalline basement of northern Switzerland.
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RÉSUMÉ 

La connaissance du chimisme des eaux souterraines des formations envisagées comme 

roches d'accueil pour le dépôt final de déchets radioactifs est nécessaire pour évaluer le 

comportement de tels dépôts; il en est de même pour la réalisation d'essais en labora

toire. Deux sites potentiels dans le cristallin du Nord de la Suisse sont à l'étude. Ce 

rapport présente le chimisme des eaux souterraines de ces deux sites qui servira de réfé

rence pour ces évaluations. 

Le site occidental se trouve dans la region définie par les forages de Kaisten, Leuggem, 

Bottstein et Zurzach. L'eau de reference correspondante est de type Na-S04-(CI-HC03) 

avec une minéralisation totale de 1.0 g/l. Sa composition est basée sur des échantillons 

préléves dans les forages de Leuggern, Bottstein et Zurzach. L'eau de Kaisten est plus 

saline (1.3 gIl). Les plages de concentration pour l'eau de référence incluent toutefois 

les valeurs de Kaisten. Des échantillons et des analyses de haute qualité provenant en 

particulier de prélèvements effectués durant de longues périodes a Zurzach et à 

Leuggern définissent les domaines de concentration de nombreux éléments traces. La 

définition de cette eau présuppose une saturation en calcite, barite, fluorite, calcédoine 

et kaolinite. Le potentiel rédox (pe) de référence est basé sur l'hypothèse que le fer est 

contrôlé par le minéral goethite. TI est 'en accord avec d'autres indicateurs rédox tels que 

la mesure du potentiel de l'électrode Pt et le rapport de l'As(V) dissous à l'As (Ill). 

Le site potentiel oriental est caractérisé par le forage de Siblingen. L'eau de référence 

est ici de type Na-HC03-S04-(Cl) avec une minéralisation totale d'environ 0.5 g/l. 

Seuls trois échantillons prélevés durant les travaux de forage sont disponibles pour 

caractériser cette eau qui par conséquent ne peut être définie avec autant de détails et de 

précision que celle du site occidental. Sa défmition présuppose une saturation en calcite, 
barite et fluorite. Les échantillons ne permettent qu'une definition approximative de son 

potentiel rédox et de sa concentration en métaux sensibles à ce potentiel comme le Fe, 

le Mn et ru. Pour la plupart, les données relatives aux éléments traces ne sont pas 
disponibles. 

De faibles quantités d'eaux beaucoup plus salines ont été trouvées en deux points situés 

dans le domaine des eaux de référence occidentales. Un échantillon d'une eau de type 

Na-(Ca)-Cl-(S4) a été prélevé à 1326 ID de profondeur à Bottstein, et d'une eau de type 

Na-Ca-S04 à 923 m à Leuggem. Ces eaux présentent une minéralisation totale de 

respectivement 13 et 5 g/l et leurs compositions chimiques figurent dans le rapport. 

Elles représentent probablement des valeurs extrêmes du domaine de variation des eaux 

qui pourraient être rencontrées dans certaines parties d'un dépot final dans le cristallin. 
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ZUSAMMENFASSUNG 

Die Chemie von Grundwãssem in Gesteinsformationen, die als potentielle Wirtgesteine 
für die Endlagerung radioak:tiver Abfàl1e in Betracht kommen, ist ein wichtiger Para
meter in der Sicherheitsanalyse. Daten über die Grundwasserchemie fmden auch 
Verwendung in begleitenden Laborexperimenten. Zwei potentielle Standorte im 
Kristallin der Nordschweiz werden zur Zeit evaluiert. Dieser Bericht prãsentiert für 

beide Standorte die Chemie der Wãsser, die als Referenzgrundwãsser für die 
Standortabklãrung gebraucht werden. 

Der west1iche Standort liegt in der Region, die durch die Bohrlõcher Kaisten, Leuggem, 

Bõttstein und Zurzach definiert wird. Das Referenzwasser ist ein Na-S04-(CI-HC03)

Typ mit einer Summe von gelõsten Feststoffen von 1.0 gIl. Die Zusammensetzung 
dieses Referenzwassers basiert auf Proben, die in den Bohrlõchem Leuggem, Bõttstein 

und Zurzach entnommen wurden. Das Wasser in Kaisten hat eine hõhere Sa1initãt 

(1.3 g!1), die aber in die angegebenen Konzentrationsbereiche des Referenzwassers 

integriert sind. Proben und Analysen hoher Qualitãt, insbesondere aus der Langzeit

Probenentnahme in Zurzach und Leuggem, bestimmen die Konzentrationsbereiche 
vieler Spurenelemente. Das modellierte Referenzwasser beruht auf der Annahme einer 

Sãttigung gegenüber Ca1cit, Baryt, F1uorit, Chalzedon und Kaolinit. Das Redoxpotentia1 

(pe) basiert auf der Annahme, dass der Eisengehalt im Wasser durch das Mineral 
Geothit kontrolliert wird. Diese Annahme stimmt mit dem gemessenen Platin
elektroden-Potentia1 und dem im Wasser bestimmten Verhãltnis an gelõsten 
As(V)1 As(ill) überein. 

Der potentielle õstliche Standort wird durch das Siblingen-Bohrloch bestimmt. Das 
Referenzwasser ist ein Na-HC03-S04-(Cl)-Typ mit einer Summe von gelõsten 
Feststoffen von ca. 0.5 gI1. Zur Bestimmung dieses Wassers stehen lediglich nur drei 

Wãsser, die wãhrend des Abteufens des Bohrlochs entnommen wurden, zur Verfügung. 

Dies bedeutet, dass das Wasser weniger gut charak:terisiert werden kann a1s das Wasser 
vom westlichen Standort. Eine Sãttigung an Ca1cit, Baryt und Fluoritwird 

angenommen. Die Proben erlauben nur eine grobe Definition des Redoxpotentials und 
der Konzentration redoxaktiver Meta11e wie Fe, As, Mn und U. Daten über 
Spurenelemente fehlen zum grossen Teil. 

Kleine Mengen von Wasser mit einer bedeutend hõheren Sa1initãt wurden an zwei 
verschiedene Probestellen im Bereich der west1ichen Referenzwãsser gefunden. Ein Na
(Ca)-Cl-(S4)-Wasser wurde in Bõttstein in einer Tiefe von 1326 m und in Leuggem ein 
Na-Ca-S04-Wasser in einer Tiefe von 923 m entnommen. Diese Wãsser zeigen Gehalte 
an gelõsten Feststoffen von 13 resp. 5 gll; ihre Chemie wird aufgeführt. Diese Wãsser 

werden wohl eher die Extemwerte der Grundwãsser darstellen, mit denen zumindest in 

bestimmten Teilen des Endlagers gerechnet werden muss. 
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In assessing the performance of a potential repository for nuclear waste, it is

important to know the chemistry of water naturally present in the formation in

which the repository would be constructed. This chemistry is an important factor

in determining the processes that will occur as water re-enters the repository after

its closure, and reacts with backfill, buffer, repository construction material,

canisters, and the waste itself. The natural water chemistry, and the water-rock

reactions that control that chemistry, will also be important in determining how
material leaving the repository, including radionuclides from the waste and other
products of reactions within the repository, will move through the geosphere.

During the process of underground exploration and construction at an actual

repository site, good water samples can be taken and analysed so the chemistry of

water influencing the repository at that site can be very well defined. When

evaluating potential sites without underground test facilities, however, the water

chemistry can be defined only by samples taken from boreholes. Such samples

have been modified from their in situ state by the effects of borehole construction
and by the sampling process itself. Thus, borehole samples must be carefully

interpreted in order to develop reference water chemistries suitable for assessing

the performance of a potential repository.

The purpose of this report is to present the chemistries of reference waters to be

used for assessing the performance of a potential repository for high-level radioac

tive waste placed within the crystalline basement of northern Switzerland (NAGRA

in preparation B). Two general locations have been specified for analysis. One is

in the region defined by the Nagra test boreholes at Bottstein, Leuggern, and

Kaisten, and by the thermal water boreholes at Zurzach. Water appropriate to
this region is called western reference water. The other region is in the vicinity of
the Nagra SibIingen borehole. Water found at that site is called eastern reference

water. These reference waters are part of a compendium of geological and

hydrogeological data that are described in NAGRA (inpreparation A) and are used

to support a comprehensive repository performance assessment (NAGRA in
preparation C).

The principal focus of this report is on these two reference waters. The locations

of the Nagra test boreholes and of the thermal boreholes at Zurzach are shown in

Figure 1.1. The reference repository temperature is 55°C corresponding to depths

from about 1100 to 1300 m. There is evidence from some boreholes (e. g.



NAGRA NTB 93-07 -2-

Bottstein and Leuggern) that water with a chemical composition quite different
from that of the reference water can be found in limited quantities at depths less
than or roughly equal to that of the reference repository. The chemistry of one of
these waters, from the Bottstein borehole at 1326 m was used as the reference
water for project "Gewahr" (SCHWEINGRUBER 1984). For completeness, the
chemistry of this water and of another unusual water from the Leuggern borehole
at 923 m are also given in this report.

•
Siblingen

•Schafisheim

"........
.,
'"..,,

"-.......
"

..... 41""'. .. ':"-~ -,,: .

Figure 1.1: Map of northern Switzerland showing locations of boreholes
that yielded waters discussed in this report

Figure 1.2 is a Scholler diagram comparing the two reference waters and the two
other waters discussed. In addition to the usual constituents, this diagram shows
fluoride because its concentration is above that of magnesium and approaches
those of calcium and chloride in several waters. As the figure shows, the eastern
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reference water is the least saline water. It is of the Na-HC03-S04-(Cl) type

with a total dissolved solids content of 0.5 grams per litre (g/l). The western

reference water has higher concentrations of all major ions, but particularly of Na,

Cl, and S04' It is of the Na-S04-(CI-HC03) type with total dissolved solids ofl.O

g/l.

Both the remaining waters are considerably more saline than the reference waters.

The sample from Leuggern 923 m is of the Na-Ca-S04 type, and has a total

dissolved solids content of 5 g/l, after correction for the drilling fluid content of the

original samples (WIITWER 1986, Table 5.18; PEARSON et al. 1989, Table 7.1).

The sample from Bottstein 1326 m is of the Na-(Ca)-Cl-(S04) type, and has a

total dissolved solids content of 13 g/l, after correction for the drilling fluid content

of the original samples (PEARSON 1985, Table 7.4; PEARSON et al. 1989, Table

2.3). The two reference waters will certainly be the principal influence on potential

repositories in the crystalline basement rocks. However, it is also possible that at

least part of a repository could be affected by small amounts of highly saline waters
such as those mentioned from the Leuggern and Bottstein boreholes.

1.1 Geochemical Modelling

The development of the reference water chemistries required geochemical

modelling. The modelling was done with the PHREEQE program (PARKHURST

et al. 1980 revision of 1990) and the 05/92 version of the Nagra Thermochemical

Data Base (PEARSON et al. 1992).

The modelling procedure employed was virtually identical to that used in develop

ing a hydrochemically consistent data set for the chemistry of water from the Nagra
deep boreholes (PEARSON et al. 1989, Section 1.2), and is discussed in Sections

2.3 and 2.4 of this report. Briefly, it included calculation of the total dissolved CO2

content of the waters (C02(aq) + HC03- + C03-
2
) and CO2 partial pressures

(PC02) from measured pH and alkalinity (m-value) data, and adjustment of the
solution pH to calcite saturation. In addition, the modelling program calculated

the saturation indices of a number of minerals and the partial pressure of several

dissolved gases. For the reference waters themselves, the program also calculated

the oxidation potentials corresponding to equilibrium between concentrations given

for members of various redox couples.
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Calcite saturation was chosen as the reference state of these waters because of the
rapidity with which this mineral reaches equilibrium with solution. Apparent
calcite oversaturation in groundwaters can often be attributed to sampling diffi
culties, particularly the loss of CO2 (PEARSON et al. 1978), although there are
reports of groundwaters which actually are oversaturated with this mineral. For

example, PLDMMER et al. (1990) describe consistent calcite oversaturation of a
few tenths of a saturation index (SI) unit in waters from the Madison limestone of
the north central D.S. They attribute this to active dedolomitization in the aquifer,

which maintains a state of calcite supersaturation. NORDSTROM & BALL
(1989) describe calcite oversaturation by a mean of 0.4 SI units for a number of
samples from Stripa, which they maintain is not an artifact of sampling or analysis,
and attribute to undefined kinetic effects. The crystalline basement of northern
Switzerland does not contain dolomite, and water in it is in a more advanced stage
of chemical evolution than water from Stripa. Thus, there seems no reason not to

adopt calcite saturation as a reference condition for these waters.

The modelling results are included in Table 2.1, 2.2, 3.1, 3.2, and 4.1 and are
discussed in the text of this report. These tables are similar to those of PEARSON
et al. (1989), and a detailed description of their contents can be found in Section
1.3 of that report.
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2 WESTERN TYPE

-7-

One potential repository site being analysed is in the region characterized by the

Nagra boreholes at Bottstein, Kaisten, and Leuggern, and the thermal water

boreholes at Zurzach (Figure 1.1). Waters from the crystalline above 800 m at

Bottstein, at all depths except 923 m at Leuggern, and from the Zurzach boreholes

have similar chemistries and define the western reference water. Waters from all

depths in the Kaisten borehole are somewhat different, but are within the ranges

of reference water properties given.

Waters from Bottstein, Leuggern, and Zurzach are Na-S04-(CI-HC03) types with

total dissolved solids contents ranging from about 0.9 to 1.1 g/l, Water from

Kaisten has higher SO4 and lower Cl concentrations and a total dissolved solids

content of about 1.3 gII. SCHMASSMANN et al. (1992, Figures 3.34 - 3.36)

describe the chemistry of these waters in detail, and illustrate their composition in
Scholler diagrams.

The chemistry of the reference water representative of this region is given in Table

2.2 and its major element composition is illustrated in Fig. 1.2. The rationale for

selecting this composition is discussed in Section 2.4. This is preceded by dis

cussions of the sources of chemical data (Sections 2.1 and 2.2), and the apparent

controls by mineral solubility on the chemistry of water in this region (Section 2.3).

2.1 Sources of Data

The Nagra programme in northern Switzerland has provided a number of sampling

points and analytical data from which an understanding of the regional water

chemistry can be developed. All the chemical data collected as part of the Nagra

programme are contained in the Nagra hydrochemical data base (NAGRA, 1989).

This data base also includes a compilation of analyses made by non-Nagra organi

zations from wells and springs sampled as part of the Nagra programme.

The Nagra deep borehole programme provided samples from various intervals

from the Bottstein, Kaisten, and Leuggern boreholes. WIITWER (1986) describes

the intervals sampled, and gives results of the chemical analyses performed by

Fresenius, and at the Paul Scherrer Institut (PSI). PEARSON et al. (1989)

evaluate the chemical data given by Wittwer to provide a set of water analyses

corrected for sampling artifacts and so thought to be representative of the ground-
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waters in situ. In the development of the reference water that follows, the mean

values used for the waters from each borehole are from the consistent data set of

PEARSON et al. (1989), while the ranges of concentrations are largely from the

tables in WITTWER (1986).

Samples from the thermal boreholes at Zurzach have been collected since 1981 as

part of the Nagra regional programme and analysed by the Mineralwasser Labor,

Zurich (VSB) and by Institut Fresenius, Taunusstein-Neuhof. The results of these

analyses and of analyses on additional samples collected from 1955 to 1978 are

also included in the Nagra hydrochemical data base. The mean concentrations

used below are those given by SCHMASSMANN et al. (1992, Appendix Tables

1 - 8), which are based on analyses made as a part of the Nagra regional pro

gramme. The tables of SCHMASSMANN et al. (1992) also include the standard

deviation of these mean values.

The final group of analyses considered were made at the Paul Scherrer Institut

(PSI) as part of a Nagra programme studying colloids in waters in crystalline rock

(DEGUELDRE in preparation). Samples from the Zurzach boreholes are

described by BRUTSCH et al. (1991), and samples from a zone between 1635 and

1686 m at Leuggern by DEGUELDRE et al. (1990). Both groups of samples were

collected so as to minimize contamination, and were analysed for many constitu

ents present in very low concentrations that were not sought or not detected in

analyses made under the previous Nagra programmes. The results of these studies

provide the onlydata available on the concentrations of several trace constituents,

and so they were used in developing the reference water chemistry. However,
these analyses have not been subject to the same level of verification, by

interlaboratory comparisons, for example, as have the analyses of other constitu

ents, and so they should be considered tentative. An interlaboratory comparison

exercise is now in progress using Zurzach water to provide support for the PSI

results.

2.2 Representative Analyses

The composition of the western reference water, shown in Table 2.2, is based on

the water compositions given in Table 2.1. These compositions are all averages of

analyses of several samples as described below. Additional analytical results not

included in the reference water composition but of possible guidance for perform

ance assessment activities appear in Table 2.3.
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There are two columns of numbers for each composition in Table 2.1. In the first

column, the concentrations are expressed as milligrams per litre (mg/l) and, in the

second, as molality (mol/kg H20 ). The molalities were calculated from the mgII

values as described by PEARSON et al, (1989, Section 1.2.1), and all are displayed

with the same number of digits. The number of significant digits is suggested by
the number of digits in the mg/l values. The second page of each analysis gives

calculated summary values including dissolved solids, cation and anion charges, and
the analysed total dissolved CO2 (= CO2(aq) + alkalinity as HC03-). These

calculations are described by PEARSON et al. (1989, Section 1.2). The second and

third pages of each analysis also include calculated saturation indices and gas
partial pressures.

Five waters are represented in the table. The first is described by data sets 1 and
2, which are averages of analyses by different organizations of a number of samples

from both Zurzach boreholes. The second water is described by data sets 3 and

4, which are analyses by two different organizations of water from the Leuggern

borehole between 1643 and 1665 m. Data sets 5, 6, and 7 describe the third,
fourth, and fifth waters. These are averages of samples collected at depths
throughout the crystalline basement from the Leuggern, Bottstein, and Kaisten
boreholes, respectively.

Data set 1 in Table 2.1 is the mean reported by SCHMASSMANN et al. (1992,

Appendix Tables 3-8) of the analyses of samples from Zurzach boreholes 1 and 2

made by Institut Fresenius as part of the Nagra regional programme. Analyses of

Zurzach water were made by both Institut Fresenius and by the Mineralwasser

Labor, and the results of both sets are given in the NAGRA hydrochemical data
set. SCHMASSMANN et al. (loc. cit.) give averages of all the analyses for each of
the two Zurzach boreholes (location numbers 131 and 132 and sample numbers
1-18 in the Nagra hydrochemical data base and the tables of SCHMASSMANN
et al. (1992), and of only the Institut Fresenius analyses for each borehole (location

131, samples 2, 5, 8, 11, 14, and 16, and location 132, samples 2, 5, 8, 11, 14 and
16).

The averages of the Institut Fresenius analyses were chosen for data set 1 for

several reasons. First, inspection of the data in SCHMASSMANN et 01. (loc. cit.)

suggests that the variability of the Fresenius analyses is smaller than the variability
of all the analyses combined. In addition, analyses of samples from the Nagra

boreholes were also made by Fresenius, and so adopting the Fresenius results for
the Zurzach waters will add consistency to the overall results. Finally, from
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inspection of the data in SCHMASSMANN et al. (loc. cit.), results of certain
Fresenius analyses (e. g. Ba+2) appear to be more consistent with equilibrium with
minerals in the groundwater system than do the results of all the analyses com
bined.

The averages given by SCHMASSMANN et al. (loc. cit.) are in various units
including moleeqj/rrr', mmol(eqj/m", mol/m", mmol/m'', and mgll. The mgll values
in Table 2.1 were calculated from these data. The molalities in Table 2.1, which
were calculated from the mgll values, differ by a factor of 1.0019 from the various
molar units in SCHMASSMANN et al. (loc. cit.). This is the difference between
molal and molar concentrations in this water and is the number of litres of solution
per kilogram H20 for these waters (PEARSON et al. 1989, Section 1.2.1).

The values of platinum electrode potentials and dissolved solids measured as
residues on evaporation at various temperatures are from the NAGRA·
hydrochemical data base. The residues are averages of the values reported for the
Institut Fresenius analyses. The platinum electrode potentials have been corrected
for the potential of the reference electrode against which they were measured, and
are the most negative of the values reported by Institut Fresenius. The most
negative values were chosen because the difficulty of excluding all atmospheric
oxygen from the apparatus in which the potential measurements are made often

gives rise to measured values more oxidizing (more positive) than correspond to

the groundwater in situ. Electrode measurements are made at temperaturescloser
to room temperature than to the temperatures of the ground-water in situ.
Therefore the pe values in Table 2.1 were calculated from the platinum electrode
values at a temperature of 20°C.

Data set 2 in Table 2.1 is the composition of water from Zurzach boreholes 1 and
2, measured at PSI as part of a study of colloids in groundwater, and reported by
BRUTSCH et al. (1991). Table 7 of that report gives results of ICP-AES analyses
of S, Zn, Si, Mn, Fe, Mg, Sr, Ca, Ba, Na, K, Mo, Cr, Cu, and AI for a number of
samples. The averages of the four groundwater samples T1GW1-4 were used in
Table 2.1. Table 7 also indicates that P, Sn, Pb, Ni, Ti, and La were below
detection in these analyses. These results for P, Sn, Pb, and Ni are included as
limiting concentrations in Table 2.1. The Ti and La results appear in Table 2.3.

Table 9 of BRUTSCH et al. (1991) give ICP-MS results for Li, Mg, As, Se, Sr,Zr,
Pd, Zn, I, Cs, Ba, Pb, and U. Results of analyses from each borehole are given
separately. The averages are used in Table 2.1, except that when the variability of
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one set of analyses was very much larger than that of the other, the mean of the
set with the smaller variability was chosen. When results for the same constituent
were given in both Table 7 and Table 9, the values in Table 7 were used.

BROTSCH et al. (1991) give inorganic carbon (equals total CO2) and total organic
carbon concentrations in Table 11, and pH values and platinum electrode poten

tials in the text. To reach a balanced analysis, concentrations of a few constituents

not reported by BROTSCH et al. (1991) were taken from data set 1 in Table 2.l.
These are marked "e" in that table.

The third and fourth sets of data in Table 2.1 represent water from a major
fracture near the base of the Leuggern borehole. Data set 3 is based on analyses
by Institut Fresenius of samples collected during the drilling and testing of the
borehole from depth intervals from 1637 to 1649 m, and from 1648 to 1689 m.

Both samples apparently represent water principally from a highly transmissive
fracture at about 1648 m. Data set 4 is based on analyses by PSI of samples taken
from beneath the lowest packer installed for long-term monitoring of the Leuggern
borehole, and it also represents principally water from the 1648 m fracture.

The data in Set 3 are averages of analyses of samples 16 and 23 from the
Leuggern borehole (location number 306) as given in Table 7.1. of PEARSON et
al. (1989) except for those constituents with concentrations reported as "n.n." (not
detectable) or less than «) a given value. The statistical significance of the "n.n."
and" <" designations in the original analyses is not known. However, to preserve

in the reference water the information that these constituents were sought, and to
indicate the approximate minimum levels above which they were not detected,

"n.n." values given in Table 7.1 of PEARSON et al. (1989) are shown as less than
the detection limit for the constituent as given in Table 3.18a of WITIWER
(1986). When different limiting concentrations are given in several analyses, the
lower concentration is shown in Table 2.1.

CO2 gas can easily be lost during sampling and analytical procedures from waters
such as these with CO2 partial pressures above that of the atmosphere. This loss

will lead to measured pH values above those of the formation water. Thus, if
different pH values are reported for several samples from the same source, the

lowest is likely to most closely represent that of the formation water and was

chosen for inclusion in Table 2.1.
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The uranium concentration given for data set 3 is taken from Table 7.2 of
PEARSON et al. (1989) and represents the mean of the PSI analyses for samples
16 and 23. The other value reported for sample 16 is a factor of ten lower, and is
inconsistent with analyses of other waters from the Leuggern and other boreholes.

The fourth set of data in Table 2.1 is from analyses made at PSI of samples taken

during a study of colloids in groundwater, as reported by DEGUELDRE et al.
(1990). The samples were of artesian flow from stainless steel tubing open to the
region below the lowest packer installed at the Leuggern borehole for long-term
pressure monitoring.

The concentrations were taken from Table 11 of DEGUELDRE et al. (1990),
which summarizes results given in other tables and in the text of that report. The
values in Table 2.1 have been rounded so that the number of significant figures
reflects the analytical variation shown in Table 11. The text on page 23 of

DEGUELDRE et al. (1990) lists actual or limiting concentrations for a number of
elements that were close to or below the detection limit of the analytical methods
used. These results are included in Tables 2.1 or 2.3.

The fifth, sixth, and seventh sets of data in Table 2.1 are the composite chemistries
of water typical of the upper crystalline basement from the Nagra deep boreholes.
Set 5 includes all samples from the Leuggern borehole, except those from the
intervals centred on 923 and 1423 m. Set 6 includes all samples from the Bottstein
borehole from depths above 800 meters. Set 7 includes all samples from the
Kaisten borehole.

The values in Table 2.1 are based on the consistent water chemical data given by
PEARSON et al. (1989, Table 7.1, 2.1, and 6.1) and were developed as follows:

• Averages are given for those constituents for which measurable concentra- .
tions were reported.

• Minimum values of the measured pH and Eh were chosen for reasons
discussed above, except that the second lowest pH value was selected for
Kaisten because the lowest leads to undersaturation with calcite and is
presumably in error.

• If the concentration of an entity was below detection ("n.n.") or given as a
maximum value in the tables in PEARSON et al. (1989), the value in
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Table 2.1 is given as less than the lesser of the detection limit or the lowest

maximum concentration reported. The rationale for this procedure is dis
cussed above.

• A number of constituents, for which analyses were made in samples from
the Bottstein borehole, were found to be below detection, and so were not
sought in later samples from the Kaisten and Leuggern boreholes. These
constituents and their detection limits are listed in Table 1.1 of PEARSON
et al. (1989). They are shown in the Bottstein data set in Table 2.1 or in
Table 2.3 with concentrations less than their analytical detection limits.

2.3 Mineral Solubility Controls on Water Chemistry

The use of geochemical models in determining the characteristics of a groundwater

in situ from the values of chemical parameters measured at the surface or in a
laboratory is discussed by PEARSON et al. (1978; 1989, Sections 1.2.4 - 1.2.6).

Many characteristics of the reference waters reported here are based on the results
of geochemical modelling.

The parameters influencing the dissolved carbonate system in the waters of Table
2.1 were adjusted by geochemical modelling so that the water would be saturated
with calcite at the formation temperature. The rationale and procedure for this

modelling is given by PEARSON et al. (loc. cit.). Briefly, one begins by calculating
the total dissolved CO2 concentration (= CO2(aq) + HC03- + C03-2) of the water
using the measured pH and alkalinity values. This concentration, together with the
corresponding calcite saturation index (SI) and log PC02' is given in Table 2.1. The
calcite SI values are positive for all waters, except that representing Kaisten,
suggesting oversaturation. The SI values for data sets 1, 4, 6, and 7 are so close to
zero as to indicate calcite saturation, within the usual measurement uncertainty of
pH and alkalinity values. The other samples have calcite SI values more positive
than 0.1, which suggests CO2 loss during sampling or pH measurement.

To adjust for apparent CO2 loss, all samples were modelled a second time with the

PC02 mathematically adjusted so that each would be at equilibrium with calcite.
The pH, total CO2, and log PC02 of these adjusted waters are also given in Table
2.1, along with their saturation indices with respect to a number of minerals and

other solids. The adjusted pH and log PC02 values for all but the Kaisten water
are within the relatively narrow ranges of 7.7 to 7.9 and -2.0 to -2.4, respectively.
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The corresponding values for the Kaisten water are 7.3 and -1.65. The pH and
pC02 values so calculated are taken to best represent those of the groundwater in
situ.

Table 2.1 also includes measured total dissolved CO2 values calculated as the sum

of the measured CO2(aq) contents and alkalinities. Virtually, the only substances
contributing to the alkalinity values of these waters are HC03- and C03- 2•

The total dissolved CO2 values modelled using the measured pH values are lower
than the measured values for all samples but the BRUTSCH et al. (1991) Zurzach
analysis and the Kaisten water. The BRUTSCH et al. (1991) result is a laboratory
total dissolved inorganic carbon (TDIC) value, and may well have been determined
on a sample from which CO2 loss had occurred. The Kaisten water has the highest
PC0 2 and could most easily have lost gas before CO2 analysis.

Saturation indices of selected minerals and other solids are given in Table 2.1. The
following are of particular interest as indicating possible controls on water chemis
try by mineral solubility.

Calcite (CaC03) : The pH and PC02 of the waters have been adjusted so they are
all at equilibrium with this mineral. As discussed above, the raw analytical data
support this adjustment, but there is also carbonate stable isotope evidence that
calcite minerals and water in the crystalline basement are at equilibrium
(PEARSON et al. 1991, Section 5.3).

Baryte (BaS04) : The water from Zurzach, the DEGUELDRE et al. (1990)

analysis of Leuggern 1648 m, and the Bottstein water have SI values between
0.06 and -0.06 indicating saturation with this mineral within the expected
analytical uncertainty (PEARSON et a1. 1989, Section 1.2.7). The remaining
waters have higher Ba concentrations leading to calculated oversaturation with
respect to this mineral. There is also stable sulphate isotope evidence that
water and at least some of the barytes found in the crystalline basement are at
isotopic equilibrium (PEARSON et a1. 1991, Section 7.1.6).

Fluorite (CaF2) : Waters from Zurzach, Bottstein and Kaisten have SI values
between 0.02 and 0.04, indicating saturation with respect to this mineral. The
Leuggern water from 1648 m is also close to saturation with respect to fluorite
(-0.07 to -0.16), while the composite Leuggern sample appears oversaturated
(0.38). The latter is probably a result of averaging over the wide temperature
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range of this borehole, because the individual samples included in the compos
ite appear nearly at saturation (PEARSON et al. 1989, Table 7.1).

Chalcedony (Si02) : The Si02 content of many groundwaters appears to be
controlled by the solubility of either quartz or chalcedony. The former is less
soluble than the latter, but forms more slowly, and so dominates only at
relatively high temperatures. At temperatures of 90 to 1000e and above, quartz
commonly is saturated, while at temperatures of 30 to 40°C and below,

chalcedony saturation is more prevalent. At intermediate temperatures, waters
saturated with either mineral are found. The waters in Table 2.1 have tem
peratures between 37 and 66°C, with chalcedony SI values from -0.07 to 0.10,

and quartz SI values from 0.25 to 0.49. Thus, the Si02 content of these waters
appears to be controlled by chalcedony. However, it has been noted (NAGRA
1991, Beil. 9.8) that there is a tendency for the deeper, higher temperature
water in the Leuggern borehole to be controlled by quartz rather than by
chalcedony. This possibility is included in the range of Si02 contents selected
for the reference water as described in the next section.

Kaolinite (A12Si20s(OH)4): The saturation index of this mineral is proportional to
6 . log (H+), 2 . log (Al+3) , and 2 . log (Si), so relatively small errors in

analysis even of saturated solutions can lead to SI values significantly different

from zero. The SI values in Table 2.1 range from -1.68 to +0.31, but their
mean is -0.17. This suggests that the waters may be saturated with respect to
kaolinite.

MAZUREK (1991), NAGRA (1991, 1992), and PETERS et al. (1986, 1989a,
1989b) report that all of these minerals are present in water-bearing zones in the
crystalline basement of northern Switzerland.

The remaining saturation indices do not provide unequivocal evidence about

mineral controls on water chemistry. However, some of them are useful indicators
of the ranges of concentrations of certain constituents, and of such parameters as
the redox potential, which are to be expected in waters in this region, as described
in the following section.
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2.4 Chemistry of Western Reference Water

Table 2.2 gives the chemistry of the reference water for the Bottstein-Leuggem
Zurzach-Kaisten region. The table includes the base water composition in both

mgll and molality, ranges of concentrations and other parameters that can be used

to guide the sensitivity analysis phase of performance assessment, and brief

comments about the selection of the mean values. Molalities were calculated from

the mgll values and all are given to the same number of digits. The number of

digits that are actually significant is indicated by the number of digits in the

corresponding mgll values, or by the ranges of concentrations corresponding to the

minimum and maximum values. The remainder of this section describes the

selection of the base values and ranges given in Table 2.2, and includes an explana

tion of the meaning of the comments in that table.

2.4.1 Base Values

Density LI· + K+ Rb+ Cs" NH + Mg+2 Ca +2 Sr+2 Ra +2 U, , , , , 4' , , , "

CI-, Br-, S04-2, As(lII), Mo, Alkalinity, B(OH)3' N2, CH 4, and Ar

Base values of these constituents are means of the Zurzach, deep Leuggern,

composite Leuggern, and composite Bottstein waters of Table 2.1 or of whichever

analyses include values for the constituent. Zurzach water was taken as the mean

of data sets 1 and 2, deep Leuggern water as the mean of data sets 3 and 4,

composite Leuggern as data set 5, and composite Bottstein as data set 6. In the

comments to Table 2.2, the mean of all four waters is designated (1 +2)/2, (3+4)/2,

5, 6.

Be+2, Cr, Co, Zr, Sn, I, P, As(V), and Se

These constituents were found in measurable amounts in some samples by the

techniques used by one laboratory, but were below detection in other samples or

by the methods used by other laboratories. Only concentrations reported as above

the detection limits were used to determine the values given in Table 2.2. In the

comments to that table, they are designated as "Mean Detected Cone." or "Only

Detected Cone." followed by the number of the data set or data sets included. It
is important to note that the meaning of the detection limits given in the original

data sources is not clear. Thus these concentrations should be used with caution.
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Mn, Fe, Zn, Pb, Total Fe, and Organic C

The possibility of contamination of these constituents in some samples was much
higher than in other samples, so the concentrations or mean concentrations of the
samples least likely to be contaminated were chosen. All samples taken during
drilling, including deep Leuggern, composite Leuggern, and composite Bottstein,
data sets 3, 5, and 6, respectively, could have been contaminated with these
elements (PEARSON et al. 1989). Thus, only detected concentrations in the
Zurzach (data sets 1 and 2) and the PSI deep Leuggern (data set 4) samples were
used to determine the reference water values. These samples were taken through
copper or stainless steel sampling systems, following considerable flow, long after
drilling. Because the deep Leuggern sampling system was stainless steel, the Fe
content of data set 4 was not included in the mean value. Organic carbon results
for Zurzach from Institut Fresenius (data set 1) and PSI (data set 2) differ widely,
although both were based on samples which should have been good. The PSI
result, which is the same as found at Leuggern (data set 4), was chosen for the
reference water, but until the discrepancy with the Institut Fresenius result is
cleared up, it should be used with caution. In the comments to Table 2.2, these
samples are designated as "Mean Zur, Leu PSI" or "Mean Zur", followed by the
number of the data set or data sets included.

These constituents were below detection or had measured concentrations attribu
table to contamination of the original samples (PEARSON et al. 1989). In Table
2.2, their concentrations are given as less than the lowest detection limit reported
in Table 2.1, and are designated "Detection Limit". Because the meaning of the
detection limits in the original data sources is not described, these concentrations
should be used with caution.

Ni, c», H2

Low concentrations of these constituents were measured in some waters, but
~

concentrations were below detection in others. Both metals are part of most
sample collection and analysis apparatus, and H2 could have formed from cor
rosion of iron or other metal in the sampling system. The concentrations in Table
2.2 are given as less than the lower of the minimum measured concentration or the
detection limit. Again, because the meaning of the detection limits is not clear,
these concentrations should be used with caution.
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Tb, W

Only one analysis was given for each of these elements, and these results appear
in Table 2.2. The Th concentration is similar to that of U, which is reasonable as

both elements are present principally in the IV valence state in these waters. The

W value should be used with extreme caution.

For geochemical modelling and the preparation of artificial water for laboratory
use, analyses should be electrically neutral. The Na+ was therefore adjusted for

charge balance. The mean Na" content of the four waters in Table 2.1 was 322

mg/l (1.403E-2 molal), while the adjusted value in Table 2.2 was 323.8 mg/l
(1.411E-2 molal). The residual imbalance in Table 2.2 (7E-6 molal) results from
rounding errors.

The concentrations of these constituents and the values of certain other parameters

of the reference waters were determined by geochemical modelling. Ba +2 and P
were modelled assuming control by the minerals baryte and fluorite, respectively.

The modelled concentrations, and, for comparison, the mean concentrations of the

waters in Table 2.1 are:

Element

Ba

F

Modelled Mean Analysed
Concentration Concentration

(mg/l) (molality) (mg/l) (molality)

0.05 3.65E-07 0.07 4.76E-07

12.2 6.43E-04 12.5 6.58E-04

The concentrations of H2Si03 and AJ+3 were modelled assuming control by a silica

(SiOz) mineral and kaolinite. Calculations were made with both chalcedony and
quartz as controlling silica minerals and compared with the analysed values with

the following results:
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Modelled
Concentration

Mean Analysed
Concentration

(mg/l) (molality) (mg/l) (molality)

SATURATION WITH RESPECT TO CHALCEDONY AND KAOLINITE

Al

46.1

0.012

5.9lE-04

4.46E-07

38

0.0035

4.94E-04

1. 30E-07

SATURATION WITH RESPECT TO QUARTZ AND KAOLINITE

Al

20.6

0.025

2.68E-04

9.42E-07

38

0.0035

4. 94E-04

1. 30E-07

The modelled concentrations at saturation with respect to baryte, tluorite, and
chalcedony are within the range of concentrations measured in the several waters
given in Table 2.1. The modelled AI concentration is higher than its analysed
value in all but one of the waters. This could result from difficulties in the
aluminium analyses themselves, from the fact that the waters are not truly satu
rated with respect to kaolinite, or from errors in the thermodynamic data for
aqueous species or kaolinite used for the geochemical modelling.

The H2Si03 concentration modelled assuming quartz saturation is below the range
of measured concentrations, while the modelled AI content is above the mean
measured Al content and above all but one of the individual waters. Although
concentrations corresponding to chalcedony saturation have been chosen for the
reference water, quartz could well be the controlling silica phase under conditions
undisturbed by drilling. Concentrations corresponding to quartz saturation are
included in the range of concentrations given in Table 2.2.

pH, COZ(8q) ' Peo» Total dissolved COz

Values of these properties of the base reference water were modelled using the
Ca+2 and alkalinity values of the reference water and assuming calcite saturation.
The solubility of calcite varies with temperature, but any error introduced by
averaging waters at different temperatures is less than the analytical uncertainty of
the data themselves. The modelled log PC02 and total dissolved CO2 values are
-2.02 and 4.90E-3 mol, respectively. Both are within the ranges of values of the
four source waters, although the log PC02 is at the most positive end of the range.
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The modelled pH is 7.66, which is slightly lower than that of any of the source
waters at calcite saturation. This is because the reference water temperature,

55°C, is higher than the mean temperature of the source waters, 46°C.

Oxidation potential

The oxidation potential of the reference water (pe = -2.72) was developed by

assuming that the iron concentration of the reference water results from saturation

with respect to the mineral goethite (FeOOH). At the reference water tempera

.ture, this is equivalent to an Eh of -0.18 volts, which is the same as the minimum

measured Pt-electrode value given in Table 2.1. As discussed in the following
section, this oxidation potential is also consistent with the saturation state of

minerals of other redox-sensitive metals, and with the potentials calculated from

various redox couples.

2.4.2 Ranges of Concentrations and Other Parameters

In repository assessment calculations using this reference water, it will be important

to analyse the sensitivity of performance parameters to variations in the water

chemistry. To assist this analysis, ranges over which the solute concentrations and

other properties of the water may vary are also given in Table 2.2. The procedure

used to develop these ranges is described in this section. As will be evident, the

ranges have no strict statistical significance.

Note that if these ranges are used for sensitivity analyses, it would not be correct

simply to randomly vary individual concentrations or parameter values, because to

do so could lead to physically unrealistic water compositions. For example, a per

mutation which led to the concentration of a major cation at the upper end of its

range, and that of a major anion at the lower end of its range, would produce a

water with a serious charge imbalance. Likewise, a permutation with both Ca +2

and P- at the upper end of their ranges would produce a water strongly

oversaturated with respect to tluorite. Changes in pH and pe values could also
lead to waters with improbable mineral saturation states.

For sensitivity analyses to be geochemically acceptable, it may be necessary to

construct several internally consistent model waters and switch between them,

rather than to do random variation of individual parameter values. LEMIRE &
GARISTO (1989) have calculated solubility distributions for performance assess-
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ment of a conceptual Canadian repository using an acceptable method for varying
water compositions. The geochemical model and data used to develop the
reference water compositions of this report could be also used to develop other

internally consistent water chemistries to support sensitivity studies.

The minimum and maximum values in Table 2.2 refer to water from Zurzach,

Leuggern, and Bottstein, If waters from Kaisten do not fall entirely within these

ranges,Kaisten maximum and/or minimum values are given in parentheses.

The data sets from which the ranges were taken comprise the analytical data for
the individual samples from the Bottstein, Kaisten, and Leuggern boreholes as they

appear in WITTWER (1986) Beilage 3.18, 3.22, and 3.23, respectively. The
properties of the Leuggern water given by DEGUELDRE et al. (1990) and of the

Zurzach water given by BRUTSCH et al. (1991) and by SCHMASSMANN et al.

(1992, Tables 3 - 8) were also examined and used as minimum or maximum values
as appropriate.

For constituents in which measured concentrations were found in some samples,
but which were below detection in others at about the same concentration, the

minimum concentration is given as zero. For Cu, Pb, and Al, for example, a
number of individual analyses in WITTWER (1986) are below the detection limit,

while others have measurable concentrations. In Table 2.2, these constituents have
minimum concentrations of zero and maximum concentrations equal to the
maximum reported value.

The ranges of concentrations of most constituents require no comment, but the
concentrations of a few, and the ranges selected for such other parameters as.pH

and redox potential, need additional discussion.

A number of parameters reflect sampling artifacts rather than the state of the

groundwater in situ. These include the pH and PC02 which were changed in most
cases by the loss of CO2 gas. The ranges of these properties in Table 2.2 are not
based ~n the analysed pH values in WITTWER (1986), but on the values given in

PEARSON et al. (1989) which have been adjusted for calcite saturation. The

primary variable used to fix the state of the carbonate system for performance

assessment calculations should probably be the alkalinity or the total dissolved

CO2• The value of one of these parameters, together with the calcium concentra

tion chosen and the condition of calcite saturation, will determine pH and PC02

values.
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The ranges of reported concentrations of Mn, Fe, Ni, Cu, Zn, and Pb include some
samples which were contaminated by drilling and sampling apparatus. The choices
of concentrations for performance assessment win depend on the type of system
being analysed. If in situ groundwater is the subject, the concentrations chosen for
the base reference water, which are at the lower end of the ranges given, would be
appropriate.

The oxidation potential and the solubility of many substances present in the water
generally in low concentrations are related, at least in theory. Thus, the range of
oxidation potentials and the concentrations of these substances must be considered
together.

The base pe was chosen such that the Fe content of the water from the samples
most likely to be uncontaminated (Zurzach) represents saturation with a relatively
stable ferric hydroxide mineral, goethite. This choice is supported by the fact that
it leads to virtually the same pe as the lowest Pt-electrode potentials measured
(-3.09 = -0.18 V at Zurzach; -2.92 = -0.17 V at Leuggern; -2.58 = -0.13 V at
Bottstein). It is also consistent with such modelled parameters as the pe corre
sponding to the ratio of As(V) to As(III) (-2.46 = -0.16 V).

Fe minerals in Table 2.2 in addition to FeOOH (goethite) include the Fe (Ill)
minerals o-Fe/Ol-l), and ,a-Fe(OH)3 (microcrystalline and amorphous ferrihydrite,
respectively) and one Fe(II) mineral, FeC03 (siderite). The pe chosen for ~atura

tion with goethite leads to siderite undersaturation by more than an order of
magnitude. A lower pe would make the water undersaturated with respect to
goethite, but could not lead to saturation with respect to FeC03 because virtually
all the Fe in solution is already in the Fe(lI) form. To reach siderite saturation,
the total Fe(~Fe(II» or the C03-

2 would need to be higher by a factor of 16
(101.22). To increase the latter would require an increase in pH which would also

lead to calcite oversaturation.

The base oxidation potential places the reference water in the fields of stability of
Mn(lI), Fe(lI), Sn(IV), and U(IV). If the concentrations of these elements are
determined by the solubilities of solids containing these oxidation states, the
concentrations will be relatively independent of the oxidation state of the solution.
On the other hand, if the elements are controlled by the solubility of solids
containing other oxidation states, their concentrations will be highly sensitive to
variations in the oxidation potential. With this in mind, it is of interest to examine
some of the saturation indices calculated for the reference water.
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Mn minerals in Table 2.2 include the Mn(IV) oxide pyrolusite, Mn02, the Mn(III)

hydroxide manganite, MnOOH, and the Mn(II) hydroxide pyrochroite, Mn(OH)2'
and carbonate rhodochrosite, MnC03• All are grossly unsaturated except
rhodochrosite which has an SI of -0.35. A factor of 2 increase in the total dis
solved Mn concentration would lead to rhodochrosite saturation whereas a pe
increase of at least 11 units would be needed to reach saturation with respect to
manganite. The phase actually controlling Mn concentration may be a Mn-bearing
calcite, which would appear to be more stable than pure rhodochrosite. In any
case, the Mn concentration and oxidation potential chosen for the base water are
consistent. Varying the Mn concentration by more than a factor of about 2 from
the base water value for assessing ill situ conditions without also changing the pe
would therefore probably not be justified.

The solubility of uranium minerals is sensitive to the oxidation state. Previous
discussions of the chemistry of groundwater in northern Switzerland have used
dissolved uranium concentrations and the assumption of saturation with the
mineral uraninite (equals UOZ(cr) in this report) to estimate oxidation potentials
(PEARSON et al. 1989, Section 1.2.6). However, the pe and the base uranium
concentration chosen for the reference water lead to apparent oversaturation with
UOZ(cr) as shown in Table 2.2. This requires further discussion.

Uranium solids in Table 2.2 include the mixed oxides U308 (UOZ·2U03) , P-U30 7

(2UOz-U03) , and U409 (3UOz-U03) , together with U(IV) oxides UOZ(cr)
(uraninite) and UOZ(amorphous), and a silicate USi04 (coffinite). The saturation
indices for UOZ(cr), USi04, and U409 are positive (1.46, 1.07, and 1.76, respec
tively), that for /3-U307 (U307-BETA in the tables) slightly negative (-0.11), and

those for UOz(amOrphOUS) and U308 strongly negative. For comparison, the saturation
index for ThOz (thorite), which is comparable to UOZ(cr) and is insensitive to pe
because dissolved Th occurs only as Th(IV), is 0.89.

Table 2.4 gives saturation indices for several U and Fe minerals modelled using
different values for pe and dissolved U and Fe concentrations. The results are
listed in order of decreasing oxidation potential. The fifth group in Table 2.4
corresponds to the base pe chosen for the reference water. Two sets of saturation
indices for uranium minerals are given for this group. The first corresponds to the
uranium concentration chosen for the base reference water (1.3E-04 mg/l) and
shows the UOZ(cr) saturation index of +1.5. The second corresponds to a uranium
concentration of 4.6E-06 mgll and represents saturation with respect to U02(cr)'
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The fourth and sixth groups of results in Table 2.4 show saturation indices at the
base Fe and U concentrations for pe values one unit more positive and one unit
more negative than the base value. The siderite SI values do not change, showing
that throughout this range of pe values Fe(II) is the stable oxidation state. The
U02(cr) SI does not change at the lower pe and is lower by only 0.2 units at the
higher pe, indicating that at these pe values, the U(IV) oxidation state dominates.
The SI values of the remaining minerals, which include oxidised forms of the two
elements, respond sharply to the changing pe values.

The third group in Table 2.4 was calculated at a pe of -0.82 which results in
U02(cr) saturation at the base U concentration. The siderite SI is unchanged,
indicating that the water is still in the Fe(II) stability field, but the goethite SI is
now +1.9.

The first and second groups were calculated at still more positive pe values, which
were chosen to illustrate conditions that would exist if U02(cr) and more oxidised
uranium oxide solids were saturated. The pe of -0.69 corresponds to the coexist
ence of U02(cr) and U409, and represents the extreme one might expect if such a
mixed oxide mineral as pitchblende were present. Note that the U concentration
under these conditions is 2.3E-4 mgll, virtually the same as the mean value chosen
for the base water composition (1.3E-4 mgll). The siderite SI is unchanged indi
cating continuing Fe(II) stability while the SI of a-Fe(OH)3 (Fe(OH)3-ALPHA in
the tables) is -0.5 (this solid corresponds to the most stable ferrihydrite properties
given by NORDSTROM et al. (1990, Table 2) and included in the Nagra thermo
dynamic data base (PEARSON et al. 1992)). A dissolved Fe concentration higher
by a factor of 3 (10°·5) would lead to a-Fe(OHh saturation, and would not exceed
the concentration measured in many of the source waters.

The pe of the first group was chosen for equilibrium between the more oxidised
uranium oxides /3-U307 and U409 which marks the limit of stability of solids iso
structural with U02(cr) (JOHNSON AND SHOESMITH 1988). The corresponding
dissolvedU content is 4.1E-3 mgll, thirty times the base U concentration and
higher than the U concentration of any of the source waters. The Fe concentra
tion corresponding to saturation with a-Fe(OH)3 is 3.8E-3 mg/l, about half the
value chosen for the base reference water. It is of interest to note that the
condition of U409-U307 equilibrium has been chosen as the upper limit of the
oxidation potential for the near field analysis of the Canadian conceptual reposi
tory (LEMIRE & GARISTO 1989, Section 2.3). This is perhaps reasonable if the
waste form is to be spent fuel, which is U02+x and is present in such massive
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quantities that it will control the redox regime in its own vicinity, but may not be
a relevant consideration for reprocessing waste where the redox state may be set
by factors external to the waste.

Certain additional indications of oxidation potential are available from the ratios
of oxidised to reduced species of several elements included in the reference water
composition. Table 2.2 gives pe values corresponding to equilibrium between the
concentrations of As(V)/As(III), H+1H2, HC03-/CH4 [C(IV)/C(-IV)], NiNH4+

[N(O)IN(-IV)], N03-1N2 [N(V)IN(O)], 021H20 (theoretical), 021H20 (Sato), and
SO4-2IHS- [S(VI)/S(- II)]. The calculation and use of oxidation potentials from
these couples is discussed by PEARSON et al. 1989 (Section 1.2.6).

As Table 2.2 shows, these couples lead to an extreme range of pe values from 9.6
to -5.9. In practice, only reactions involving one or, at most, two electrons are
relevant to the behaviour of metals that may undergo redox reactions in ground
waters. Thus, the As(V)/As(III) and 021H20 (Sato) couples with pe values of
-2.46 (-0.16 V) and -0.46 (-0.03 V), respectively, are likely to reflect conditions
in the reference water that will also determine metal ion behaviour.

The range of pe values and U and Fe concentrations in Table 2.2 was chosen to
reflect these considerations. The minimum U concentration corresponds to U02(cr)

saturation at the base pe and more negative oxidation potentials. The minimum
pe was arbitrarily chosen as one unit more negative than the base pe. As pointed
out above, the base pe was chosen for goethite saturation at the base Fe concen
tration. It corresponds to the minimum Pt-electrode potential measured at several
of the sampling points and, roughly, to the As(V)/As(III) couple. The upper
bounding pe corresponds to U02(crJU409 equilibrium. It corresponds approxi
mately to U02(cr) saturation at the base U content and, roughly; to the value of the
021H20 (Sato) couple. The upper U content is the highest reported value and is
a factor of about five higher than corresponds to U02(crJU409 equilibrium at the
upper bounding pe value.

Table 2.2 includes saturation indices of simple solids of a number of the other
"";

elements that are included in the reference water. Calculation and discussion of
these saturation indices does not imply that the corresponding solids are actually
present in the crystalline basement of northern Switzerland, but serves as a check
that the concentrations of the element chosen in the reference water is not entirely
unreasonable.
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Four Sn phases are given in Table 2.2, the oxides and hydroxides of both Sn(II)
and Sn(IV). The water appears undersaturated with respect to all but Sn02, which
has an SI of 1.70. To bring this closer to zero would require a large decrease in pe
in order to move the water into the Sn(II) stability field. The stable aqueous
species in the base reference water is Sn(OH)s-. Thus, the SI of Sn02 could also
be lowered by raising the pH or by lowering the total Sn concentration by a factor
of about 50 (101.70). This would put the concentration in the water well below the
detection limit of the analytical methods used. Because the range of analytical
values is relatively small, (0.3 to 1.0E-3 mg/l), it may be that the controlling phase,
if there is one in this system, has properties between Sn02 and Sn(OH)4' or, more
probably, that there are errors or missing data in the thermochemical data set used
for the modelling.

Saturation indices of simple oxides of Pd and Zr are given in Table 2.2. The
values are not grossly different from zero (PdO=-0.68; ZrOz=1.28). Assuming
that the simple oxides are the controlling solids and that there are no errors in the
thermodynamic data used, this suggests that the values chosen for the base water
are correct within factors of 5 to 20.

The remaining elements included in the thermodynamic data base are Mo, Ni, and
Se. So few data are given for Mo that its apparent gross undersaturation with
respect to simple oxide phases has little relevant meaning, and the concentration
ranges given are based only on the analytical data.

Ni is undersaturated with respect to all solids in Table 2.2 except NiSi03 and
NiFe204. These minerals, like CaSi03 and FeSi03, and like Fe304, are probably
irrelevant in this low temperature environment. Thus, it is not apparent what
process is responsible for the Ni concentrations in this water.

The only Se-bearing solid in the data base is elemental Se, with which the water
appears oversaturated by more than 3 orders of magnitude. Even at the highest
pe modelled (0.15, Table 2.4), Se is oversaturated by 0.6 units. Elemental Se has
been identified as a phase controlling Se concentrations in natural waters else
where. It is possible that the Se found in this water was dissolved under more
oxidizing, near surface conditions, and has become oversaturated as the water
became reducing because of the slow rate of reduction of Se03-

z• The fact that
waters in the western reference area have model 14C ages of at least 10 to 20
thousand years (PEARSON et al. 1991, p. 417) suggests that if this hypothesis is
correct, the rate of reduction of Se03-2 must be slow indeed. Thus, as was the
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case for Ni, the processes responsible for the Se content of this water are
unknown, and its minimum concentration in Table 2.2 has been set to zero.:

The Nagra thermochemical data base includes no information on the other
elements present in trace amounts in the base water. Thus, the ranges of their
concentrations in Table 2.2 are based only on the analytical data.
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A second potential repository siting area is in the region characterized by the

Nagra borehole at Siblingen. The crystalline basement in this region yields water

of a different chemical type than in the western region, so a different reference

water is necessary.

This water is defined by samples from the Siblingen borehole. It is an

Na-HC03-S04-(CI) water with a total dissolved solids content ranging from about
515 to 530 mg/l. SCHMASSMANN et al. (1992, Figure 3.3.3) describe the chemis

try of these waters in detail and illustrate their composition with Scholler diagrams.

The composition and ranges of the reference water for this region is given in Table

3.2 and its major element chemistry is illustrated in Fig. 1.1. The rationale for

selecting this composition and ranges is given in Section 3.2. This is preceded by

a discussion in Section 3.1 of the source of the chemical data and possible mineral

controls on the water.

3.1 Representative Analyses

The eastern crystalline reference water is based on three samples taken from the
Siblingen borehole. Descriptions of the sampling procedures, a discussion of the

sample quality, and tables of analytical results are given by BLASER &

SCHOLTIS (1991). Except as noted, the concentrations and other analytical data

in Table 3.1 were taken from BeiIage 6, 8, and 13 of that report, and the com

ments on sample quality in the remainder of this section are based on its text.

In general, it was difficult to collect samples assuredly representative of in situ
groundwater from the Siblingen borehole because of the loss of a great deal of
drilling fluid into water-bearing zones in the crystalline basement during drilling.

The drilling fluid contained a tracer (uranin), however, and from its concentration

and th~ concentration of tritium in the samples taken it was possible to judge the

quality of the samples.

Three useful samples are available. Sample 4b (also designated CR-6) was col

lected from depths between 491 and 564 (mean 528) m. Based on its drilling fluid

tracer content, this sample contained 11.4 per cent drilling fluid, and its tritium

concentration corresponded to drilling fluid contamination of about 15 per cent.
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The chemistry of the drilling fluid itself was also known, so the sample chemistry

could be corrected for the drilling fluid contamination to determine the in. situ

groundwater chemistry. This was done by BLASER & SCHOLTIS (1991, Beilage

8 and 13). The corrected chemistry is given as data set 1 of Table 3.1.

Sample 6b (also designated CR-19) was taken from depths between 1154 and 1164

(mean 1159) m. Its tracer level indicated a drilling fluid concentration of 1.4 to 1.5

per cent, and its tritium concentration was < 1.2 TU, suggesting that the sample

represented virtually pure groundwater. The analysis performed on this sample

was more complete than on the other samples from this borehole, so it provides

the only data on the concentrations of certain minor elements in the reference

water. BLASER & SCHOLTIS (1991) discuss the collection of this sample, and

give analytical data in Beilagen 6 and 13. The chemistry of this sample is given as

data set 2 in Table 3.1 of this report.

Sample 7b (also designated CR-23) was taken from between 1493 and 1499 (mean

1496) m. The tracer level of this sample corresponded to a drilling fluid content

of about 1.6 per cent and its tritium level was 0.9 ± 0.7 TU. Thus, it represented

virtually pure groundwater. Only analyses of major ions were made on this sample
however. BLASER & SCHOLTIS (1991) describe this sample, and give analytical

results in Beilage 6 and 13. The chemical data are given as data set 3 of Table 3.1

below.

The geochemistry of the samples in Table 3.1 was modelled as described above in

Section 2.3, and the results are also given in Table 3.1.

When modelled using the reported pH values, all the samples appear to be grossly

supersaturated with respect to calcite (SI=0.50 to 0.87) indicating CO2 loss during

sample collection or analysis before pH measurement. The alkalinity and pH of

sample 4b may not be representative of the values of the in situ groundwater

because the values of these parameters in mixed waters are not linear with their

values in end member waters. When adjusted for calcite saturation, samples 6b

and 7b have similar pH and 10gPC02 values (7.77 and 7.65, and -2.23 and -2.00,
respectively). Their corrected total dissolved CO 2 concentrations differ, but both

correspond closelyto the sum of the measured alkalinity (as HC03- ) and dissolved

CO 2 (C02(aq)) values.

The evidence of mineral control on the chemistry of these waters is not as clear as

for waters of the western crystalline type, perhaps because of inferior sample
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quality. Minerals that evidently control aspects of the chemistry of water in the
western crystalline include calcite, baryte, fluorite, chalcedony, and kaolinite. For
the pH adjustment calculations, it is assumed that the Siblingen waters are also
saturated with calcite. This assumption is supported by stable isotope data on
calcite from core indicating isotopic equilibrium with the groundwater (BlASER
& SCHOLTIS 1991, Beil. 20). Only single analyses for barium and for aluminium
are available, which lead to SI values for baryte and kaolinite of 0.12 and 2.00,
respectively. SI values for fluorite range from -0.21 to -0.09, for chalcedony from
0.01 to -0.41, and for quartz from -0.05 to 0.43. It is likely that if more and better
analytical data were available, these waters would also demonstrate saturation with
respect to baryte and fluorite. However, the mineral control on Si02 is problem
atic.

3.2 Chemistry of Eastern Reference Water

Table 3.2 gives the base chemistry of the eastern reference water together with
brief comments about the selection of values and the recommended ranges of
concentrations and other parameters.

The base reference water composition was developed from samples 6b and 7b
(data sets 2 and 3) using the considerations applied in developing the western
reference water and discussed above in Sections 2.3 and 2.4. Sample 4b (data set
1) represents an analysis corrected for contamination, and so it is likely to be less
reliable than the other two data sets, which represent virtually uncontaminated
samples. Sample 4b was considered in developing the ranges of values given,
however.

As indicated in the comments to Table 3.2, the concentration of these constituents
of the base reference water is the mean of the values in samples 6b and 7b. The
ranges given for these constituents encompass the values given in all three data
sets of Table 3.1. For constituents reported only in sample 6b, the base reference
water concentrations are those of that data set. The maximum value is arbitrarily
taken as ten times the base water value, while the minimum value is taken as one
tenth the base value, or as zero, if the base value is a limiting concentration.
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Sample 7b, data set 3 in Table 3.1, was taken with a down-hole sampler, and
represents a relatively oxidizing water, as indicated by its high dissolved oxygen (5.9
mgll), and nitrate (1.5 mgll) contents, and its low Fe «0.01 mg/l). It also has a
relatively high organic carbon content (6 mg/l), Sample 6b, data set 2, was taken
from the discharge of a down-hole pump and appears more reducing than sample
7b. It contains little dissolved oxygen (0.008 mgll), no detectable nitrate «0.2
mgll), and high Fe (4.3 mg/l). Because this sample was taken during drilling,
however, much of its 02' Fe, and H2could be contamination from the drilling and
sampling apparatus.

The base reference water concentrations for 02' H2, N03, Fe, and Mn are taken
as less than those of data set 2 and are designated "Lowest Detection Limit". The
maximum values are taken as those of data set 3, and the minimum values for all
but Fe are zero. The minimum Fe value represents saturation with respect to
goethite at the base pe. The base reference water values for Mn and organic C
are taken as less than those of data set 3. The minimum values are zero, and the
maximum values are the same as those of data set 2.

Rb+, NH/, r, and P

When the concentrations in both data sets 2 and 3 are below detection, the lower
detection limit is used as the limiting concentration for the reference water. The
ranges of these constituents are taken as zero and ten times the reference water
limiting concentration, and they are designated "Detection Limit".

Sr+2 and Br-

These constituents were found in measurable concentrations in one sample, but
were below detection in the other. Their measured concentration is taken as the
base reference water concentration and they are designated "Only Detected Cone."
in Table 3.2.

Ra+2, Ni, Cu, Zn, Pb, U, and Organic C

Concentrations or limiting values for these constituents were reported only in the
analysis of Sample 6b.
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The Na concentration of the base reference water, like that of the western refer

ence water, was adjusted for charge balance.

The concentrations of Ba and F were adjusted for saturation with respect to baryte
and fluorite. The assumption of saturation with these minerals is consistent with
that made for the western reference water, and the resulting concentrations, while
not identical with the measured concentration or range, agree within what is
probably the analytical accuracy.

As Table 3.1 shows, sample 4b appears saturated with respect to chalcedony,
sample 6b with respect to quartz, and sample 7b to be intermediate. For consist
ency with the western reference water, the Si and AI concentrations of the base
eastern reference water were adjusted for saturation with respect to chalcedony
and kaolinite. Based on Table 3.1 alone, however, one could also argue that
dissolved Si is controlled by quartz saturation. If this is the case, the base refer
ence water Si and AI concentrations would be 21 and 0.03 mg!l, respectively. Both
quartz and chalcedony control are encompassed by the ranges given for AI and Si.

Oxidation potential

The measured Pt-electrode potential for sample 6b (-0.03 V; pe = -0.52) is
considerably more oxidizing than the minimum measured among the western
samples, and chosen as the western reference value. However, by default this
value is chosen as the base eastern reference water value. As Table 3.2 shows, this
pe leads to virtual saturation with respect to UOZ(cr) (SI = -0.07), and near
saturation with respect to U40 9 (SI = 0.13). The Fe concentration chosen for the
reference water is such that it is virtually saturated with a-Fe(OH)3 as well (SI =

-0.04).

pH, COz(aq)' Total Dissolved COz

The values of these parameters were modelled assuming that the reference water

was in equilibrium with calcite.
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While the reference water pe, pH, Fe, and U values are internally consistent, they
need not necessarily be correct. In particular, comparison with Table 2.4 shows
that the eastern water values are also consistent withU and Fe contents at the
upper end of the pe range analysed for the western reference waters. Thus, .by
analogy, lower oxidation potentials are also possible for the eastern reference
waters, and the low end of the range given in Table 3.2 is taken as the same as
that of the western waters in Table 2.2.

The western reference waters contain many more elements than do the eastern
reference waters because fewer analyses were made of samples defining the latter.
If concentrations of additional elements are required for performance assessment
using the eastern reference waters, values given for the western reference waters
should be adopted.
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This section describes two waters sampled during the Nagra deep drilling

programme from the crystalline basement at depths near and above that of a
potential repository. Both were from zones that yielded very little water, so they

are poorly characterized compared to the eastern and western reference waters.
They are included in this report as examples of the most extreme water chemistries
likely to be encountered in the region in which a potential repository might be con
structed.

The major ion chemistry of these waters is illustrated in Figure 1.1 along with the
two reference waters. Both these waters are considerably more saline than the
reference waters.

4.1 Deep Bottstein

Below about 800 m, the Bottstein borehole yielded very little water. To develop
some understanding of the chemistry of water at depth, a zone from 1321 to 1331
(mean 1326) m yielding a few millilitres per minute was packed off and swabbed
at intervals for nearly six weeks. The fluid in the borehole when the packers were

emplaced was naturally tritium-bearing, deionized water containing tracers.
Samples were taken at depth from the tubing between swabs, and were analysed
for tracer, tritium, and dissolved constituents.

The final sample had tracer, tritium, and dissolved constituent concentrations
corresponding to a residual drilling fluid content between 35 and 40 per cent.
Because the drilling fluid was deionized water, and a number of samples represent
ing various mixtures of formation water and drilling fluid were available, it was
possible to extrapolate the results and estimate the chemistry of the formation
water. This estimate appears to be accurate within five per cent for the major
ions, but only within 15 to 30 per cent for the minor ions. The sampling exercise
and the extrapolation procedure are described by PEARSON (1985, Section 7.1)
and WITTWER (1986, Section 5.1.11).

The formation water chemistry estimated for this sample is given as data set 1 in
Table 4.1. The values are taken from Table 7.4 of PEARSON (1985). A prelimi
nary estimate of this chemistry was used by SCHWEINGRUBER (1984) as the
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basis of the reference water chosen for the "Gewahr" report. The "Gewahr" water
is virtually identical with that of Table 4.1.

This Bottstein 1326 m water has a total dissolved solids content of about 13 g/l and
is characterized as an Na-(Ca)-CI-(S04) water. Its pH and H2Si03 contents were
modelled assuming saturation with respect to calcite and quartz. As Table 4.1
shows, this water also appears saturated with respect to fluorite and gypsum
(CaS04 . 2H20), and nearly so with respect to celestite (SrS04) and rhodochrosite

(MnC03) ·

The origin of the salinity in this water is not completely clear. To some extent it
is a product of very long residence time within the crystalline. However, the
Bottstein borehole itself is not far from the Permo-carboniferous trough (Figure
1.1), which contains highly saline water of sedimentary origin. The isotopic
composition of sulphate dissolved in this deep Bottstein water resembles that of
Zechstein sedimentary sulphate (PEARSON et al. 1991, Fig. 8.4.2). This does not
necessarily indicate that the Bottstein water is derived from the trough, however,
because sulphate dissolved in the saline Leuggern water discussed next has the
same isotopic composition and the Leuggern borehole is far removed from the
trough.

4.2 Saline Leuggern

In the Leuggern borehole at depths between 916 and 930 m (mean 923 m), a zone
was sampled that contained water chemically in sharp contrast to other water in

the crystalline in that borehole. Like the Bottstein 1326 m zone, this interval
yielded too little formation water to entirely displace the drilling .fluid present when
the sampling began. Although the final sample contained 5 to 10 per cent drilling
fluid, additional samples with different drilling fluid contents were also available,
so it was possible to calculate the chemistry of uncontaminated formation water.
The sampling exercise, correction procedure, and corrected chemistry are described
by WIITWER (1986, Section 5.6.7 and Table 5.18) and, briefly, by PEARSON et

al. (1989, Section 7.3.6).

The chemistry of the Leuggern 923 m water given as data set 2 of Table 4.1, is
taken from Table 7.1 of PEARSON et al. (1989). The water has a total dissolved

solids content of about 5 g!l, and is classified as an 'Na-Ca-S04 water. The pH of
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the water was calculated assuming calcite saturation. As Table 4.1 shows, this

water also appears saturated with respect to celestite, fluorite, and gypsum.

The origin of the Ca-S04 component of this water is not clear. IsotopicalIy, the

dissolved sulphate resembles sedimentary sulphate of the Zechstein or RotIiegend.
If the sulphate is of sedimentary origin, however, the process by which it reached

this depth with such a high concentration is yet to be explained.
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5 SUMMARY AND CONCLUSIONS

Nagra is investigating the crystalline basement of northern Switzerland as host rock
for a potential repository for high-level nuclear waste. Definition of the chemistry
of groundwater in the host rock is needed for design calculations and for safety
assessment of hypothetical repositories. Samples of groundwater from the crystal
line basement where it is of interest as a host rock are available from Nagra test
boreholes at Siblingen, Bottstein, Leuggern, and Kaisten, and from thermal water
boreholes at Zurzach. Analytical data on these samples have been used to develop
the chemistry of reference groundwaters at two locations for a potential repository.

Design and safety assessment calculations are based on a reference repository at
55°C, corresponding to depths from 1100 to 1300 m. The reference water prop
erties are defined at these conditions. Geochemical modelling supporting refer
ence water definition was done with the PHREEQE geochemical program
(PARKHURST et al. 1980, revision of 1990), and the 05/92 version of Nagra
Thermochemical Data Base (PEARSON et al. 1992). Base reference water
chemistries are defined along with ranges of concentrations and other parameters
that indicate the qualitative uncertainties in the base values and can be used for
sensitivity analyses in design and safety assessment studies.

The reference water chemistry for the potential western repository is based on
water from the Bottstein, Leuggern, Kaisten, and Zurzach boreholes. Analytical
data used are from WITTWER (1986), PEARSON et al. (1989),

SCHMASSMANN et al. (1992), DEGUELDRE et al. (1990), and BRUTSCH et
al. (1991).

The western reference water is an Na-S04-(CI-HC03) type. Its base total
dissolved solids content is 1.0 g!l, and it corresponds to samples from all boreholes
except Kaisten. Water from Kaisten is similar chemically, but has a total dissolved
solids content of 1.3 g/l, The ranges of the properties of the western reference
water include those of Kaisten samples. Most are based on means of the most
reliable analytical values.

The western reference water is calcite saturated with pH values from 7.6 to 8.3
corresponding to CO2 partial pressures from 10-2.

0 to 10-2.4 bars. Barium,
fluoride, and silica concentrations are controlled by baryte, fluorite, and chalcedony
solubility, respectively. The base redox potential is -0.18 V at 55°C (pe = -2.72)
and corresponds to goethite saturation at the base dissolved iron concentration. It



NAGRA NTB 93-07 -40-

is also consistent with the lowest platinum electrode measurements, and roughly
with the dissolved As(V)/As(III) couple. The ranges of redox potential, dissolved
iron, and dissolved uranium are consistent. The most oxidising water has an Eh of
-0.04 V at 55°C (pe = -0.7), and corresponds to U02(crjU409 equilibrium and,
approximately, to U02(cr) saturation at the base dissolved uranium concentration.
The most reducing water has an Eh of -0.20 V at 55°C (pe = -3.7) and was
chosen to be 1 pe unit lower than the base value. No other geochemical controls
are evident and the remaining base and range values were chosen from the most
reliable analytical data.

The reference locality for the potential eastern repository is in the Siblingen area.
The eastern reference water chemistry is based on analyses of samples from the
Siblingen borehole reported by BLASER & SCHOLTIS (1991) and
SCHMASSMANN et al. (1992).

The eastern reference water is an Na-HC03-S04-(CI) type with total dissolved
solids of 515 to 530 mg/l, Only three samples were available from which to
develop a reference water chemistry and these were of lower quality than many
from which the western reference water was developed. When properties of the
eastern water cannot be defined on the basis of Siblingen samples, they have been
adapted from values for the western reference water.

The pH of the eastern water ranges from 7.6 to 8.1. Barium, fluoride, and silica
concentrations are established by mineral equilibria, as they were for the western
reference water. The base oxidation potential is -0.03 V at 55°C (pe = -0.52).
This is the only measured platinum electrode potential from this borehole, but it
corresponds closely to saturation with U02(cr) at the base dissolved uranium
concentration and with a-Fe(OH)3 at the base dissolved iron content. The range
of redox values is taken as the same as that of the western reference waters.

Two other waters of quite different chemical character were sampled in the
western region at depths that could be encountered by a repository. The Bottstein
borehole at 1326 m yielded a Na-(Ca)-CI-(S04) water with a total dissolved solids
content of about 13 g/l. The Leuggern borehole at 923 m yielded an Na-Ca-S04
water with a total dissolved solids content of about 5 g/l. Both zones yielded very
little water so the samples were highlycontaminated with drilling fluid and required
considerable adjustment before they could be taken to represent the chemistry of
formation water. In spite of the poor quality of these data, waters of this type
should be included in repository design and safety assessment calculations.
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Table 2.1: Chemistry of crystalline water from Zurzach, Leuggern, Boettstein and Kaisten boreholes. (Page 1 of 6)

1 2 3 4
Sa~le Source ZURZACH ZURZACH Leuggern, 1637-1689 m LEUGGERN, 1648 m
Data Source SCHMASSMANN et al. BRUETSCH et al. PEARSON et al. DEGUE LORE et al.

1992 Appendix Tab 1-8 1991 Tab 7 &9 1989 Tab 7.1: 16/23 1990 Tab 11
Sa~les 2/5/8/11/14/16 "e" indicates value WITTWER 1986 "e" indicates value

(Fresenius Analyses) from collllll1 1 Beilage 3.23: 16/23 from collllll1 3

pH (Measured) 7.92 8.00 8.22 (MinilTllJ1l) 7.85
Pt-electrode pot volts 0.05 -0.18 -0.02 (Minimum) -0.13
pe (From Pt-elec, 20 C) 0.86 -3.09 -0.34 -2.24
Formation Temp. (C) 38.8 38.6 66 66
Density (g/ml) 0.999 e 0.999 0.9991 e 0.9991

mg/l molality* mg/l molal ity* mg/l molal i ty* mg/l molality*
Lithillll (Li+) 1.1 1.63E-04 1.0 1.44E-04 1.04 1.50E-04 0.49 7.07E-05
Sodilm (Na+) 300 1.31E-02 280 1.22E-02 295 1.29E-02 295 1.29E-02
Potassillll (K+) 7.2 1.85E-04 7.0 1.79E-04 13 3.33E-04 7.89 2.02E-04
Rubidillll (Rb+) 0.05 5.81E-07 0.09 1.05E-06 0.047 5.51E-07
Cesillll (Cs+) 0.045 3.41E-07 0.065 4.90E-07 0.05 3.77E-07 0.047 3.54E-07
AlTlTlonium (NH4+) 0.09 5.21E-06 0.14 7.78E-06
Beryllium (Be+2) 5E-04 5.56E-08
Magnesium (Mg+2) 0.30 1.25E-05 0.30 1.24E-05 0.1 4.12E-06 0.075 3.09E-06
Calcillll (Ca+2) 14.6 3.66E-04 14.3 3.57E-04 9.8 2.45E-04 9.4 2.35E-04
Strontium (Sr+2) 0.61 6.94E-06 0.58 6.63E-06 0.45 5.15E-06 0.48 5.49E-06
Barium (Ba+2) 0.040 2.90E-07 0.032 2.33E-07 0.19 1.39E-06 0.07 5.11E-07
Radium (Ra+2) 6E-10 2.50E-15 5E-10 2.22E-15 2E-09 8.86E-15
Chromium (Cr+3) 0.001 1.93E-08 9E-04 1.73E-08
Manganese (Mn+2) 0.044 7.94E-07 0.042 7.66E-07 0.11 2.01E-06 0.032 5.84E-07
Iron (Fe+2) 0.008 1.50E-07 0.006 1.08E-07 < 0.26 4.66E-06 0.20 3.59E-06
Nickel (Ni+2) 6E-04 1.00E-08 < 5E-04 8.53E-09 < 0.004 6.83E-08 < 5E-04 8.S3E-09
Cobalt (Co+2) 1.5E-04 2.55E-09
Copper (Cu+2) < 1.6E-03 2.50E-08 0.002 3.15E-08 < 0.002 3.15E-08 0.004 6.31E-08
Zinc (Zn+2) 0.006 8.52E-08 0.002 3.06E-08 < 0.21 3.22E-06 0.004 6.13E-08
Zirconium (Zr+4) < 1E-04 1.10E-09 1.SE-04 1.65E-09
Palladium (Pd+2) < 1E-04 9.42E-10 < 1E-04 9.42E-10
Tin (Sn+2) 0.001 8.44E-09 3E-04 2.53E-09
Lead (Pb+2) < 0.002 1.00E-08 2E-04 9.67E-10 < 0.003 1.45E-08 3E-04 1.45E-09
Aluminum (Al+3) < 0.005 2.00E-07 0.002 7.43E-08 < 0.05 1.86E-06 0.005 1.86E-07
Uranium (U+4) 2.5E-04 1.05E-09 1E-04 4.21E-10 1.5E-04 6.31E-10 1E-05 4.21E-11
Thorium (Th+4) 5E-04 2.16E-09

Fluoride (F- ) 10.2 5.36E-04 e 10.2 5.36E-04 14.4 7.59E-04 13.3 7.01E-04
Chloride (Cl-) 134 3.78E-03 e 134 3.79E-03 124 3.50E-03 113 3.19E-03
Bromide (Br-) 0.72 9.07E-06 0.76 9.53E-06 0.036 4.54E-07
Iodide (1-) < 0.05 4.01E-07 0.002 1.58E-08 < 0.05 3.95E-07 0.001 7.89E-09
Sulfate (S04-2) 264 2.75E-03 250 2.61E-03 258 2.69E-03 280 2.92E-03
Phosphate (as P) 0.03 9.02E-07 < 0.002 6.47E-08 0.06 1.94E-06 < 0.002 6.47E-08
Nitrate (N03-) < 0.1 2.00E-06
Arsenite (As+3) 0.11 1.50E-06 0.074 9.89E-07
Arsenate (As+5) 0.05 7.11E-07 < 0.005 6.69E-08
Tot. Arsenic (As) 0.018 2.41E-07 0.025 3.34E-07
Selenium (Se03-2) 0.25 1. 97E -06 0.004 3.05E-08
Molybdenum (Mo04-2) 0.002 1.25E-08 0.008 5.12E-08
Tungsten (W04-2) 0.66 2.65E-06
Alkalinity as HC03- 265 4.34E-03 e 265 4.3SE-03 273 4.48E-03 e 273 4.48E-03
Bicarbonate (HC03-)
Carbonate (C03-2)

Tot. Sulfide (H2S) < 0.005 1.50E-07 < 0.005 1.47E-07
Sil ica (H2S;Q3) 33.2 4.25E-04 39.8 5.10E-04 50 6.41E-04 59 7.56E-04
Borate (B(OH)3) 2.5 4.06E-05 3.2 5.18E-05 1.3 2.18E-05
Total Iron 0.026 4.66E-07 < 0.7 1.26E-05
Organic C ~ 0.5 4.17E-05 0.04 3.34E-06 < 0.3 2.50E-05 0.04 3.34E-06

* Calculated from mg/l as described by PEARSON et al. (1989 Sect 1.2.1). All are displayed to same number of
digits. The number of significant digits is suggested by the number of digits in the mg/l values.
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Table 2.1: Chemistry of crystalline water from Zurzach, Leuggern, Boettstein and Kaisten boreholes. (Page 2 of 6)

1 2 3 4
Sample Source ZURZACH ZURZACH Leuggern, 1637-1689 m LEUGGERN, 1648 m
Data Source SCHMASSMANN et al. BRUETSCH et al. PEARSON et al. DEGUELDRE et al.

1992 Appendix Tab 1-8 1991 Tab 7 &9 1989 Tab 7.1: 16/23 1990 Tab 11
Samples 2/5/8/11/14/16 "e" indicates value \oIITT\oIER 1986 "e" indicates value

(Fresenius Analyses) from colllTVl 1 Beilage 3.23: 16/23 from colum 3

mg/l molality mg/l molality mg/l molality mg/l molality
Oxygen (02) < 0.02 5.40E-07 < 0.05 1.56E-06 < 0.0005 1.56E-08
Nitrogen (N2) 30 1.08E-03 34 1.21E-03
Methane (CH4) 0.009 5.86E-07 0.02 1.25E-06
Hydrogen (H2) < 6E-04 3.00E-07 < 5E-04 2.43E-07
Argon (Ar) 0.845 2.12E-05 0.9 2.20E-05
Carbon Dioxide (CO2) 4.0 9.11E-05 < 2 4.55E-05

CALCULATED VALUES

Dissolved Solids:
Sum 892 859 894 902
Residue (110 C) 887 -0.5% 899 0.5%
Residue (180 C) 885 -0.8% 891 -0.4%

Charge Balance: O.,.n~ -4.50% -1.84% -4.29%
Sum Cations meq/kg 14.202 13.282 13.884 13.626
Sum Anions meq/kg 14.177 13.893 14.143 14.224

Carbonate System: See Text.
Measured Values:

pH 7.92 8.00 8.22 7.85
Total Dissolved CO2 Sum: 4.43E-03 TDIC: 3.78E-03 Sum: 4.53E-03 Sum: 4.48E-03

Modelled using measured pH:
Total Dissolved CO2 4.37E-03 4.35E-03 4.22E-03 4.46E-03
Sl(CALCITE) 0.06 0.14 0.45 0.11
log P(C02) -2.44 -2.52 -2.56 -2.16

Modelled using pH adjusted for calcite saturation:
pH 7.85 7.86 7.71 7.73
Total Dissolved CO2 4.40E-03 4.40E-03 4.52E-03 4.52E-03
log P(C02) -2.37 -2.38 -2.01 -2.04

Saturation Indices:
BARITE 0.04 -0.06 0.47 0.06
BRUCITE -5.52 -5.52 -4.85 -4.94
CALCITE 0.00 0.00 0.00 0.00
CELESTITE -1.67 -1.71 -1.74 -1.68
CHALCEDONY 0.01 0.10 -0.07 -0.00
DOLOMITE DISORDER -1.71 -1.71 -1.74 -1.85
DOLOMITE-ORDERED -1.22 -1.21 -1.34 -1.45
FE(OH)3-ALPHA 1.28 -2.64 1.55 -0.16
FE(OH)3-BETA -0.72 -4.64 -0.45 -2.16
FLUORITE 0.03 0.03 -0.07 -0.16
GIBBS ITE_CRYSTAL -0.71 -1.11 -0.62 -1.65
GOETHITE 3.78 -0.14 4.05 2.34
GYPSUM -1.98 -2.00 -2.12 -2.11
KAOLINITE 0.27 -0.36 0.22 -1.68
MANGANITE -7.54 -11.50 -8.78 -11.15
MOO2(CR) -4.66 -7.47
MOO3(CR) -12.04 -11.64
Nl(OH)2S -6.09 -6.17 -5.17 -6.04
NI2SI04 -9.45 -9.52 -7.49 -9.16
NI2SI04S -10.84 -10.91 -8.86 -10.53
NIC03S -7.00 -7.08 -5.91 -6.80
NIFE204 -0.62 1.70 10.64 6.33
NIO -5.80 -5.88 -4.87 -5.74
NISI03 5.13 5.15 5.93 5.13
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Table 2.1: Chemistry of crystalline water from Zurzach, Leuggern, Boettstein and Kaisten boreholes. (Page 3 of 6)

Sample Source
Data Source

PD(OH)2S
PDO
PORTLANDITE
PYROCHROITE
PYROLUSITE
QUARTZ
RHODOCHROSITE CR
SE -
SIDERITE CRYSTAL
SNO -
SN02
SNOH2(S)
SNOH4(S)
STRONTIANITE
TH(OH)4C
TH02
U307-BETA
U308
U409
U02 AMORPHOUS
U02-CRYSTAL
USI04
WITHERITE
ZR02

Gas Partial Pressures:

CH4(G)
C02(G)
H2(G)
N2(G)
02(G)

1
ZURZACH

SCHMASSMANN et al.
1992 Appendix Tab 1-8
Samples 2/5/8/11/14/16

(Fresenius Analyses)

-9.85
-6.11

-12.76
0.41

-0.25

-1.27

-0.98

-10.12
-10.80
-13.79
-9.72
-4.08
-4.60
-3.18

log P (atm)

-3.30
-2.37
-3.39
0.29

-3.22

2
ZURZACH

BRUETSCH et al.
1991 Tab 7 &9

"e" indicates value
from cctum 1

-3.57
-0.73
-9.86
-6.12

-20.69
0.49

-0.27
3.50

-1.24
-11.30

1.72
-12.87
-5.71
-1.00

-3.71
-12.29
-2.61
-4.94
0.69
0.26

-3.26
1.02

log P (atm)

'-2.38

-2.83

3
Leuggern, 1637-1689 m

PEARSON et al.
1989 Tab 7.1: 16/23

WITTWER 1986
Beilage 3.23: 16/23

-8.61
-6.00

-11.68
0.25
0.19

0.19

-1.03

-3.55
-5.08
-4.63
-8.20
-1.51
-1.88
-2.42

log P (atm)

-2.84
-2.01
-3.47
0.40

-4.74

4
LEUGGERN, 1648 m
DEGUELDRE et al.

1990 Tab 11
"e" indicates value

from colLllV"l 3

-3.48
-0.56
-8.59
-6.50

-15.93
0.32

-0.33
3.06
0.33

-11.32
1.32

-14.71
-6.11
-0.98
-8.09
1.16

-0.61
-5.89
0.54

-5.97
0.72
0.42

-2.84
1.31

log P (atm)

-2.04



NAGRA NTB 93-07 -48-

Table 2.1: Chemistry of crystalline water from Zurzach, Leuggern, Boettstein and Kaisten boreholes. (Page 4 of 6)

5 6 7

Sample Source lEUGGERN: composite BOETTSTEIN: composite KAISTEN: composite

Data Source PEARSON et al. PEARSON et al. PEARSON et al.
1989 Tab 7.1: 4/5,6 1989 Tab 2.1: 8c,9/ 1989 Tab 6.1: 4,5

/7,8,9,10/18,19 12b,13/16, 17/18 /6,7/9,10,11/12,13
/20,21/16/23 WITTWER 19B6 Beil 3.18 /14/16,17

Bc,9/12b,13/16,17/18
pH (Measured) 8.22 (Minil1llJTl) 7.94 (Minimun) 7.30 (Mininun)

Pt-electrode pot volts -0.17 (Minimun) -0.15 (Minimun) -0.05 (Mininun)
pe (From Pt-elec, 20 C) -2.92 -2.5B -0.B6
Formation Temp. (C) 41 37 43
Density (g/ml) 0.9991 0.9992 0.9995

mg/l molality* mg/l molality· mg/l molality*

Lithium (li+) 0.8 1.15E-04 1.B 2.60E-04 1.9 2.74E-04

Sodium (Na+) 330 1.44E-02 373 1.63E-02 390 1.70E-02

Potassium (K+) 7 1.79E-04 9.4 2.41E-04 16 4.10E-04

Rubidium (Rb+) 0.04 4.69E-07 0.06 7.03E-07 0.1 1.17E-06

Cesium (Cs+) 0.03 2.26E-07 0.04 3.02E-07 0.05 3.77E-07

Anmonium (NH4+) 0.10 5.55E-06 0.24 1.33E-05 0.20 1.11E-05

Beryllium (Be+2) < 3E-04 3.34E-08
Magnesium (Mg+2) 0.7 2.B9E-05 0.25 1.03E-05 1.80 7.42E-05

Calcium (Ca+2) 21 5.25E-04 10.4 2.60E-04 38.0 9.50E-04
Strontium (Sr+2) 0.45 5.15E-06 0.35 4.00E-06 1.20 1.37E-05

Barium (Ba+2) 0.06 4.38E-07 0.035 2.55E-07 0.04 2.92E-07
Radium (Ra+2) 5E-1O 2.22E-15 4E-10 1. 77E-15 2E-09 B.86E-15

Chromium (Cr+3) < 2E-03 3.85E-08
Manganese (Mn+2) 0.3 5.47E-06 0.12 2.19E-06 0.23 4.19E-06

Iron (Fe+2) < 0.02 3.59E-07 < 0.8 1.44E-05 < 0.6 1. OBE -05
Nickel (Ni+2) < 0.002 3.41E-OB < 0.002 3.41E-OB < 0.002 3.41E-OB

Cobalt (Co+2) < 0.005 B.50E-08
Copper (Cu+2) < 0.002 3.15E-OB < 0.002 3.15E-OB < 0.002 3.15E-08

Zinc (Zn+2) < 0.01 1.53E-07 < 0.02 3.06E-07 < 0.02 3.06E-07

Zirconium (Zr+4) < 0.01 1.10E-07
Palladium (Pd+2)
Tin (Sn+2) < 0.002 1.69E-08
Lead (Pb+2) < 0.002 9.67E-09 < 0.002 9.67E-09 < 0.002 9.67E-09
Aluminum (Al+3) < 0.005 1.86E-07< 0.005 1.B6E-07< 0.005 1.B6E-07

Uranium (U+4) 1.7E-04 7.16E-10 1.6E-04 6.73E-10 1.2E-04 5.05E-10
Thorium (Th+4)

Fluoride (F-) 13.5 7.12E-04 12.4 6.54E-04 7.6 4.01E-04

Chloride (Cl-) 130 3.67E-03 129 3.65E-03 80 2.26E-03

Bromide (Br-) 0.75 9.40E-06 1.0 1.25E-05 0.43 5.39E-06

Iodide (1-) < 0.05 3.95E-07 0.03 2.37E-07 < 0.05 3.95E-07
Sulfate (S04-2) 327 3.41E-03 330 3.44E-03 535 5.5BE-03

Phosphate (as P) 0.05 1.62E-06 0.030 9.70E-07 0.06 1.94E-06
Nitrate (N03-) < 0.1 1.62E-06
Arsenite (As+3) 0.19 2.54E-06 0.10 1.34E-06 0.11 1.47E-06

Arsenate (As+5) 0.03 4.01E-07 0.05 6.69E-07 0.08 1.07E-06

Tot. Arsenic (As)
Selenium (Se03-2) < 8E-04 6.31E-09 < 8E-04 6.31E-09 < 8E-04 6.31E-09
Molybdenum (Mo04-2)
Tungsten (W04-2)
Alkalinity as HC03- 249 4.09E-03 379 6.22E-03 3B1 6.26E-03
Bicarbonate (HC03-)
Carbonate (C03-2)

Tot. Sulfide (H2S) < 0.005 1.47E-07 < 0.005 1.47E-07 < 0.005 1.47E-07
Sil ica (H2Si03) 31 3.98E-04 32 4.11E-04 40 5.13E-04
Borate (B(OH)3) 3.4 5.51E-05 5.4 8.75E-05 7.0 1.13E-04
Total Iron < 0.6 1.08E-05 < 0.6 1.08E-05 < 0.8 1.44E-05
Organic C < 0.7 5.B4E-05 < 0.2 1.25E-05 < 0.1 B.34E-06

• Calculated from mg/l as described by PEARSON et al. (1989 Sect 1.2.1). All are displayed to same number of
digits. The number of significant digits is suggested by the number of digits in the mg/l values.
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Table 2.1: Chemistry of crystalline water from Zurzach, Leuggern, Boettstein and Kaisten boreholes. (Page 5 of 6)

5 6 7
Sample Source LEUGGERN: composite BOETTSTEIN: composite KAISTEN: composite
Data Source PEARSON et al. PEARSON et al. PEARSON et al.

1989 Tab 7.1: 4/5,6 1989 Tab 2.1: 8c,9/ 1989 Tab 6.1: 4,5
/7,8,9,10/18,19 12b,13/16, 17/18 /6,7/9,10,11/12,13
/20,21/16/23 WITTWER 1986 Beil 3.18 /14/16,17

mg/l molality mg/l molality mg/l molality
Oxygen (02) < 0.0005 1.56E-08 < 0.0005 1.56E-08 < 0.0005 1.56E-08
Nitrogen (N2) 33.4 1.19E-03 34.5 1.23E-03 35.3 1.26E-03
Methane (CH4) 0.02 1.25E-06 0.02 1.25E-06 0.01 6.24E-07
Hydrogen (H2) < 5E-04 2.43E-07 < 0.005 2.43E-06 < 5E-04 2.43E-07
Argon (Ar) 0.9 2.23E-05 0.90 2.26E-05 0.91 2.28E-05
Carbon Dioxide (CO2) < 2 4.55E-05 6 1.36E-04 16 3.64E-04

CALCULATED VALUES

Dissolved Solids:
Sum 983 1085.9 1299.0
Residue (110 C) 974 -0.9% 1067 -1. reI. 1280 -1.5%
Residue (180 C) 967 -1.6% 1062 -2.2% 1268 -2.4%

Charge Balance: 3.22% -0.40% -1.46%
Sum Cations meq/kg 15.814 17.354 19.799
Sum Anions meq/kg 15.312 17.423 20.090

7.30
Sum: 6.62E-03

Carbonate System: See Text.
Measured Values:

pH 8.22 7.94
Total Dissolved C02 Sum: 4.13E-03 Sum: 6.36E-03

Modelled using measured pH:
Total Dissolved C02 3.99E-03 6.25E-03
SI(CALCITE) 0.47 0.03
log P(C02) -2.77 -2.32

Modelled using pH adjusted for calcite saturation:
pH 7.72 7.91
Total Dissolved C02 4.17E-03 6.26E-03
log P(C02) -2.25 -2.29

-0.02
-1.64

7.32

-1.65

6.75E-03

6.72E-03

Saturation Indices:
BARITE
BRUCITE
CALCITE
CELESTITE
CHALCEDONY
DOLOMITE DISORDER
DOLOMITE-ORDERED
FE(OH)3-ALPHA
FE(OH)3-BETA
FLUORITE
GIBBSITE CRYSTAL
GOETHITE-
GYPSUM
KAOLINITE
MANGANITE
MOO2(CR)
MOO3(CR)
NI(OH)2S
NI2SI04
NI2SI04S
NIC03S
NIFE204 ~

NIO
NISI03

0.24
-5.32
0.00

-1.74
-0.03
-1.48
-1.00
-2.32
-4.32
0.38

-0.68
0.18

-1.76
0.24

-10.87

-5.70
-8.69

-10.08
-6.49
2.77

-5.41
5.48

0.04
-5.63
0.00

-1.88
0.02

-1.67
-1.17
0.04

-1.96
0.02

-0.70
2.54

-2.09
0.31

-10.48

-5.71
-8.69

-10.08
-6.52
7.56

-5.42
5.53

0.13
-5.67
0.00

-1.20
0.06

-1.32
-0.83
-0.01
-2.01
0.04

-0.38
. 2.49
-1.39
1.02

-10.16

-6.47
-10.13
-11. 52
-6.69
6.59

-6.18
4.80
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Table 2.1: Chemistry of crystalline water from Zurzach, Leuggern, Boettstein and Kaisten boreholes. (Page 6 of 6)

Sample Source
Data Source

PO(OH)2S
POO
PORTLANOITE
PYROCHROITE
PYROLUSITE
QUARTZ
RHODOCHROSITE_CR
SE
SIOERITE_CRYSTAL
SNO
SN02
SNOH2(S)
SNOH4(S)
STRONT IAN ITE
TH(OH)4C
TH02
U307-BETA
U308
U409
U02 AMORPHOUS
U02-CRYSTAL
USI04
WITHERITE
ZR02

Gas Partial Pressures:

CH4(G)
C02(G)
H2(G)
N2(G)
02(G)

5
LEUGGERN: composite

PEARSON et al.
1989 Tab 7.1: 4/5,6

/7,8,9,10/18,19
/20,21/16/23

-9.84
-5.52

-19.68
0.35
0.47
1.18

-0.87

-1.28

-2.51
-10.86
-1.08
-4.71
1.02
0.48

-3.18

log P (atm)

-2.94
-2.25
-3.47
0.34

-4.82

6
BOETTSTEIN: composite

PEARSON et al.
1989 Tab 2.1: 8c,9/

12b,13/16, 17/18
WITTWER 1986 Beil 3.18

-10.05
-5.66

-19.34
0.42
0.28
2.09
0.99

-12.29
1.97

-13.75
-5.46
-1.07

-2.38
-9.95
-1.17
-4.78
0.79
0.27

-3.09
2.96

log P (atm)

-2.96
-2.29
-2.47
0.34

-4.84

7
KAISTEN: composite

PEARSON et al.
1989 Tab 6.1: 4,5
/6,7/9,10,11/12,13

/14/16,17

-10.31
-6.47

-17.02
0.44
0.12
4.87
0.35

-1.13

-1.98
-6.86
-1.51
-5.76
-0.05
-0.38
-3.65

log P (atm)

-3.23
-1.65
-3.47
0.38

-4.81
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Table 2.2: Reference water chemistry: Western Crystalline Basement Type. (Page 1 of 3)

Sample Source Concentration and Base Reference Water Comments: See text Section 2.4
Parameter Ranges for explanation.

pH (7.1 ) 7.6 8.3 7.66 Adjusted for Calcite Saturation
Pe -3.7 -0.7 -2.72 Adjusted for Goethite Saturation
Eh (volts, from Pe) -0.20 -0.04 -0.18
Formation Temp. (IC) 55 Reference Temperature
Density (g/ml) 0.999 Mean: (1+2)/2,(3+4)/2,5,6

MinilllllTl MaxilllllTl
mg/l mg/l mg/l molality*

LithiLm (Li+) .0.5 3 1.1 1.59E-04 Mean: (1+2)/2,(3+4)/2,5,6
Sodilm (Na+) 286 393 (432) 323.8 1.41E-02 Adjusted for charge balance
PotassiLm (K+) 4 16 (34) 8.5 2.18E-04 Mean: (1+2)/2,(3+4)/2,5,6
Rubidium (Rb+) 0.025 0.095 (0.15) 0.055 6.45E-07 Mean: 2,(3+4)/2,5,6
Cesium (Cs+) (0.01) 0.02 0.07 (0.11) 0.043 3.24E-07 Mean: (1+2)/2,(3+4)/2,5,6
Anmonium (NH4+) 0 0.39 (0.62) 0.14 7.78E-06 Mean: 1,3,5,6
Beryllium (Be+2) 0 5E-04 5E-04 5.56E-08 Only Detected Cone: 4
Magnesium (Mg+2) 0.007 2 (3.8) 0.3 1.24E-05 Mean: (1+2)/2,(3+4)/2,5,6
Calcium (Ca+2) 6 16 (50) 14.0 3.50E-04 Mean: (1+2)/2,(3+4)/2,5,6
Strontium (Sr+2) 0.09 0.6 (1.4) 0.46 5.26E-06 Mean: (1+2)/2,(3+4)/2,5,6
BarillTl (Ba+2) 0.007 0.19 0.05 3.65E-07 Barite Saturation
Radium (Ra+2) 3E-10 1E-09 (5.2E-9) 7E-10 3.10E-15 Mean: 1,(3+4)/2,5,6
Chromium (Cr) 0 9E-04 8.5E-04 1.64E-08 Mean Detected Cone: 2,4
Manganese (Mn+2) 0.01 0.6 (1.0) 0.037 6.75E-07 Mean Zur, Leu PSI: (1+2)/2,4
Iron (Fe+2) 0.004 1.3 (5.9) 0.007 1.26E-07 Mean Zur: 1,2
Nickel (Ni+2) 0 0.01 (0.04) < 5E-04 8.53E-09 MinilllllTl: (1+2)/2,(3+4)/2,5,6
Cobalt (Co+2) 0 0.002 1.5E-04 2.5SE-09 Only Detected Cone: 4
Copper (Cu+2) 0 0.01 < 0.002 3.15E-08 MinilllllTl: (1+2)/2,(3+4)/2,5,6
Zinc (Zn+2) 0.003 1.6 0.004 6.13E-08 Mean Zur, Leu PSI: (1+2)/2,4
ZirconiLl1l (Zr) o 1.5E-04 1.5E-04 1.65E-09 Only Detected Cone: 4
Palladium (Pd) 0 1E-04 < 1E-04 9.42E-10 Detection Limit: 2,4
Tin (Sn) 0 1E-03 6E-04 5.07E-09 Mean Detected Cone: 2,4
Lead (Pb) 0 0.03 (0.07) 2.5E-04 1.21E-09 Mean Zur, Leu PSI: 2,4
Alumim.rn (Al) 0 0.3 0.012 4.46E-07 Kaolinite Saturation
Uranium (U) 5E-06 1.1E-03 1.3E-04 5.47E-10 Mean: (1+2)/2,(3+4)/2,5,6
Thorium (Ih) 5E-05 5E-04 5.0E-04 2.16E-09 Only Analysis: 4

Fluoride (F-) (6.6) 10.2 15.5 12.2 6.43E-04 Fluorite Saturation
Chloride (Cl-) (60) 108 178 128 3.62E-03 Mean: (1+2)/2,(3+4)/2,5,6
Bromide (Br-) (0.47) 0.04 1.2 0.72 9.03E-06 Mean: (1+2)/2,(3+4)/2,5,6
Iodide (I -) 0 0.05 (0.07) 0.01 7.90E-08 Mean Detected Conc: 2,4,6
Sulfate (504-2) (491) 252 426 (598) 296 3.09E-03 Mean: (1+2)/2~(3+4)/2,5,6

Phosphate (as P) 0 0.25 (1.14) 0.04 1.29E-06 Mean Detected Cone: 1,3,5,6
Nitrate (N03-) 0 0.1 < 0.1 2.00E-06 Detection Limit: 1,5
Arsenite (As+3) 0.006 1.2 0.12 1.60E-06 Mean: 1,3,5,6
Arsenate (As+5) 0 0.53 0.035 4.68E-07 Mean Detected Cone: 1,5,6
Tot. Arsenic (As) 0.16 2.07E-06 Sum (As+3 + As+5)
SelenillTl (Se) 0 0.25 0.1 7.89E-07 Mean Detected Cone: 2,4
MolybdenLl1l (Mo) 0.002 0.008 0.005 3.13E-08 Mean: 2,4
Tungsten (W) 0.07 0.7 0.7 2.83E-06 Only Analysis: 4
Alkalinity as HC03- 189 390 (439) 291 4.78E-03 Mean: (1+2)/2,(3+4)/2,5,6
Bicarbonate (HC03-) 285 4.67E-03 Modelled
Carbonate (C03-2) 2.7 4.51E-05 Modelled

Tot. Sulfide (H2S) 0 0.32 < 0.005 1.50E-07 Detection Limit: 1,3,5,6
Sil ica (H2Si03) 11 59 (74) 46.1 5.91E-04 Chalcedony Saturation
Borate (B(OH)3) 1.3 6.4 (7.8) 3.4 5.51E-05 Mean: 1,(3+4)/2,5,6
Total Iron 0.026 4.66E-07 Mean Zur: 1
Organic C 0 3.6 0.04 3.34E-06 Zur, Leu PSI: 2,4

* Calculated from mg/l as described by PEARSON et al. (1989 Sect 1.2.1). All are displayed to same number
of digits. The number of significant digits is suggested by the number of digits in the mg/l values.
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Table 2.2: Reference water chemistry: Western Crystalline Basement Type. (Page 2 of 3)

Sample Source Concentration and
Parameter Ranges

Base Reference Water Comments: See text Section 2.4
for explanation.

Oxygen (02)
Nitrogen (N2)
Methane (CH4)
Hydrogen (H2)
Argon (Ar)
Carbon Dioxide (C02)

CALCULATED VALUES

mg/l
o

30
(0) 0.009

o
0.79

o

mg/l
0.1 (0)
39 (48)

0.08
0.04
0.99

13 (36)

<

<

mg/l
5E-04

33
0.017
5E-04
0.88
7.7

molality
1.56E-08
1.18E-03
1.06E-06
2.43E-07
2.21E-05
1.75E-04

Detection Limit: 3,5,6
Mean: 1,3,5,6
Mean: 1,3,5,6
Minimum: 1,3,5,6
Mean: 1,3,5,6
Adjusted for Calcite Saturation

Carbonate System:
Means of Source Waters adjusted for calcite saturation:

pH
Total Dissolved C02
log P(C02)

Modelled using pH adjusted for calcite saturation:
pH (7.32) 7.71 7.91
Total Dissolved C02
log P(C02) (-1.6) -2.0 -2.4

Saturation Indices:

Dissolved Solids:
SlI11
Residue (110 C)
Residue (180 C)

Charge Balance:
SlI11 Cations meq/kg
Sum Anions meq/kg

854
822

1119 (1350)
1114 (1345)

BARITE
BRUCITE
CALCITE
CELESTITE
CHALCEDONY
DOLOMlTE_D ISORD
DOLOMITE ORDERED
FE(OH)3-ALPHA
FE(OH)3-BETA
FLUORlTE
GIBBSlTE CRYSTAL
GOETHlTE-
GYPSUM
KAOLlNITE
MANGANITE
MOO2(CR)
MOO3(CR)
Nl(OH)2S
NI2SI04
NI2SI04S
NIC03S
NIFE204
NIO
NISI03
PD(OH)2S
PDO
PORTLANDITE
PYROCHROITE
PYROLUSITE
QUARTZ
RHODOCHROSITE CR
SE -
SIDERITE_CRYSTAL

969
957 -1.2%
951 -1.8%

-0.0%
15.237
15.244

molality

7.80
4.84E-03

-2.24

7.66
4.90E-03

-2.02

-0.00
-5.04
-0.00
-1.73
0.00

-1.52
-1.08
-2.50
-4.50
0.00

-0.79
-0.00
-1.96
0.04

-11.78
-5.58

-11. 53
-6.29
-9.74

-11.11
-6.95
1.58

-5.99
4.90

-3.52
-0.63
-9.23
-6.57

-18.52
0.34

-0.35
3.51

-1.22

Mean: 1,3,5,6
Mean: 1,3, 5, 6

Mean: (1+2)/2,(3+4)/2,5,6
Mean: (1+2)/2,(3+4)/2,5,6
Mean: (1+2)/2,(3+4)/2,5,6

Adjusted for Calcite Saturation
Adjusted for Calcite Saturation
Adjusted for Calcite Saturation
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Table 2.2: Reference water chemistry: Western Crystalline Basement Type. (Page 3 of 3)

Sample Source Concentration and
Parameter Ranges

SNO
SN02
SNOH2(S)
SNOH4(S)
STRONTIANITE
TH(OH)4C
TH02
U307-BETA
U308
U409
U02 AMORPHOUS
U02-CRYSALLI NE
USI04
WITHERITE
ZR02

Base Reference Water Comments: See text Section 2.4
for explanation.

-10.53
1.70

-13.23
-5.73
-1.15
-7.93
0.89

-0.11
-7.21

1. 76
-4.83
1.46
1.07

-3.13
1.38

Indicators of Oxidation State

Used for Modelling:

Calculated from Redox Couples:

AS5/AS3
H+/H2
HC03/CH4
N2/NH4+
N03-/N2
02/H20(THEOR. )
02/H20(SATO)
S04-2jHS-

Gas Partial Pressures:

CH4(G)
C02(G)
H2(G)
N2(G)
02(G)

Eh(volts) Pe

-0.18 -2.72

-0.16 -2.46
> -0.39 -5.92

-0.34 -5.20
-0.29 -4.47

< 0.56 8.58
0.63 9.64

-0.03 -0.46
> -0.29 -4.38

log P(gas)

-2.94
-2.02
-3.46
0.38

-4.76
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Table 2.3: Elements with concentrations near or below
analytical detection limits: Zurzach, Leuggern,
Boettstein and Kaisten boreholes.

Concen-
Element tration Borehole Reference

(ppb)
---------------------------------------------------------------

Ag < 0.2 Leuggern DEGUELDRE et al. (1990) p 23
Ag < 2 Boettstein WITTWER (1986) Beil 3.18
Au < 0.05 Leuggern DEGUELDRE et al. (1990) p 23
Bi < 0.1 Leuggern DEGUELDRE et al. (1990) p 23
Cd < 0.5 Leuggern DEGUELDRE et al. (1990) p 23
Cd < 2 - 2 Boettstein WITTWER (1986) Beil 3.18
Hf < 0.1 Leuggern DEGUELDRE et al. (1990) p 23
Hg < 0.1 - 0.5 Boettstein WITTWER (1986) Beil 3.18
Ir < 0.05 Leuggern DEGUELDRE et al. (1990) p 23
La < 0.4 Zurzach BRUETSCH et al. (1991) Tab 7
Nb < 0.05 Leuggern DEGUELDRE et al. (1990) p 23

N02- < 3 - SO Boettstein WITTWER (1986) Beil 3.18
N02- < 3 - 45 Kaisten WITTWER (1986) Beil 3.22
N02- < 3 - SO Leuggern WITTWER (1986) Beil 3.23

Os < 0.1 Leuggern DEGUELDRE et al. (1990) p 23
Pt < 0.1 Leuggern DEGUELDRE et al. (1990) p 23
Re < 0.05 Leuggern DEGUELDRE et al. (1990) p 23

REE < 0.1 Leuggern DEGUELDRE et al. (1990) p 23
Rh < 0.05 Leuggern DEGUELDRE et al. (1990) p 23
Ta < 0.05 Leuggern DEGUELDRE et al. (1990) p 23
Te < 0.15 Leuggern DEGUELDRE et al. (1990) p 23
Ti < 0.2 Zurzach BRUETSCH et al. (1991) Tab 7
Ti 0.4 Leuggern DEGUELDRE et al. (1990) p 23
Ti < 5 Boettstein WITTWER (1986) Beil 3.18
Tl < 0.2 Leuggern BRUETSCH et al. (1991) Tab 7
V < 5 Boettstein WITTWER (1986) Beil 3.18
y 0.1 Leuggern WITTWER (1986) Beil 3.18



NAGRA NTB 93-07 -55-

Table 2.4: Relationships among oxidation potentials, the
concentrations of U and Fe, and the saturation
indices of their solid phases: Western reference
water.

pe
Eh

@ 55 C
(volts)

Solid SI Element Concentration
mg/l molality

0.15

-0.69

-0.82

-1.72

-2.72 *

-3.73

0.01

-0.04

-0.05

-0.11

-0.18

-0.24

U307-BETA
U409

U02(cr)
Fe(OH)3A
Goethite
Siderite

U307-BETA
U409

U02(cr)
Fe (OH) 3A
Goethite
Siderite

U307-BETA
U409

U02(cr)
Fe (OH) 3A
Goethite
Siderite

U307-BETA
U409

U02(cr)
Fe (OH) 3A
Goethite
Siderite

U307-BETA
U409

U02(cr)
U307-BETA

U409
U02(cr)

Fe (OH) 3A
Goethite
Siderite

U307-BETA
U409

U02(cr)
Fe (OH) 3A
Goethite
Siderite

0.0
0.0

';'0.4
0.0
2.5

-1.6

-0.4
0.0
0.0

-0.5
2.0

-1.2

-0.6
-0.2
0.0

-0.6
1.9

-1.2

1.4
3.1
1.3

-1.5
1.0

-1.2

-0.1
1.8
1.5

-4.4
-4.0
0.0

-2.5
0.0

-1.2

-2.1
-0.2
1.5

-3.5
-1.0
-1.2

U

Fe

U

Fe

U

Fe

U

Fe

U

U

Fe

U

Fe

4.1E-03

3.8E-03

2.3E-04

7.0E-03

1.3E-04

7.0E-03

1.3E-04

7.0E-03

1.3E-04

4.6E-06

7.0E-03

1.3E-04

7.0E-03

1.73E-08

6.87E-08

9.55E-10

1.26E-07 *

5.47E-10 *

1.26E-07 *

5.47E-10 *

1.26E-07 *

5.47E-10 *

1.92E-11

1.26E-07 *

5.47E-10 *

1.26E-07 *

n*n indicates base reference water value



NAGRA NTB 93-07 -56-

Table 3.1: Chemistry of crystalline water from Siblingen borehole. (Page 1 of 3)

1 2 3
Sample Source SIBLINGEN SIBLINGEN SIBLINGEN
Data Source Smpl 4b(corr): 528 m Smpl 6b: 1159 m Slf1)l 7b: 1496 m

BLASER &SCHOLTIS 1991 \BLASER &SCHOLTIS 1991 BLASER &SCHOLTIS 1991
Beilage 8 &13 Beilage 6 &13 Beilage 6 &13

pH (Measured) 8.66 8.80 8.20
Pt-electrode pot volts -0.03
Pe (From Eh, at 20 C) -0.52
Formation Temp. (C) 28 47 57
Dens i ty (g/ml) 1.00031 1.00048 1.00000

mg/l molality* mg/l molality* mg/l molal i ty*
Lithium (Li+) 0.61 8.79E-05 0.61 8.79E-05 0.66 9.51E-05
Sodium (Na+) 175 7.61E-03 173 7.53E-03 173 7.53e-03
Potassium (K+) 3.4 8.70E-05 3.8 9.72E-05 4.6 1.18E-04
Rubidium (Rb+) < 0.05 5.85E-07 < 0.05 5.85E-07
Cesium (Cs+) 0.05 3.76E-07 0.05 3.76E-07
Ammonium (NH4+) < 0.005 2.77E-07 < 0.1 5.55E-06
MagnesilJT1 (Mg+2) 0.38 1. 56E -05 1.4 5.76E-05 0.8 3.29E-05
Calcium (Ca+2) 9.4 2.35E-04 12 2.99E-04 11 2.75E-04
Strontium (Sr+2) 0.33 3.77E-06 0.35 3.99E-06 < 0.1 1.14E-06
Badum (Ba+2) 0.08 5.83E-07
Radium (Ra+2) 1.7E-07 7.52E-13
Chromium (Cr)
Manganese (Mn+2) < 0.005 9.10E-08 0.1 1.82E-06
Iron (Fe+2) 0.92 1.65E-05 4.3 7.70E-05 < 0.01 1.79E-07
Nickel (Ni+2) < 0.01 1.70E-07
Cobalt (Co+2)
Copper (Cu+2) 0.01 1.57E-07
Zinc (Zn+2) < 0.03 4.59E-07
Zirconium (Zr)
Palladium (Pd)
Tin (Sn)
Lead (Pb) < 0.005 2.41E-08
Aluminum (Al) 0.18 6.67E-06
Uranium (U) 3.0E-04 1.26E-09
Thorium Oh)

Fluoride (F-) 7.6 4.00E-04 9.3 4.90E-04 11 5.79E-04
Chloride (Cl-) 14.8 4.18E-04 25 7.05E-04 27 7.62E-04
Bromide (Br-) < 0.4 5.01E-06 0.23 2.88E-06
Iodide Cl -) < 0.05 3.94E-07 < 0.01 7.88E-08
Sulfate (S04-2) 146 1.52E-03 142 1.48E-03 128 1.33E-03
Phosphate (as P) < 0.1 3.23E-06 < 0.02 6.46E-07 < 0.1 3.23E-06
Nitrate (N03-) 0.71 1.15E-05 < 0.2 3.23E-06 1.5 2.42E-05
Arsenite (As+3)
Arsenate (As+5)
Tot. Arsenic (As) 0.006 8.01E-08 0.007 9.35E-08
Selenium (Se)
Molybdenum (Mo)
Tungsten (W)
Alkalinity as HC03- 276 4.52E-03 267 4.38E-03 281 4.61E-03
Bicarbonate (HC03-)
Carbonate (C03-2)

Tot. Sulfide (H2S)
Sil ica (H2Si03) 25 3.20E-04 15 1.92E-04 36 4.61E-04
Borate (B(OH)3) 0.45 7.28E-06 1.3 2.10E-05
Total Iron 4.3 7.70E-05
Organic C 6.2 5.16E-04

* Calculated from mg/l as described by PEARSON et al. (1989 Sect 1.2.1). All are displayed
to the same number of digits. The number of significant digits is suggested by the number
of digits in the mg/l values.
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Table 3.1: Chemistry of crystall ine water from s ibt ingen borehole. (Page 2 of 3)

Sample Source
Data Source

Oxygen (02)
Nitrogen (N2)
Methane (CH4)
Hydrogen (H2)
Argon (Ar)
Carbon Dioxide (C02)

CALCULATED VALUES

123
SIBLINGEN SIBLINGEN SIBLINGEN

Smpl 4b(corr): 528 m Smpl 6b: 1159 m Smpl 7b: 1496 m
BLASER &SCHOLTIS 1991 \BLASER &SCHOLTIS 1991 BLASER &SCHOLTIS 1991

Beilage 8 &13 Beilage 6 &13 Beilage 6 & 13

mg/l molality mg/l molality mg/l molal i ty
0.008 2.50E-07 5.85 1.83E-04
23.4 8.36E-04 39.3 1.40E-03
0.01 6.24E-07 0.009 5.61E-07

0.0007 3.40E-07 n.n.
0.83 2.08E-05 1.2 2.93E-05

< 0.9 2.05E-05 < 7.5 1.71E-04

Carbonate System: See Text.
Measured Values:

pH 8.66
Total Dissolved C02 Sum: 4.52E-03

Modelled using measured pH:
Total Dissolved C02 4.30E-03
SI(CALCITE) 0.51
log P(C02) -3.25

Modelled using pH adjusted for calcite saturation:
pH 8.10
Total Dissolved C02 4.51E-03
log PCC02) -2.66

Dissolved Solids:
Sum
Residue (110 C)
Residue (180 C)

Charge Balance:
Sum Cations meq/kg
Sum Anions meq/kg

Saturation Indices:
BARITE
BRUCITE
CALCITE
CELESTITE
CHALCEDONY
DOLOMITE_DISORDER
DOLOMITE ORDERED
FECOH)3-ALPHA
FE(OH)3-BETA
FLUORITE
GIBBSITE CRYSTAL
GOETHITE-
GYPSUM
KAOLINITE
MANGANITE
NI(OH)2S
NI2SI04
NI2SI04S
NIC03S
NIFE204
NIO
NISI03
PORTLANl1l TE
PYROCHROITE
PYROLUSITE
QUARTZ
RHODOCHROSITE eR
SIDERITE_CRYSTAL

514

-0.87%
8.329
8.402

-5.52
0.00

-2.11
0.01

-1.56
-1.02
3.10
1.10

-0.21

5.60
-2.32

-10.27

0.43

1.06

516
529 2.5%
512 -0.8%

0.80%
8.611
8.542

8.80
Sum: 4.40E-03

3.71E-03
0.87

-3.34

7.77
4.33E-03

-2.23

0.12
-4.47
0.00

-2.06
-0.41
-0.85
-0.38
2.73
0.73

-0.13
0.59
5.23

-2.22
2.00

-10.05
-4.86
-7.35
-8.73
-5.68
13.61
-4.57
5.93

-9.49
-7.16

-15.56
-0.05
-1.15
1.64

532

-3.35%
8.370
8.655

8.20
Sum: 4.78E-03

4.47E-03
0.50

-2.56

7.65
4.73E-03

-2.00

-4.41
0.00

-2.61
-0.13
-0.94
-0.51
0.35

-1.65
-0.09

2.85
-2.28

-8.58

-9.13
-6.09

-12.34
0.21
0.15

-1. 10
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Table 3.1: Chemistry of crystalline water from Siblingen borehole. (Page 3 of 3)

Sample Source
Data Source

12 3
SIBLINGEN SIBLINGEN SIBLINGEN

Smpl 4b(corr): 528 m Smpl 6b: 1159 m Smpl 7b: 1496 m
BLASER &SCHOLTIS 1991 \BLASER &SCHOLTIS 1991 BLASER &SCHOLTIS 1991

Beilage 8 &13 Beilage 6 &13 Beilage 6 &13

STRONTIANITE
U307-BETA
U308
U409
U02 AMORPHOUS
U02-CRYSTALLINE
USI04
WITHERITE

Gas Partial Pressures:

CH4(G)
C02(G)
H2(G)
N2(G)
02(G)

-1.01

log P (atm)

-2.66

-1.17
-2.02
-5.03
-2.17
-6.55
-0.57
-1.44
:'2.80

log P (atm)

-3.21
-2.23
-3.32
0.21

-3.59

-1.71

log P (atm)

-3.21
-2.00

0.45
-0.69
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Table 3.2: Reference water chemistry: Eastern Crystalline Basement Type. (Page 1 of 3)

Sample Source Concentration and Base Reference Water Comments: See text Section 3.2
Parameter Ranges for explanation.

pH 7.6 8.1 7.68 Adjusted for Calcite Saturation
Pe -3.7 -0.5 -0.52 Only Measured Value
Eh (volts, from Pe) -0.20 -0.03 -0.03
Formation Temp. (C) 55
Density (g/ml) 1.0005 1.0005

Minimun Maximun
mg/l me/l mg/l molality*

Lithiun (Li+) 0.61 0.66 0.64 9.22E-05 Mean: 2,3
Sodiun (Na+) 173 177 177 7.70E-03 Adjusted for Charge Balance
Potassiun (K+) 3.4 4.6 4.2 1.07E-04 Mean: 2,3
Rubidiun (Rb+) 0 0.5 < 0.05 5.85E-07 Detect ion Limi t : 2,3
Cesiun (Cs+) 0.05 0.05 0.05 3.76E-07 Mean: 2,3
Anmoniun (NH4+) 0 0.05 < 0.005 2.77E-07 Detect ion Limi t: 2
Magnesiun (Mg+2) 0.4 1.4 1.1 4.53E-05 Mean: 2,3
Calciun (Ca+2) 9 12 11.5 2.87E-04 Mean: 2,3
Strontium (Sr+2) 0.04 0.4 0.35 3.99E-06 Only Detected Conc: 2
Bariun (Ba+2) 0.01 0.1 0.08 5.48E-07 Barite Saturation
Radium (Ra+2) 2E-08 2E-06 1.7E-07 7.52E-13 Only Analysis: 2
Chromium (Cr)
Manganese (Mn+2) 0 0.1 < 0.005 9.10E-08 Lowest Detection Limit: 2
Iron (Fe+2) 3E-05 4.3 < 0.01 1.79E-07 Lowest Detection Limit: 3
Nickel (Ni+2) 0 0.1 < 0.01 1.70E-07 Only Analysis: 2
Cobalt (Co+2)
Copper (Cu+2) 0.001 0.1 0.01 1.57E-07 Only Analysis: 2
Zinc (Zn+2) 0 0.3 < 0.03 4.59E-07 Only Analysis: 2
ZirconillJl (Zr)
PalladilJTl (Pd)
Tin (Sn)
Lead (Pb) 0 0.05 < 0.005 2.41E-08 Only Analysis: 2
Aluminum (Al) 0.001 0.03 0.012 4.35E-07 Kaolinite Saturation
Uranium (U) 3E-05 3E-03 3E-04 1.26E-09 Only Analysis: 2
Thorium (th)

Fluoride (F-) 7.6 12 11.8 6.21E-04 Fluorite Saturation
Chloride (Cl-) 15 27 26 7.33E-04 Mean: 2,3
Bromide (Br-) 0.2 0.4 0.2 2.50E-06 Only Detected Conc: 3
Iodide (1-) 0 0.1 < 0.01 7.88E-08 Detection Limit: 3
Sulfate (S04-2) 128 146 135 1.41E-03 Mean: 2,3
Phosphate (as P) 0 0.2 < 0.02 6.46E-07 Detection Limit: 2
Nitrate (N03-) 0 1.5 < 0.9 1.45E-05 Lowest Detection Limit: 2
Arsenite (As+3)
Arsenate (As+5)
Tot. Arsenic (As) 0.006 0.007 0.0065 8.68E-08 Mean: 2,3
Selenium (Se)
MolybdenllJl (Mo)
Tungsten (W)
Alkalinity as HC03- 267 281 268 4.39E-03 Mean: 2,3
Bicarbonate (HC03-) Modelled
Carbonate (C03-2) Modelled

Tot. Sulfide (H2S)
Silica (H2Si03) 15 36 46 5.93E-04 Chalcedony Saturation
Borate (B(OH)3) 0.5 1.3 0.9 1.46E-05 Mean: 2,3
Total Iron
Organic C 0 6 < 6 5.00E-04 Only Analysis: 3

* Calculated from mgll as described by PEARSON et al. (1989 Sect. 1.2.1). All are displayed to the same num-
ber of digits. The number of significant digits is suggested by the number of digits in the mgll values.
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Table 3.2: Reference water chemistry: Eastern Crystalline Basement Type. (Page 2 of 3)

Sall13le Source concentration and
Parameter Ranges

Base Reference Water Comments: See text Section 3.2
for explanation.

Oxygen (02)
Nitrogen (N2)
Methane (CH4)
Hydrogen (H2)
Argon (Ar)
Carbon Dioxide (C02)

CALCULATeD VALUES

mg/l
o

23
o
0\

0.8

mg/l
5.85

39
0.01

7E-04
1.2

<

<
<

mg/l
0.008

31
0.01

7e-04
1.0

molality
2.50e-07
1.11E-03
6.24E-07
3.40e-07
2.50E-OS

Lowest Detection Limit: 2
Mean: 2,3
Mean: 2,3
Lowest Detection Limit: 2
Mean: 2,3
Adjusted for Calcite Saturation

Dissolved Solids:
Sun
Residue (110 C)
Residue (180 C)

Charge Balance:
Sun Cations meq/kg
Sun Anions meqlkg

Carbonate System: See Text.

543
529
512

-2.6% Only Analysis: 2
-5.r~ Only Analysis: 2

-0.0%
8.573
8.577

Means of Source Waters adjusted for calcite saturation:
~ 7~
Total Dissolved C02 4.53E-03
log P(C02) -2.12

Modelled using pH adjusted for calcite saturation:
pH 7.68
Total Dissolved C02 4.49E-03
log P(C02) -2.06

Mean 2,3
Mean 2,3
Mean 2,3

Adjusted for Calcite Saturation
Adjusted for Calcite Saturation
Adjusted for Calcite Saturation

Saturation Indices:
BARITE
BRUCITE
CALCITE
CELESTITE
CHALCEDONY
DOLOMITE DISORDER
DOLOMITE-ORDERED
FECOH)3-ALPHA
FE(OH)3-BETA
FLUORITE
GIBBSITE CRYSTAL
GOETHITE-
GYPSUM
KAOLINITE
MANGANITE
NI(OH)2S
NI2SI04
NI2SI04S
NIC03S
NIFE204
NIO
NISI03
PORTLANDITE
PYROCHROITE
PYROLUSITE
QUARTZ
RHODOCHROSITE CR
SIDERITE_CRYSTAL

0.00
-4.33
0.00

-2.23
0.00

-0.85
-0.41
-0.04
-2.04
0.00

-0.81
2.46

-2.24
0.00

-10.32
-4.91
-6.98
-8.36
-5.62
7.88

-4.61
6.28

-9.18
-7.34

-14.84
0.34

-1.16
-1-.02
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Table 3.2: Reference water chemistry: Eastern Crystalline Basement Type. (Page 3 of 3)

Safl1)le Source Concentration and
Parameter Ranges

STRONTIANITE
U307-BETA
U308
U409
U02 AMORPHOUS
U02-CRYSTALLINE
USI04
WITHERITE

Base Reference Water Comments: See text Section 3.2
for explanation.

-1.36
-0.23
-2.88
0.13

-6.35
-0.07
-0.46
-2.84

Indicators of Oxidation State:

Used for Modelling:
Eh(volts) Pe

-0.03 -0.52

Calculated from Redox Couples:
H+/H2
HC03/CH4
N2/NH4+
N03-/N2
02/H20(THEOR. )
02lH20(SATO)

Gas Partial Pressures:

CH4(G)
C02(G)
H2(G)
N2(G)
02(G)

-0.36
-0.34
-0.26
0.57
0.65

-0.01

-5.52
-5.20
-4.03
8.75
9.92

-0.19

log P(gas)

-3.17
-2.06
-4.32
0.35

-3.56
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Table 4.1: Chemistry of Boettstein 1326 m and Leuggern 923 m waters.(Page 1 of 2)

1 2
Sample Source BOETTSTEIN 1326 m LEUGGERN 923 m
Data Source (Corrected) (Corrected)

PEARSON 1985 Tab 7.4; PEARSON et al. 1989
see also SCHWEINGRUBER Table 7.1; WITTWER

1984 Tab 1, 2. 1986 Tabelle 5.18
pH (Measured) 6.64 7.30
Eh volts (Min Meas)
Pe (From Eh, at 20 C)
Formation Temp. (IC) 60 42
Dens i ty (g/ml) 1.008 1.0023

mg/l molality* mg/l molal ity*

Li th i urn (Li+) 3.09 4.46E-04
Sodium (Na+) 4037 1.77E-01 1108 4.83E-02
Potassium (K+) 45.0 1.16E-03 13.3 3.41E-04
Rubidium (Rb+)
Cesium (Cs+)
Ammonium (NH4+) 0.2 1.11E-05
Magnesium (Mg+2) 2.6 1. 08E-04 2.2 9.07E-05
Calcium (Ca+2) 870 2.18E-02 424 1.06E-02
Strontium (Sr+2) 21 2.41E-04 7.4 8.47E-05
Barium (Ba+2)
Radium (Ra+2)
Chromium (er)
Manganese (Mn+2) 3.1 5.67E-05 3.35 6.11E-05

Iron (Fe+2) 0.01 1.80E-07
Nickel (Ni+2)
Cobalt (Co+2)
Copper (Cu+2)
Zinc (Zn+2)
Zirconium (Zr)
Palladium (Pd)
Tin (Sn)
Lead (Pb)
Aluminum (Al) 0.04 1.49E-06 < 0.006 2.23E-07
Uranium (U) 6E-05 2.53E-10
Thorium (Th)

Fluoride (F-) 3.6 1.90E-04 2.9 1.53E-04
Chloride (Cl-) 6621 1.88E-01 203 5.74E-03
Bromide (Br-)
Iodide (1-)
Sulfate (S04-2) 1560 1.63E-02 3057 3.19E-02
Phosphate (as P) 0.06 1.95E-06 0.013 4.21E-07
Nitrate (N03-)
Arsenite (As+3)
Arsenate (As+5)
Tot. Arsenic (As)
Selenium (Se)
Molybdenum (Mo)
Tungsten (W)
Alkalinity as HC03- 95 1.57E-03 73 1.20E-03
Bicarbonate (HC03-)
Carbonate (C03-2)

Tot. Sulfide (H2S) < 0.005 1.47E-07
Sil ica (H2Si03) 21.5 2.77E-04 7.4 9.50E-05
Borate (B(OH)3) 5.6 9.08E-05
Total Iron 0.45 8.10E-06
Organic C

* Calculated from mg/l as described by PEARSON et al. (1989 Sect 1.2.1.2.1).
All are displayed to the same number of digits. The number of significant
digits is suggested by the digits in the mg/l values.
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Table 4.1: Chemistry of Boettstein 1326 m and Leuggern 923 m waters.(Page 2 of 2)

Sample Source
Data Source

1
BOETTSTEIN 1326 m

(Corrected)
PEARSON 1985 Tab 7.4;

see also SCHWEINGRUBER
1984 Tab 1, 2.

2
LEUGGERN 923 m
(Corrected)

PEARSON et al. 1989
Table 7.1; WITTWER

1986 Tabelle 5.18

CALCULATED VALUES

Dissolved Solids:
SLIIl 13227
Residue (110 C)
Residue (180 C)

Charge Balance: 0.00%
SlITl Cations meq/kg 222.147
Sum Anions meq/kg 222.145

Carbonate System: molality
Measured Values:

pH 6.64
Total Dissolved CO2

Modelled using measur
Total Dissolved CO2 1.92E-03
SI(CALCITE) -0.16
log P(C02) -1.58

Modelled using pH adj
pH 6.80
Total Dissolved CO2 1.78E-03
log P(C02) -1.75

Saturation Indices:
BRUCITE -5.93
CALCITE 0.00
CELEST ITE 0.12
CHALCEDONY -0.34
DOLOMITE_DISORDER -2.33
DOLOMITE ORDERED -1.91
FE(OH)3-ALPHA -4.29
FE(OH)3-BETA -6.29
FLUORITE 0.03
GI BBSITE_CRYSTAL 0.31
GOETHlTE -1. 79
GYPSUM -0.01
KAOLlNITE 1.56
MANGANITE 11.84
PORTLANDITE -9.21
PYROCHROITE -6.61
PYROLUSITE 17.97
QUARTZ -0.01
RHODOCHROSlTE CR -0.13
SIDERlTE CRYSTAL -2.80
STRONTlANlTE -1.26
U307-BETA -0.27
U308 -7.11
U409 1.49
U02 AMORPHOUS -5.14
UOZ-CRYSTALLlNE 1.34
USI04 0.65

log P (atm)

C02(G) -1. 75

4871
4988 2.39E-02
4914 8.73E-03

-0.16%
70.793
70.907

molality

7.30

1.25E-03
-0.04
-2.42

7.34
1.25E-03

-2.46

-5.91
0.00

-0.14
-0.65
-2.32
-1.84

-0.13
-0.31

-0.08
-0.27

-10.13
-9.56
-5.42

-18.16
-0.27
0.36

-1.37

log P (atm)

-2.46
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