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Abstract

A predictive model for the interpretation of water-rock equilibrium and perturbations of different origins is presented.
The geochemical control on elemental concentrations by dissolution-precipitation reactions and the role of ion
exchange on clays are explained. Application to the Boom clay interstitial water and aquifer fluids from the belgian
province Kempen is shown, limits of the model and open questions are presented.

1. INTRODUCTION

The model presented here was first developed to explain the chemical composition of low temperature
granitic waters at Stripa (1). It related the concentration of certain elements in equilibrated groundwaters
to a geochemical control through dissolution — precipitation equilibria involving secondary minerals. In
the early nineties Beaucaire and Toulhoat made the hypothesis that the same modelling approach could
be applied in a sedimentary context, namely to interpret the groundwater composition at the Mol site.
The results presented here were obtained from different programmes (see for example 2,3) carried out
at the Service d’étude du stockage et de I'entreposage de déchets, Commissariat a I'énergie atomique
(CEA), France, in collaboration with the Waste and disposal unit of the Belgian nuclear research centre
(CENeSCK) at Mol and other partners. Financial support was from the European commission, CEA,
CENeSCK, Agence pour la gestion des déchets radioactifs (ANDRA) and the Research division of
Electricité de France (EDF).

The site of investigation consists of an area of ca 10 000 km? in the northern province of Kempen in
Belgium. The Boom clay belongs to a system of successive layers of tertiary clays and clayey sands or
silts. Interstitial water from the Boom clay and from two aquifers are considered here: the Ruisbroek-
Berg (Rupelian) aquifer, underlying the Boom clay and the deeper Lede-Brussel (Lutetian) aquifer,
separated from the Ruisbroek-Berg sands by the Asse clay.

2. GEOCHEMICAL CONTROL

The present equilibrium model has been published elsewhere (4, 5) and distinguishes two types of
elements in a groundwater. Some are involved in dissolution — precipitation equilibria between primary
and secondary minerals of the host rock, like potassium for example:

2 KAISigOg + HoO + 2 HT — 2 Kt + Al»SisOg(OH)4 + 4 SiOo
microcline kaolinite chalcedony

The corresponding equilibrium constant may be written:
Ki = (K¥)/(HY)

The activity of potassium depends only on the acidity level of the fluid. In general the activity of any
“controlled” element is directly related to the proton activity in the groundwater:



Kj (T) = (MM H)/(HF)N;

Other elements (mainly in anionic form A") are “mobile”: their concentration is not constraint by any mass
action law, and appears only in the electroneutrality equation, from which the pH of the fluid may be
calculated:

[ nj.(HYNKi 1 /yMi- [A] =0
where yM,; is the activity coefficient of species M;"* .

On behalf of the phase rule, there are as many minerals involved as controlled elements. Knowing their
dissolution constants, the temperature of the fluid and the concentrations of the free elements, it is
possible to calculate the overall composition of the groundwater taking into account all the side reactions
that occur in the fluid phase, like complexation of metal cations. This is possible with most geochemical
codes like PHREEQE (6). Confrontation of the results with the analytical data confirms or invalidates the
hypothesis on the water-rock interaction.

3. THE PECULIAR STATUS OF CARBON

Carbon deserves a special attention because the mechanism of the pCO, regulation in confined aquifers
remains complex. In a series of sedimentary aquifers, the observed pCO, - temperature relationship
between 10 and 200°C has been successfully explained by the equilibrium of the fluids with a mineral
assemblage constituted by calcite, dolomite and a magnesium bearing aluminosilicate (7, 8). Gouze (8)
also showed that additional production of CO, by the decomposition of organic matter, which occurs in a
rather narrow temperature range (80-120°C according to Smith and Ehrenberg, 9), does not change the
pCO, of the system as it is buffered by the set of minerals. The main problem is to identify and
characterise the proper magnesium aluminosilicate, as these phases often have an uncertain
stoichiometry and the range of variability of their formation constant can be of several orders of
magnitude. For example published values of the formation constant of chlorite vary from 102**’ (10) to
10%*® (Michard, 11). The corresponding pCO,, calculated for the above mentioned buffer, lie between
103 and 10™%. This last value is consistent with the data we obtained for the Rupelian aquifer.
However, as all the waters in this study are in a very narrow range of temperature and as no detailed
mineralogical analysis of the silts is available, it is not possible to identify the peculiar Mg-Al-Si phase for
this case and to constrain the set of data in this way. Therefore, due to the uncertainty of available data,
the inorganic carbon content was fixed in the model.

4. MODELLING THE GROUNDWATERS AT THE MOL SITE

According to these guidelines, a modelling exercise was carried out on the waters of the Boom clay and
the deep aquifers. The set of equilibrating minerals was taken according to the mineralogy of the Boom
clay and the available information the Ruisbroek-Berg and Lede-Brussel sands or silts: kaolinite, calcite,
dolomite, albite, microcline and chalcedony. As an example, saturation indexes for three waters are
shown in Table 1.

Table 1: Logarithms of the saturation indexes with respect to the principal mineralogical phases. The
sign — indicates undersaturation.

log K El Oe41C | Me20D

albite -19,60( 0,46 0,62 0,58
microcline | -21,60|( 0,78 -1,02 0,50
calcite -8,47| -0,33 0,07 0,23

dolomite -17,02] -0,91 | -0,05 | 0,42

chalcedony -3,71| -0,07 0,08 0,09

kaolinite -37,77] 1,76 1,124 0,19




Independent variables in the model are the temperature and the concentrations of the free elements Cl,
S and C (inorganic). pH and concentrations of major cations and silicon are then back-calculated and
compared with experimental values.

The principle of the calculation is simple. The concentration of each controlled cation can be expressed
as a function of (H") and pCO, using equations (1) to (6). As the total inorganic carbon concentration is
fixed, pCO; is also a function of (H") alone. [CI] is an independent variable and so the pH results from
requiring the solution to be electrically neutral and the overall composition of the solution can then be
calculated. The phase rule is respected: a mineral phase is associated with each regulated element.

The examples in table 2 show a good agreement between calculated and observed values. Calculated
carbon dioxide pressures amount to several millibars, which explains that the waters are subject to
degassing when decompressed.

Table 2: Modelling the chemical composition of groundwaters of the Mol site. Units are mM for
concentrations and °C for temperature.

Independent variables

C Cl S t pH Na K Ca Mg Si AIK.
Boom clay
Fixed [12.1 0.5 0.035 |[17°2
. W. Meas. 8.2 124 [0.22 ]0.047 |0.071 [0.13 [12.1
Calc. 8.54 |12.4 |0.20 [0.047 |0.120 [0.16 [12.3
Ruis.-Berg
Fixed (145 ([24.7 ]0.004 |14°5
Oel 41c |Meas. 7.98 359 [0.67 [0.21 [0.47 1[0.16 [14.5
Calc. 8.16 |38.0 |0.57 [0.13 [0.37 [0.14 [14.8

Fixed [13.3 [924 |4.32 [21°3
[Mee 20d |Meas. 7.67 [110 [0.90 |0.67 |1.66 0.20 [13.3
Calc. 7.55 [109.4 [2.10 |0.65 |1.51 |0.17 [14.7

Lede-Brussel
Fixed |13.2 [18.4 [0.262 [20°4
IMol 15¢  [Meas. 8.31 [30.3 1[0.54 |0.32 [0.41 [0.20 [13.2
Calc. 8.08 [30.9 [0.55 |0.13 [0.33 [0.17 [135

Fixed |11.4 [36.6 [0.90 [14°5
Ste Porlb |Meas. 8.28 47.0 060 [0.35 048 [0.28 |114
Calc. 8.06 48.0 |0.72 [0.22 [0.62 [0.14 |12.0

In some of the waters of the Lede-Brussel aquifer much higher silicon concentrations than that
corresponding to the solubility of chalcedony are observed; it is not well understood why a less stable
form of silica is active in the deeper aquifer but this is supported by the observation of clay-opale stones
known as porcelanite at the outcrops of the Lede-Brussel sands (12). Considering equilibrium with
cristobalite instead of chalcedony for the Ste Por 1b water gives a calculated value of 0.33 mM, quite
close to the measured concentration (see table 1).

5. MODELLING OF AN OXIDISING PERTURBATION

The interstitial water of the Boom clay was sampled from two piezometers. The water from piezometer
N°1 is characterised by a very low SO4™" concentration (0.03 mM), whereas in piezometer N°2 it reaches



10 mM in the first few metres from the gallery. At 15 m, the concentration falls again to 0.1 mM,
comparable to that measured in piezometer N°1. This perturbation observed with piezometer N°2 is
certainly due to oxidation of the medium during the installation of the tubing. The first piezometer was
sterilised at room temperature with formaldehyde, while the second one was sterilised by heating before
insertion in the massif, which resulted in oxidation of the pyrite in contact with the hot tubing, air and

water. In the pyrite-rich clay massif any oxidation results in a SO4~ enrichment of the water by the
following reaction:

FeS,d + 15/40,+ 5/2H,0 — FeOOH!) + 2SO0, + 4 H'

However, the oxidation proceeds gradually and the system is rapidly buffered: sulphate production does
not exceed 15 mM and the measured alkalinity remains around 15 mM, while a strong oxidation without
reequilibration of the system would produce an acid pH and a drop in the alkalinity equal to twice the
sulphate increase. This reequilibration results from the dissolution of calcite and dolomite in the clay
combined with ion exchange reactions between the alkaline earths and the sodium fixed on the clay
surface:

H* + CaCO;d — HCO; + Ca**
Ca™ + 2Na'yay — Ca®gay + 2Na'

Consequently, the resulting water contains sodium sulphate and bicarbonate and the pH is buffered at a
value close to 8.

7. CONCLUSION

The model was also applied to water sampled from a fault at Tournemire in France (13). The considered
mineralogical assemblage was: calcite, dolomite, fluorite, microcline albite, chalcedony and halloysite;
the fixed parameters were pH, temperature and the concentration of chloride; for the calculations the
geochemical software MINTEQ (14) was used. Table 3 also shows a good agreement between
calculated values and analytical concentrations. This indicates that the model is not site-specific but can
be used in every geological context. Only the input data : dissolution constants of the controlling minerals
and values of the independent variables are site-specific.

Table 3: Chemical composition of the water from a fracture at Tournemire, France.

Independent variables
pH Cl t Na K Ca Mg Al C F Si
Sample GE-2510 mM  |°C mM  |mM mM mM UM mM  |mM mM
Fixed |8.0 9.3 13
Meas. 126 (0.14 [0.37 0.29 [0.14 4.4 0.23 [0.11
Calc. 13.0 (0.10 [0.31 [0.39 [0.09 6.1 0.24 ]0.13

Nevertheless some questions that are under investigation in our laboratory and others remain open. As
mentioned before the geochemical control on inorganic carbon and its relationship with organic matter is
not clear and the identification of buffering minerals can be difficult. Robustness of the model has to be
tested and the description of ion exchange on clay surfaces has to be improved, as representations and
data available in the literature at the present time are definitely insufficient (15), even if improvements
were made in the last decade (16). It is worth reminding that it is useless to have a good model if it is not
fed with good experimental data.



6. REFERENCES

(1) Grimaud D., Beaucaire C., Michard G. (1990) Modelling the evolution of ground waters in a granite
system at low temperature: the Stripa ground waters, Sweden, Applied Geochem. 5, 515-525.

(2) Griffault L., Merceron T., Mossmann J. R., Neerdael B., De Canniére P., Beaucaire P., Daumas S.,
Bianchi A., Christen R. (1996) Projet kKARCHIMEDE - argile» : Acquisition et régulation de la chimie des
eaux en milieu argileux pour le projet de stockage de déchets radioactifs en formation géologique.
Rapport EUR 17454 FR, 71 pp.

(3) H. Pitsch, C. Beaucaire (2000) A palaeo-hydrogeological study of the Mol site (PHYMOL project).
Topical report 2 : hydrogeochemistry.
European Commission DOC RTD/54/2000 — EN 42 pp.

(4) Beaucaire C., Toulhoat P., Pitsch H. (1995) Chemical characterisation and modelling of the interstitial
fluid in the Boom clay formation, Proceedings of the 8th International symposium on water-rock
interaction (WRI-8), Vladivostok, Russia, 779-782.

(5) Beaucaire C., Pitsch H., Toulhoat P., Motellier S., Louvat D. (1995) Regional fluid characterisation
and modelling of water-rock equilibria in the Boom clay formation and in the Rupelian aquifer at Mol,
Belgium, Appl. Geochem. 15, 667-686

(6) Parkhurst D.L, Thorstenson D.C, Plummer L.N. (1980) PHREEQE : a computer program for
geochemical calculations, USGS W ater resources investigations 80-96, 210 pp.

(7) Hutcheon I., Shevalier M., Abercrombie H. J., (1993) pH buffering by metastable mineral fluid
equilibria and evolution of carbon dioxide fugacity during burial diagenesis, Geochim. Cosmochim. Acta
57, 1017-1027.

(8) Gouze P. (1993) Modélisation des transferts de masse liés aux circulations dans les aquiféres
sédimentaires. Application a l'aquifere du Dogger du Bassin de Paris et aux écoulements thermo-
convectifs dans les réservoirs gréseux, These de doctorat, Université Paris 6, 231 pp.

(9) Smith T. M., Ehrenberg S. N. (1989) Correlation of carbon dioxide abundance with temperature in
clastic hydrocarbon reservoirs: relationship to inorganic chemical equilibrium, Mar. Pet. Geol. 6, 129-135.

(10) Bowers T.S., Jackson K.J., Helgeson H.C. (1984) Equilibrium activity diagrams. Springer-Verlag
ed., 397 pp.

(11) Michard G. (1983) Recueil des données thermodynamiques concernant les équilibres eaux-
minéraux dans les réservoirs hydrothermaux, Rapport EUR 8590 FR.

(12) Vandenberghe N. (1999) personal communication.

(13) De Windt L., Cabrera J., Boisson J. Y. (1998) Hydrochemistry of an indurated argillaceous formation
(Tournemire site, France) Proceedings of the 9" symposium on water-rock interaction, Taupo, New
Zeland, 145.

(14) Felmy A.R, Girvin D.C, Jenne E. A. (1984) MINTEQ : a computer program for calculating aqueous
geochemical equilibria, EPA-600/3-84-032, U.S. Environmental Protection Agency, Atlanta, Georgia.
(NTIS PB84-157148, National Technical Service, Springfield, Virginia)

(15) Engi M. (1994) Thermodynamic data for minerals : a critical assessment. In The stability of minerals,
G.D. Price and N.L Ross ed, Chapman et Hall., 367 pp.

(16) GORGEON L. (1994) Contribution a la modélisation physico-chimique de la rétention de
radioéléments a vie longue par des matériaux argileux, These de doctorat, Université Paris 6, 189 pp.



Modelling of water - rock interactions in deep groundwaters: equilibrium
and perturbations

H. Pitsch C. Beaucaire
Phone + 33146549145 + 33146 5490 39
Fax +33146547135 +33146547135
E-mail helmut.pitsch@ipsn.fr catherine.beaucaire@ipsn.fr

IPSN/DPRE/SERGD, CEA-FAR, BP N°6, Fontenay aux Roses Cedex, France



