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Preface 

In the framework of its Waste Management Programme the Paul Scherrer Institute is performing 

work to increase the understanding of radionuclide transport in the geosphere. These investi

gations are performed in close cooperation with, and with the financial support of NAGRA. 

The present report is issued simultaneously as a PSI report and a NAGRA NTB. 
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Abstract 

A prerequisite for carrying out credible sorption studies is the definition of an aqueous phase 

composition which is in equilibrium with the solid phase. Experimental methods and data 

analysis procedures are described which enable an equilibrium water composition to be pro

duced for argillaceous rocks which is not dependent on liquid to solid (L:S) ratios. Since a 

Valanginian marl fonnation is under consideration by N agra as a potential host rock for the 

disposal of low and short-lived medium level radioactive waste in Switzerland, samples of 

this material were chosen for this investigation. 

Aqueous phase and nickel ethylenediamine extraction experiments were carried out at different 

L:S ratios under controlled atmosphere conditions (PC02 = 10-2 bar, O2 ~ 5ppm). The 

results from these tests and petrographical examinations were combined to define the system 

in tenns of the physico-chemical characteristics of the clay mineral component (CEC and 

cation occupancies) and the identities of highly soluble and solubility limited phases in the 

marl. The geochemical code PHREEQE was used in conjunction with the Gapon equations 

to calculate the pore water composition. 

This work clearly showed that pore water chemistries obtained from aqueous extracts alone 

may lead to an arbitrary water chemistry in argillaceous rock systems, particularly with 

respect to iontc composition and ionic strength, which may have important consequences 

for radionuclide speciation and sorption studies. 
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Résumé 

Une condition préalable pour effectuer des expériences de sorption fiables est de pouvoir 

définir la composition chimique d'une eau qui soit en équilibre avec la phase solide. On décrit 

ici des méthodes expérimentales et des procédures d'analyse des données par lesquelles on 

peut générer une composition d'eau en équilibre avec des roches argileuses, qui ne dépend pas 

du rapport liquide/solide (L:S). Puisque la Cédra considère une marne valanginienne comme 

roche d'accueil potentielle d'un dépôt final pour déchets de faible et moyenne activité, on a 

choisi des échantillons de ce matériau pour cette étude. 

Des expériences, sous atmosphère contrôlée (PC02 = 10-2 bar, O2 ::; 5 ppm), en utilisant 

de l'eau distillée et de l'éthylediamine de nickel comme extractant ont été effectuées avec 

de différents rapports L:S. Les résultats précédents, ainsi que ceux obtenus par l'analyse 

pétrographique ont permis de caractériser l'argile (CEC et occupation cationique) et d'autres 

composants, notamment les phases à haute et basse solubilité. Le programme géochimique 

PHREEQE couplé aux équations de Gapon a été utilisé pour calculer la composition de l'eau 

interstitielle. 

Cette étude a clairement montrée que la chimie des eaux interstitielles, lorsqu'elle est obtenue 

au moyen d'extraction en utilisant de l'eau distillée peut mener à une composition arbitraire 

de la phase liquide, particulièrement en ce qui concerne la composition chimique et la force 

ionique. Cela peut avoir des conséquences importantes pour les études de spéciation et de 

sorption des radionucléides sur ce type de roches. 
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Zusammenfassung 

Eine wesentliche Voraussetzung für die Durchführung von zuverlässigen Sorptionsexperi

menten ist eine genaue Definition der chemischen Zusammensetzung einer wässrigen Phase, 

welche sich im Gleichgewicht mit Feststoffen befindet. Es werden experimentelle Methoden 

und Prozeduren für Datenanalysen beschrieben, mit Hilfe derer sich Gleichgewichtszusam

mensetzungen der wässrigen Phase ergeben, die nicht mehr vom Wasser-Gesteinsverhältnis 

(W:G) abhängen. Zur experimentellen Untersuchung wurden Proben von Valanginienmergel 

verwendet, weil diese Gesteinsformation als ein mögliches Wirtsgestein für die Lagerung von 

schwach- und mittel aktiven radioaktiven Abfällen in Betracht kommt. 

Unter verschiedenen W:G-Verhältnissen und kontrollierter Atmosphäre (PC02 = 10-2 bar, O2 

S 5 ppm) wurden Extraktionsexperimente mit der wässrigen Phase und mit Nickelethylendi

amin vorgenommen. Mit den Resultaten dieser und weiteren petrographischen Untersuchun

gen gelang es, das System in bezug auf die physiko-chemischen Eigenschaften der Tonmin

erale (CEC und Kationenbeladungen) zu definieren und darüberhinaus auch hoch lösliche 

und löslichkeitslimitierende Phasen im Mergel nachzuweisen. Zur Berechnung der Poren

wasserzusammensetzung wurde der geochemische Code PHREEQE in Verbindung mit Gapon

Gleichungen verwendet. 

Die Arbeit zeigt, dass die Ergebnisse von reinen Wasserextraktionsexperimenten allein möglich

erweise nicht mit der tatsächlichen Porenwasserchemie in tonigen Gesteinen übereinstimmen 

müssen, insbesondere was die Ionenzusammensetzung und die Ionenstärke anbetrifft. Diese 

Tatsache könnte bedeutende Konsequenzen für Speziationsuntersuchungen von Radionukliden 

und Sorptionsstudien zur Folge haben. 
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1 Introduction 

One of the options being considered by Nagra for the disposal of low and short-lived medium 

level radioactive waste is the construction of an underground repository in a Valanginian marl 

formation (NAGRA, 1985). Amongst the many programmes of work undertaken to assess 

this option is one at PSI, where the intention is to measure the sorption of safety relevant 

radionuc1ides. 

In the first phase of the work the aim is to define a groundwater which is in "chemical 

equilibrium" with the marL Clearly this is a prerequisite for beginning any credible sorption 

studies. The term "chemical equilibrium" is used here to mean that the rock/water system 

has reached, at least, a steady state condition and that, on the time scale of the experiments, 

neither the state of the rock nor the chemistry of the water is a function of time or the 

quantity of rock and volumes of solution used in the sorption tests. In reality, though this 

requirement can most likely be fulfilled for the main parameters in the system e.g. major ion 

concentrations, pH, P C 0 2' DOC, it may be more difficult to achieve for minor components at 

trace level which could, nevertheless, influence the sorption behaviour of some radionuclides. 

The purpose of this report is to describe in detail the procedures whereby the composition 

of a marl pore water (MPW) was derived. Except where otherwise stated, experiments were 

carried out in P 02 and P C02 atmosphere controlled glove boxes. On the basis of a "best 

estimate" for the in situ value, a PC02 of 10-2 bar was chosen (P. J. Pearson, pers. camm.). 

It must be pointed out that at the time of writing this report no reliable in situ P CO
2 

or pH 

measurements were available for groundwaters in Valanginian marl formations. 
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2 Materials and Methods 

2.1 Mineralogy of samples OBS-PSI-H4 

The samples used in these experiments were taken from core OBS-PSI-H4 obtained from 

a service gallery to the Seelisberg tunnel during the PSI drilling campaign in October 1988. 

Precautions were taken to protect the Valanginian marl core samples from air contamination 

after sampling and during storage at PSI. (Details of the procedure adopted are given in 

Bradbury et al., 1990). 

Preparation of samples for the experiments to be described involved the crushing of whole 

rock core specimens in an atmosphere controlled glove box (PC02 rv 10-2 bar, O2 ~ 5 ppm) 

until all of the specimen passed through a 63 pm sieve. (This particle size range was more 

or less arbitrarily chosen.) No further treatment was given to the dry sieved material and 

particle size distributions were not determined. Some of the sieved material, together with 

selected slices cut parallel to the core axis, were sent to the Mineralogical-Petrographical and 

Geology Institutes of the University of Berne. The mineralogical information summarised in 

this section is taken from the work of Blasi and Mazurek (1990) and further details can be 

found in the original report. 

Sample OBS-PSI-H4 is described generally as "a strongly tectonised dark grey sandy 

argillaceous marl" in which the remnants of sedimentary layering (alternating bioclastic, 

carbonate rich and argillaceous layers) show up as laminae several mm thick. A major 

characteristic of this rock is the heterogeneity, seen even on a scale of centimetres. 

Summaries of the whole rock mineralogy and clay mineralogy are given in Tables 1 and 2. 

Some detailed examinations (including SEM investigations) were carried out on the pyrite 

within the marl (content 1 - 2 wt%) which could be important in determining the Eh of the 

system. Approximately 80 - 90% of the pyrite was present in the size range 1 - 10 pm 

and the remainder occurred in aggregates which reached sizes of up to 3 mm in diameter. 

These aggregates consisted of rv 10 pm diameter framboids i.e. compact bodies consisting 

of single crystal grains of pyrite no larger than a few pm. The SEM investigations revealed 

the presence of crushed framboids on fracture surfaces in which single pyrite crystals were 

coated with a thin film « 1 pm) of clays and/or carbonates. 
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Table 1: Whole rock mineralogy from core OBS-PSI-H4 (Blasi and Mazurek, 1990) 

Minerals 2H4a 2H4b 2H4c B andM B andM 
1 wt% 1 wt% 1 wt% wt% ±a (range) 

quartz 12 14 14 13 ± 4 8 - 20 
calcite 24 28 28 50 ± 16 25 -75 
ankerite 6 7 7 4±2 1-9 
albite <2 <2 <2 <2 
pyrite 1-2 1-2 1-2 
3sheet silicates 54- 56 51 51 33 10 - 60 

Columns "B and M": Earlier data from Blasi and Meyer (1988). 
1 Relative errors lie in the range 10 to 20 % 

2 H4a and H4b were crushed for 2 and 5 minutes respectively (size range undefined). H4c is a sample 
crushed at PSI where the particle size was :::; 63 j..lm. Differences in analytical results between H4a 
and H4b are probably due to the particle size of the powders. 

3 Sheet silicates determined by difference. 

Table 2: Clay mineralogy for core OBS-PSI-H4 (Blasi and Mazurek, 1990) 

Clay Minerals H4 B andM BRE 
<2 {lm <211m <211m 

illite + illite/smectite mixed-layer 27 - 37 55 - 65 50 -70 
chlorite 20 - 25 20- 30 15 - 30 
kaolinite 30-40 14- 25 10 -20 
illite/smectite mixed-layer : illite ratio 1 : 2.5 1:4 -

Column "B and M": Data from Blasi and Meyer (1988); BRE: Data from Breitschmid (1982). 
All data in wt%, where 100% = sum of all clay minerals 

2.2 Analytical methods 

Most of the solution analyses were performed using standard techniques. 

The concentrations of N a, K, Mg, Ca, Sr, Si and Ni were determined by plasma-emission 

spectroscopy (ARL 341D ICP-AES). In the experiments where an isotope dilution method 

was used to determine the nickel ethylenediamine (Ni(en)n) isotherm on marl (section 4.2), 

63Ni (supplied by Amersham, UK) was counted on a Canberra Packard Tri-Carb 2250 CA 

liquid scintillation analyser. 
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The anions F-, CI-, SO~- and N03 were analysed using a Dionex 2010i ion chromato

graph. Inorganic and organic carbon determinations were made with a Dohrman 180D carbon 

analyser. 

pH measurements were taken on a WTW pH meter and the O2 and CO2 contents in the 

atmosphere controlled glove boxes were measured on line with gas analysers supplied by 

Teledyne and Servomex, respectively. 

It is estimated that the likely total analytical errors are less than ± 10% in all the above 

measurements except for the F-, CI-, inorganic carbon and organic carbon determinations. 

The F- and CI- levels were near to the limits of detection and in the Ni(en)n extract solu

tions the high ionic strength background may have adversely influenced the accuracy of the 

measurements. The errors may be as high as ± 25% (Kopajtic, pers. comm.). 

The Dohrman 180D carbon analyser has the advantage that it can be used for inorganic 

carbon determinations in the Ni(en)n extract solutions. (Titration methods cannot be used 

here since the ethylenediamine would also be titrated). However, it should be noted that 

some inconsistent results were obtained in such solutions (see section 6.2.2.1). Also, a major 

source of error arose from the dilution of the extract solutions with distilled water (dilution 

factor rv 10) which was necessary to provide concentrations within the ranges for which 

the apparatus had been calibrated. The distilled water was in equilibrium with the glove box 

atmosphere (PC02 rv 10-2 bar) and thus contained HC03 /CO~- which needed to be corrected 

for in the analyses. For these reasons, the inorganic carbon results for the extract solutions 

could be in error by up to ± 25%. 
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3 General Approach to the Determination of a Marl Pore 
Water Chemistry 

The experimental approach adopted to determine the composition of a marl pore water is 

described in some detail in Bradbury et aI., 1990. A few of the most salient points will be 

briefly summarised and described here in order to put the experimental work discussed in 

sections 5 and 6 into context. 

Basically the experiments are aimed at: 

(i) determining the presence and quantities of any highly soluble salts e.g. NaCI, NaHCO:J 

Na2C03 which may determine the 'in situ' ionic strength, 

(ii) identifying, where possible, the presence of solubility limited minerals, 

(iii) determing the CEC and ion occupancies of the clay component of the marl in its 'in 

situ' state. 

In some previous (preliminary) marl-water interaction experiments on crushed core material 

(possibly partially oxidised) at very high water to marl ratios (L:S = 200:1) and under low 

PC02 conditions (rv 10-5 bar), a water composition was obtained in which the dominant 

cations were Na+ and Ca2+ and the major anions were SO;- and HCO; /CO~- (Bradbury 

et aI., 1990). Also, the alkalinity of the extract was significantly greater than the Ca2+ 

concentration, and the difference, rv 0.15 meq I-lor rv 3 meq/100g marl, could only be 

associated with the Na+ content. 

One obvious possibility was that highly soluble Na2CO;JNaHC03 was present as a solid 

phase within the marl. 

However, upon further examination of the results from these preliminary tests, a different 

concept for the origin of the NaHC03/Na2C03 content of the water was developed. Briefly, 

the hypothesis was that in systems containing sparingly soluble carbonates, together with clays 

which have a significant ion exchange capacity and high N a + loadings, dilution leads to the 

dissolution of calcite and exchange reactions between the Ca2+ in solution and the Na+ (and 

other monovalent cations) on the clay. The Na+ displaced into solution is associated with 

the HCO; /CO~- anions. The consequent reduction in Ca 2+ concentration in the liquid phase 

leads to further calcite dissolution. Ca2+ again exchanges on the clay displacing yet more 

Na+ and the process continues until the water-marl system reaches an equilibrium which will 

depend on, amongst other factors, the P C02 , pH, ionic strength, the cation exchange capacity, 
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the initial fractional occupancy of N a + and the liquid to solid ratio. (High L:S ratios and a 

high PC02 would especially favour this process). Another result of such a process would be 

that the Ca2+ concentrations would tend to be much less than the HCO; /CO~- concentrations. 

Two consequences arise from this hypothesis. The first is that it is not possible, from the 

results of simple water-marl interaction experiments to distinguish between the two cases i.e. 

(i) the presence of NaHC03/Na2C03 as a solid phase within the marl, and (ii) the Na+ ions 

in solution arising from Ca2+ - Na+ exchange on the clay driven by calcite dissolution. The 

second, and more significant, point is that if this mechanism is operative, then any aqueous 

extraction carried out at any practically achievable L:S ratio would generate a HCO; /CO~

type water if carbonate solid phases are present. The results would be internally consistent and 

appear to be reasonable, but there would be a distinct possibility that they are an artefact of 

the experimental method used. Thus, the conclusion drawn was that it would be imprudent to 

rely only on aqueous extraction experiments for the determination of a marl pore water since 

this could lead to an erroneous water composition which might have serious consequences 

for subsequent sorption experiments and model calculations of radionuclide solubility limits 

and speciation. 

In essence, the methodology identified as being the most appropriate under these circumstances 

involved contacting the crushed "dry" marl (porosity 1 - 3 %) with a calcite saturated solution 

containing an appropriate concentration of a high selectivity complex at a range of L:S ratios. 

High selectivity complexes are transition metal- uncharged ligand complexes which exhibit 

high selective ion exchange behaviour on clay minerals (see Maes and Cremers, 1986). The 

idea was that the high selectivity complex would preferentially exchange with the cations on 

the clay, and thus "block" any exchange by Ca2+ (see Bradbury et al., 1990). Simultaneously 

the CEC and ion occupancies of the clay could be deduced. These experiments were coupled 

with a limited series of aqueous extraction tests at low L:S ratios carried out in glove boxes 

under a controlled PC02 atmosphere of rv 10-2 bat. The experiments are described in the 

following sections. 
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4 Cation Exchange Capacity Measurements on Marl 

4.1 Choice of the high selectivity complex 

In some previous work, Bradbury et al. (1990), three high selectivity complexes were suggested 

as being potentially suitable for the type of "blocking" experiments outlined in the previ

ous section. These were silver thiourea, AgTU+ (Pleysier, 1976), nickel ethylenediamine, 

Ni(en)~+ (peigneur, 1976) and cobalt hexamine, Co(NH3)~+ (Dalang, 1977). 

The question then arose as to which of these three was the most suitable in the particular case 

being considered here. 

Silver thiourea was rejected on a number of grounds, but mainly because of its photo

sensitivity and its instability at pH > 8, which therefore means that it is normally used together 

with a buffering solution of ammonium acetate (pH rv 7). Buffering was considered to be 

disadvantageous since it was desirable to make the CEC measurements at the "natural" pH 

of the system, if possible, and also because the ammonium ions can take part in exchange. 

U sing an unbuffered AgTU+ solution was also rejected, even though calculations indicated 

that in the "blocking" experiments at a PC02 of 10-2 bar the equilibrium pH would always be 

within the stability range of AgTU+. The reason was that there were some indications from 

preliminary experiments that pH transients could occur under certain circumstances which 

were sufficiently large to cause destabilisation of the AgTU+ solution (see section 5.2). 

Fripiat and Helsen (1966) have reported that cobalt hexamine may decompose at the surface 

of some clay minerals. In some recent experiments with this indexing qltion on a crushed 

marl (Cornell et al., 1989), the sum of cations in the Co(NH3)~+ extract (Na, Ca,Mg, K and 

Sr) was 4.1 meq/l00g less than the CEC of 12.3 meq/l00g determined from the change in Co 

concentration. This difference was too great to be explained by experimental errors especially 

as it would be expected that the total concentration of cations in the solution (expressed in 

meq/l00g marl) should, if anything, be greater than the CEC since the dissolution of calcite 

and soluble salts would also contribute. Eventually, this discrepancy was traced to NHt 

ions in the solution by a subsequent analysis of the extract. Presumably, the NHt ions 

originated from the partial decomposition of the cobalt hexamine. Due to the uncertainties 

in the interpretation of experimental results which could arise from the instability of this 

complex, cobalt hexamine was also rejected. 

As a consequence of the above, and because one of the authors had had previous trouble

free practical experience with its use, nickel ethylenediamine was chosen. However, it had 



8 

not been tested on Valanginian marl and it was therefore essential to make a check on 

its behaviour and to determine the optimum concentration levels required in the foreseen 

"blocking" experiments (Chapter 6). An important criterion in judging the suitability of a 

particular indexing complex is that the CEC, as measured by the decrease in the indexing 

cation complex concentration, should be stoichiometrically balanced by the sum of displaced 

cations expressed on an equivalent scale. To characterise the behaviour of the Ni(en)n complex 

the adsorption isotherm on crushed marl samples was determined. 

4.2 Experimental procedure 

The Ni(en)n adsorption isotherm on crushed marl samples (particle size ::; 63 Ilm) was 

determined in air using the batch method. 

The high selectivity complex solution was prepared by slowly adding ethylenediamine (en), 

to a Ni(N03h solution to obtain a stock solution containing 0.01 M Ni(N03h and 0.03 M 

ethylenediamine. The pH of this solution was approximately 10.4 and was back titrated with 

HN03 to pH = 8.2 which is the pH of a calcite saturated solution at a PC02 of 10-3 .5 bar i.e. 

a solution in equilibrium with air. 

Using the stepwise stability constants for Ni(en)2+ , Ni(en)~+ and Ni(en)5+ complexes and the 

protonation constants for Hen+ and H2en2+, as given by Kragten (1978), the following nickel 

speciation was calculated at pH = 8.2. 

Ni2+: 4.0 x 10-8 M 

Ni(en)2+: 5.8 x 10-5 M 

Ni(en)~+: 5.2 x 10-3 M 

Ni(en);+: 4.7 x 10-3 M 

These calculations show that there is essentially no free Nj2+ present and an equal distribution 

between the bis and tris complexes exist in the solution. Peigneur (1976) studied the influence 

of the ligand concentration on the ion exchange selectivity of this complex on montmorillonite 

and showed that a constant selectivity coefficient (Kc) is obtained as soon as the transition 

metal is fully coordinated in the bulk solution. This condition is fulfilled when a 2 - 3 fold 

excess of ethylenediamine with respect to Nj2+ is present. 

Solutions containing different concentrations of Ni(en)n (see Table 3) were prepared from the 

stock solution and added to 2g lots of marl, pre-weighed into polyethylene centrifuge tubes, 
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to give L:S ratios of 25:1. The tubes were closed and shaken for 3 days on an end-over-end 

shaker (rv 20 revolutions per minute). After this contact time, phase separation was carried 

out using 0.45 pm micropore filters and the extracts were analysed for cations and anions 

(Table 3). 

The experiments were repeated with 63Ni labelled solutions which were counted on the liquid 

scintillation analyser. In these experiments the tubes were only shaken for 1 day. 

All experiments were carried out in duplicate and the pH was measured in each individual 

test. 

4.3 Results and discussion 

The Ni(en)n adsorption isotherm on OBS-PSI-H4 marl samples is presented in Figure 1. 

The adsorption of Ni(en)n is highly non-linear at low Ni(en)n occupancies and reaches a 

plateau at "-18 meq/100 g. This value is the cation exchange capacity of marl (::; 63 pm) as 

measured with this indexing cation at pH = 9. The insert in Figure 1 corresponds to the first 

six measurements given in the main figure and shows in more detail the highly non-linear, 

very strong sorption behaviour of this complex at low Ni(en)n concentrations (Note that this 

is a linear-log plot.) As can be seen, there is no significant difference in the measured CEC 

as a function of time or the analytical method chosen for determining nickel concentrations 

CB-counting for 63Ni and ICP for inactive nickel). The high sorption affinity of this complex 

on marl is in agreement with previous observations on clay minerals (Peigneur, 1976; Maes 

and Cremers, 1986). 

A summary of the exchangeable plus soluble cations, soluble anions and the quantities of 

Ni(en)n sorbed on marl (all expressed in meq/100g) is given in Table 3. Since a full analysis 

of the cations and anions was made, an overall check can be made with respect to the 

stoichiometry of the exchange reaction. The sum of the anions (SUMAN) represents the 

contribution of the soluble salts/minerals present in the marl. As can be seen in Table 3, 

the quantities of the individual anions (i.e. CO~-/HCO;, F-, CI-, SO~-), as well as their 

sum, is, within experimental error and sample to sample variation, constant. (It should be 

recognized that in all these experiments the same L:S ratio was used.) 

At this stage it is not possible to distinguish between those cations arising from the soluble 

salts/minerals and those extracted as exchangeable cations from the clay minerals. However, 

the amount of nickel ethylenediamine sorbed on the clay (Ni( en)~orb) plus the sum of the 

anions should be equal to the sum of the cations (i.e. exchangeable cations plus cations 
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arising from soluble salts; SUMCAT ). Hence: 

SUMCAT = SUMAN + Ni(en)~orb 

Table 3: Nickel ethylenediamine adsorption isotherm on OBS-PSI-H4 marl. Soluble and 
exchangeable cations and anions extracted by Ni(en)n (L:S ratio = 25:1). 

Ni(en)n Exchangeable and Soluble Cations Soluble Anions Ni(en)~Orb SUMAN 
concentration pH [meq/lOOg] [meq/100g] + 

[meq 1-1] Na K Mg Ca Sr SUM C03/ F C1 S04 SUM [meq/100g] Ni(en)~Orb 

Initial Final CAT HC03 AN [meq/100g] 

0.58 0.00076 9.5 5.2 0.4 0.3 0.5 0.2 6.6 3.4 0.2 0.1 1.9 5.6 1.4 7.0 
1.16 0.004 9.4 5.3 0.5 0.4 0.8 0.3 7.3 2.9 0.2 0.1 1.8 5.0 2.9 7.9 
2.31 0.10 9.1 5.4 0.6 1.0 1.6 0.7 9.3 2.6 0.2 0.1 1.8 4.7 5.5 10.2 
4.63 1.67 9.1 5.5 0.7 1.5 2.3 1.1 11.1 3.0 0.1 0.1 1.8 5.0 7.4 12.4 
5.79 2.76 9.1 5.6 0.7 1.6 2.5 1.1 11.5 2.9 0.1 0.1 1.8 4.9 7.6 12.5 
8.68 5.60 9.0 5.5 0.7 1.8 2.9 1.2 12.1 3.6 0.1 0.1 1.8 5.6 7.7 13.3 
11.6 8.40 9.0 5.5 0.7 1.9 3.4 1.2 12.7 3.9 0.0 0.1 1.8 5.8 8.0 13.8 

Inspection of Table 3 shows that SUMCAT is consistently ('V 10% less than SUMAN + 

Ni(en)~Orb. Analogous results were found in the Ni(en)n extraction experiments (chapter 

6) and both sets of observations will be discussed together there. 

To avoid any possible confusion, the reason that SUMAN < SUMCAT is that the difference is 

made up from the nitrate anions in solution previously associated with the Ni(en)n complexes 

which have sorbed. On an equivalent scale, with respect to the solid phase, this nitrate 

concentration is, of course, equal to Ni(en)~Orb. 

One comment should be made regarding the pH. These experiments were carried out in 

closed containers containing trapped air using an end over end shaking method to ensure 

good liquid/solid mixing. Under these conditions calcite dissolution leads to the consumption 

of CO2 in the trapped volume of air which reduces the P C02 resulting in a pH in the extracted 

solution of ('V 9. As will be seen later, this pH is approximately 1.7 units higher than that 

calculated for the natural system. However, in this particular case, where the marl was 

contacted with an aqueous solution containing Ni(en)m and not with a solution pre-saturated 

with calcite, such a pH is to be expected. 
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Figure 1: Ni(en)n adsorption isothenn on OBS-PSI-H4 marl. (.) 3 days contact time and 
Ni measured by Iep. (A) 1 day contact time and 63Ni measured by ,B-counting (see text for 
details). 
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5 Aqueous Extracts of Marl at Different Liquid to Solid 
Ratios 

This section describes the results of aqueous extracts made on marl in the atmosphere 

controlled glove box at liquid to solid ratios of 1 to 1 and 2 to 1 ~ The aim of these ex

periments was to determine the amounts of soluble salts present in the marl (including DOC 

levels) and to determine which dissolving mineral phases could contribute significantly to the 

composition of the aqueous phase. Since the extraction solution was distilled water it might 

be expected that the dissolution of minerals such as calcite could lead to exchange processes 

on the clay components of the marl and thereby (strongly) influence the composition of the 

solution (see section 3). 

5.1 Experimental procedure 

Crushed marl samples (80 g for the 1:1 extracts and 40 g for the 2:1 extracts) were dispersed 

in 80 ml of distilled water and equilibrated with a PC02 of 10-2 bar. At the beginning 

of the test, the containers were closed (for less than 1 minute) and shaken vigorously to 

accelerate and promote good contact between the liquid and solid phases. Following this, 

the containers were opened to the glove box atmosphere and the water-marl mixture was 

continuously agitated for I"V 30 minutes by a PTFE coated magnetic stirrer bar. After this 

period, the containers were covered with ParafilmR to hinder the evaporation of the solution 

while being stirred for the 3 days duration of the experiment. The pH of the solutions was 

measured regularly, particularly during the first few hours. (In retrospect, the ParafilmR cover 

may have hindered the access of CO2 to the solution.) 

After 3 days, the solid and liquid phases were separated. In these experiments with low water 

to rock ratios, direct filtration was not feasible. The slurries were transferred to centrifuge 

tubes and the closed tubes taken out of the glove box for centrifuging. After this, the samples 

were transferred back into the glove box where aliquots of the solutions were taken and 

filtered through 0.45 pm micropore filters. The filtered solutions were analysed for cations 

and anions according to the methods given in section 2.2. 

5.2 Results and discussion 

The results from the analyses of aqueous extracts of marl carried out under controlled 

atmosphere conditions (i.e. PC02 = 10-2 bar and O2 < 5 ppm) are summarised in Table 4. 
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The data are mean values of duplicate experiments. The difference in the duplicate measure

ments for all ions analysed was less than 5% except for the DOC determinations in the 2:1 

extracts where 33 mg 1-1 and 23 mg 1-1 were measured. The data are expressed in terms of 

solution concentrations (meq 1-1) and also as quantities extracted from the marl (meq/100g). 

Table 4: Aqueous extracts of OBS-PSI-H4 marl: Ion compositions at water:marl ratios of 1:1 
and 2:1. 

Distilled water to marl ratio (ml g-l) 
1:1 2:1 

Ions extracted Solution Extracted Solution Extracted 
conc. ions conc. ions 

(meq 1-1) (meq/lOOg) (meq 1-1) (meq/lOOg) 
Na+ 27.2 2.7 18.2 3.6 
K+ 0.49 0.05 0.44 0.09 

Mg2+ 0.55 0.06 0.52 0.10 
Ca2+ 0.76 0.08 0.85 0.17 
Sr2+ 0.25 0.03 0.28 0.06 

Sum cations 29.3 2.9 20.3 4.0 
F- 0.26 0.03 0.18 0.04 
Cl- 0.83 0.08 0.54 0.11 

S02-
4 13.7 1.4 7.7 1.5 

C02-/HCO-3 3 13.8 1.4 11.3 2.3 
Sum anions 28.6 2.9 19.7 4.0 

pH 8.2 - 8.2 -
DOC (mg 1-1) 73 - 28 -
SiToT (mg 1-1) 8.8 - 8.6 -

The following comments can be made regarding these data: 

- Na+ is by far the dominant cation in the liquid phase. 

- In both cases the quantities of Na+ are virtually equal to the sum of the quantities of 

HC03 /CO~- and SO~- when expressed on a equivalent scale. 

- A one to one correspondence between N a + concentration and dilution is not observed. 

Such an effect would, however, be expected if Na+ were predominantly present as a 

highly soluble salt e.g. NaHCO;JNa2C03. There is an indication here that exchange 

mechanisms on the clays may be operating i.e. Na+ from the clay is being driven into 

solution through exchange with Ca2+ which is in turn being provided by the dissolution 

of calcite. 
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- The K+, Mg2+, Ca 2+ and Sr2+ concentrations are virtually constant and low in the 

two extracts. At this stage no further infonnation can be deduced for these cations from 

this data. Their behaviour is discussed in detail in Chapter 6 in connection with the 

Ni( en)n extract results. 

- SO~- and HCO;-ICO~- are the main anions in the aqueous extracts. For SO~- there is 

a clear dilution factor of 2 between the 1: 1 and the 2: 1 extracts. The implication here 

is that all available sulphate can enter into solution (Note that the quantities of sulphate 

present are relatively large). For HCO;-ICO~- the concentrations in both extracts are 

comparable. 

- F- and CI- levels are both low, with the Cl-concentration being approximately a factor 

of three greater than the F-. The one to one correspondence between Cl- concentration 

and dilution which was expected, was not observed. The reasons for this may be sample 

to sample variation and errors in the ion chromatography measurements at these low 

concentrations (see section 2.2). 

- The charge balance is good. 

- The DOC levels in the aqueous extracts are significant. The quantities of DOC extracted 

in these tests are f'V 73 j1g/g (1: 1) and f'V 56 j1g/g (2: 1). These results compare reasonably 

well with those from previous extracts on marl where f'V 63 j1g/g was measured (see 

Bradbury et al., 1990). 

- The SiToT concentrations are effectively identical in the two aqueous extracts. 

In essence, the interaction between the marl and water has produced a sodium-carbonatel 

bicarbonate-sulphate water saturated with calcite in both cases. The measured pH of f'V 8.2 

± 0.15 is consistent with such a type of water at a fixed PC0 2 = 10-2 bar. 

Another aspect of the results from these experiments is the pH behaviour of the system as a 

function of time. This is illustrated in Figure 2 for the 1: 1 and 2: 1 aqueous extracts. When 

the distilled water (pH f'V 4.9, PC02 t'V 10-2 bar) was added to the crushed marl there was 

a pronounced and very rapid increase in pH to values between 9.5 and 10. This pH surge 

decreased slowly and only reached its final measured value after 2 days. The important point 

here is not the increase in pH between the initial and final states of the system (this is entirely 

as expected) but rather the high transient pH values which are reached. 

It appears that in these tests the rate of CO2 dissolution at the liquid gas interface may 

not be sufficient to maintain CO2 equilibrium between the gas and liquid phases during the 
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dissolution of calcite. This leads to a CO2 (aqueous) concentration which is very much smaller 

than that which would be in equilibrium with a PC02 = 10-2 bar. The result is that the pH 

of the solution must increase when the liquid-solid system maintains saturation with calcite. 

An analogous effect occurs when distilled water and marl are mixed in a closed container. In 

this case the CO2 in the gas phase above the liquid is drawn into the liquid by the effect of 

calcite dissolution, and consumed. The final P CO2 in the reaction vessel is reduced and the 

pH of the solution is increased. (In this case, the subsequent decrease in pH would be very 

slow since it would depend on the diffusion of CO2 through the container walls.) 

10 ... 

• 
9 

8 

7 

6 

5 o 

1 10 100 1000 10000 

Time [minutes] 

Figure 2: The variation of solution pH with time during the aqueous extract experiments on 
OBS-PSI-H4 samples illustrating a "pH excursion" ( • 1:1; .. 2:1 L:S 
ratios; 0 Initial pH) 
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5.3 Speciation calculations on aqueous extracts 

The chemical speciation of the two aqueous extracts (data from Table 4) has been calculated 

using the geochemical equilibrium code PHREEQE (Parkhurst et aI., 1980) and the thermo

dynamic database compiled by Pearson et al. (1989). The aim of the calculations was to 

check the consistency of the analysis and the saturation indices of minerals which could be 

present in the system. The calculated saturation indices are given in Table 5. 

Table 5: Calculated saturation indices (SI) in the aqueous extracts (Pco 2 = 10-2 bar, T = 20°C) 

Mineral 1:1 Extract 2:1 Extract 
log SI log SI 

Calcite (CaC03) 0.1 0.1 
Dolomite (ordered) (CaMg(C03h) 0.1 0.0 
Dolomite (disordered)(a) -0.4 -0.5 
Strontianite (SrC03 ) 0.4 0.4 
srCo3(s) (b) 0.2 0.2 
Celestite (SrS04) -0.2 -0.3 
Gypsum (CaS04) -1.7 -1.9 
Fluorite (CaF2 ) -0.7 -0.9 
Quartz (Si02 ) 0.6 0.5 
Chalcedony (Si02) 0.1 0.1 
pH calculated 7.9 7.8 
pH measured 8.2 8.2 

Source of thermodynamic data: (a) Nordst~m et al. (1990); (b) Smith and Martell (1976). The 
remainder are from Pearson et al. (1989) 

The results in Table 5 indicate, according to the thermodynamic data used, that the aqueous 

extracts are undersaturated with respect to the pure minerals dolomite (disordered), celestite, 

gypsum and fluorite. With respect to the other pure minerals listed, the aqueous extract is 

oversaturated, though in the cases of calcite, dolomite (ordered) and chalcedony the calcu

lated oversaturations are relatively small. The saturation indices given for "strontianite" and 

srCo3(s) illustrate the sort of differences which can arise depending on the thermodynamic 

data chosen. 

The saturation indices shown in Table 5 were calculated at a fixed PC02 of 10-2 bar i.e. the 

nominal PC02 in the glove box, and the resulting calculated pH values were about 0.3 units 

less than the measured values. This discrepancy is not fully understood. If the measured 
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pH is taken as being fixed in the calculations, then the Pco
2 

would be rv 10-2.3 bar and the 

oversaturation of the carbonate minerals would be higher. 

Since all of the carbonate minerals appear to be oversaturated, this may be indicative of a 

systematic overestimate in the inorganic carbon determinations. For example, if the HC03 /CO~
concentrations were 10% too high, then this would make a difference of 0.1 and 0.2 units in 

the calculated saturation indices for calcite and dolomite respectively. 

A factor not taken into account in these calculations is the presence of DOC in the extracts 

(rv 70 ppm and 30 ppm in the 1:1 and 2:1 extracts respectively). The complexation of Ca2+, 

Mg2+ and Sr2+ with the DOC could have led to increased concentrations of these ions in 

solution, contributing to apparent oversaturations. 

A final possibility may be that three days were insufficient for the marl-water system to reach 

equilibrium. 

The oversaturation of quartz is not an unusual situation in most natural waters and, nonnally, 

the silica concentration is taken to be detennined by chalcedony. 
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6 Ni( en)n Extracts of Marl at Different Liquid to Solid 
Ratios 

6.1 Experimental procedure 

A stock solution of Ni(en)n(N03h was prepared as described in section 4.2. 

It was planned to carry out the Ni(en)n extractions at six different L:S ratios, namely, 1:1,2:1, 

5: 1, 10: 1, 30: 1 and 100: 1 using 80 ml of solution in each experiment. In such extraction tests 

it is important to be certain that the high selectivity complex is in sufficient excess to ensure 

complete exchange of the cations on the clays. The number of meq of Ni(en)n in each test was 

chosenen to be twice that of the exchange capacity of the mass of marl used. Consequently, 

six different standard solutions of Ni(en)n were prepared inside the glove box, corresponding 

to the calculated amounts of Ni(en)n needed in each of the six L:S ratio extractions. 

The required volumes of the Ni(en)n(N03h stock solution were added to 2 g of commercially 

available calcite powder (Merck pro analyse) in open containers and distilled water used to 

make up the volumes to 250 ml. (The solubility of calcite at a PC02 = 10-2 bar, pH = 7.3, 

is rv 0.2 g 1-1.) These solutions were continuously stirred using PTFE coated stirrer bars for 

approximately two days in the containers which were open to the glove box atmosphere. The 

pH was monitored at regular intervals. After the pH had reached a stable value and showed 

no tendency to change with time (pH rv 8), each solution was filtered through a 0.45 11m 

micropore filter and transferred to a 250 ml graduated flask and adjusted to the mark. The 

pH was checked and the solutions analysed for Ca2+, inorganic carbon and Ni2+. 

The reasons for pre-saturating the Ni( en)n solution with calcite are described in Bradbury 

et al. (1990). Briefly, the idea was that additional useful information could be deduced 

concerning the origin of certain cations (e.g. Na+ from highly soluble salts or from the clay) 

by comparing the changes in the pH, inorganic carbon and Ca 2+ concentrations in the marl 

extraction experiments with their respective values in the original calcite saturated Ni(en)n 

standard solutions. 

The marl extraction tests with the Ni(en)n standard solutions were carried out in a similar 

manner to the aqueous extractions (section 5.1). 80 ml of the appropriate standard solution 

were added to the corresponding weighed quantity of marl to give the six L:S ratios required. 

(All tests were carried out in duplicate). The slurries were continuously stirred in open 

containers for the first few hours and then for a further 3 days with a ParafilmR cover. The 

pH was monitored regularly. At the end of the extraction tests, phase separation was carried 
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out by centrifugation and filtration for the 1:1 and 2:1 ratios and by filtration for the 5:1, 10:1, 

30: 1 and 100: 1 ratios using 0.45 Jlm) micropore filters. The filtered solutions were analysed 

for cations and anions (section 2.2). DOC was not determined in these extracts. 

6.2 Results and discussion 

6.2.1 General 

The results of the Ni(en)n extracts at the various L:S ratios are presented in Table 6 in the 

form of concentrations in the liquid phase (meq 1-1) and as quantities extracted from the marl 

(meq/100g) for the cations and anions. The general trends apparent from the data in Table 6 

will be described first. This will be followed by a more detailed discussion on the behaviour 

of the individual cations and anions. 

The cation exchange capacity measured by the sorption of Ni(en)n at the various L:S ratios is 

8.4 ± 0.5 meq/100g. This value represents the mean of twelve measurements. (Note that the 

data in Table 6 are average values from the duplicate tests.) This value is in good agreement 

with the preliminary CEC measurement where a plateau value of "-J 8 meq/100g was found 

(see section 4.3). The reason why the Ni(en)n sorption at 100: 1 is notably less than at the 

other L:S ratios is somewhat unclear. However, only 0.8 g of marl was used in this test which 

may have been too small to be representative. Also, the results are normalised to 100g of 

marl (Le. a multiplication factor of 125) and consequently any errors in the determinations 

would be magnified. 

The Ni(en)n exchange stoichiometry check can be carried out in exactly the same way as 

given previously in section 4.3, i.e. SUMCAT = SUMAN + Ni(en)~Orb. 

Inspection of the data in Table 6 shows again that SUMCAT is consistently less than SUMAN 

+ Ni(en)~Orb. This time, however, the difference is more pronounced and lies in the range of 

10 - 15 %. One possible explanation is that there is a systematic error in the measurements. 

Alternatively, it is conceivable that a constant fraction (10-15%) of the Ni(en)n has under

gone surface complexation reactions with pH dependent functional groups present at edge 

interlattice sites on the clay minerals, or at the surfaces of oxides, releasing protons. Such a 

reaction can be represented generally as: 

S - OH + Ni(en)~+ ~ S - ONi(en)~ + H+ (1) 

where S-OH represents the amphoteric surface OH-groups and S-ONi(en); the surface 

complex. Other reactions can be envisaged whereby two protons are released. The pH of 
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the solution might be expected to fall through the release of protons. However, in this system 

the free ethylenediamine (en) could act as a buffer i.e. 

en + H+ ~ Hen+ (2) 

(3) 

Although this interpretation is somewhat speculative at the present time, further experimental 

investigations may well be worthwhile since the difference between SUMCAT and SUMAN + 
Ni(en)~Orb may yield a measure of the capacity of the S-OH type sites. 

The final pH of the solutions was between 7.7 and 7.8. This was higher than expected since 

it was anticipated at the beginning of the work that the pH of the extracts would be mainly 

determined by calcite saturation at a PC02 = 10-2 bar i.e. the expected pH was rv 7.3. The pH 

behaviour of the Ni(en)n extracts is not entirely understood. For example, the stock solution 

had a starting pH of 7.5 (back titrated with HN03). This increased to values between 7.8 and 

8.1 when it was equilibrated with calcite in the glove box atmosphere to prepare the standard 

solutions. When the standard solutions were contacted with marl, in the extraction tests, the 

pH stabilised at 7.7 to 7.8. It appears that the free ethylenediamine concentrations, which are 

high at low L:S ratios and lower at high L:S ratios, are involved in protonation reactions and 

determine, together with the calcite-P CO2 system, the pH of the extracts. 

Another important observation in these tests was the pH behaviour within the first few minutes 

of adding the calcite saturated Ni(en)n solution to the marl. Increases in pH were observed. 

However, in contrast to the aqueous extracts (section 5.2) the increases were only 0.2 and 0.5 

pH units at low and high L:S ratios respectively, and the end values of rv 7.8 were almost 

reached within one hour. Clearly, the reason for this difference in behaviour was that the 

added solutions were already saturated with calcite. 



Table 6: Ni(en)n extracts at different liquid to solid ratios. 

1:1 2:1 5:1 10:1 30:1 100:1 1 
Ions extracted Solution Extracted Solution Extracted Solution Extracted Solution Extracted Solution Extracted Solution Extracted 

conc. ions conc. ions conc. ions conc. ions conc. ions conc. ions 
(meq 1-1) (meq/100g) (meq 1-1) (meq/100g) (meq 1-1) (meq/100g) (meq 1-1) (meq/100g) (meq 1-1) (meq/100g) (meq 1-1) (meq/lOOg) 

Na+ 54.0 5.4 27.4 5.5 11.1 5.6 5.5 5.5 2.0 6.0 0.63 6.3 
K+ 5.0 0.50 2.7 0.54 1.2 0.60 0.8 0.8 0.28 0.84 0.12 1.2 

Mg2+ 15.6 1.6 8.1 1.6 3.4 1.7 1.8 1.8 0.68 2.0 0.24 2.4 
ea2+ 14.1 1.4 8.7 1.7 5.5 2.8 4.6 4.6 3.8 11.4 3.6 36.0 
Sr2+ 3.4 0.34 2.5 0.50 1.7 0.85 1.3 1.3 0.51 1.5 0.16 1.6 

Sum of Exchangeable 
and Soluble Cations - 9.2 - 9.8 - 11.6 - 14.0 - 21.7 - 47.5 

SUMCAT 

Ni(en)~Orb - 8.9 - 8.9 - 8.7 - 8.4 - 8.2 - 7.2 tv 
~ 

CO~-/HC03 8.0 0.80 8.6 1.7 6.6 3.3 6.5 6.5 5.1 15.3 4.3 43.0 
SO~- 4.3 0.43 3.1 0.62 2.2 1.1 1.5 1.5 0.58 1.7 0.17 1.7 
p- 0.66 0.07 0.33 0.07 0.16 0.08 0.11 0.11 0.04 0.12 0.02 0.2 
CI- 0.43 0.04 0.33 0.07 0.16 0.08 0.10 0.10 0.05 0.15 0.03 0.3 

SUMAN - 1.3 - 2.5 - 4.6 - 8.2 - 17.3 - 45.2 

SUMAN 
+ - 10.2 - 11.4 - 13.3 - 16.6 - 25.5 - 52.4 

Ni(en)~Orb 

pH 7.7 - 7.8 - 7.8 - 7.8 - 7.8 - 7.8 -
-- ------- ._- --~-.-- -
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6.2.2 Graphical representation of anion and cation concentration data for the Ni(en)n 

extracts 

From the foregoing sections it can be appreciated that marVaqueous solution interactions are 

complex. There appears to be at least three, and possibly more, solubility limited phases 

present which will dissolve, and the concentrations in solution of one will be influenced by 

the presence of the others (common ion effects). In the aqueous extracts, cation exchange will 

be occurring simultaneously, further complicating any interpretation. In the Ni(en)n extracts, 

all the cations on the clay component of the marl are displaced and the final measured 

solution concentrations will be detennined by the cations originally present on the clay and 

their fractional occupancies, together with the dissolving minerals; again common ion effects 

will playa significant role here. In addition, there is the influence of the Ni(en)n complex 

and the ionic strength. The measured concentrations in all experiments (aqueous and Ni(en)n 

extracts) are a function of the L:S ratio. 

In a previous report (Bradbury et aI., 1990) it was suggested that the saturation of the 

Ni(en)n solutions with calcite, before they were contacted with the marl, might be a pro

cedure which could aid in the interpretation of the results from such experiments. Various 

possible scenarios were discussed and an interpretation based on the changes in pH, alkalinity 

and Ca2+ concentrations in the Ni(en)n extracts compared with the initial values for the stan

dard calcite saturated Ni(en)n solution was proposed. None of the suggested scenarios fitted 

the experimental results found in practice. The interactions between marl and the solutions 

used are considerably more complex than the model systems considered previously. 

Despite the complexity of the system and the multitude of reactions and interactions occurring 

simultaneously, a procedure was developed to analyse the experimental data and to extract the 

individual cation occupancies on the undisturbed marl. In essence, the method is relatively 

simple. For the main ions (with the exception of Ca2+and HCO; /C05-), the log of their 

measured concentrations expressed on an equivalent scale in the Ni(en)n extracts was plotted 

against the log of the L:S ratio. (For the experimental method used in these tests (section 

6.2.1) the volumes of solution used at the different L:S ratios was constant, only the mass of 

marl was changed; and hence the L:S ratio is essentially a dilution factor.) In general, on such 

a representation, a plot with a slope of minus one will indicate pure dilution effects. If the 

slope is greater (i.e. less negative) than minus one, or changes to a value greater than minus 

one, this is indicative of precipitation and/or sorption-exchange effects. A slope of less than 

minus one (i.e. more negative) may be indicative of dissolution and/or desorption-exchange 

processes. If the concentration of an anion or cation is detennined by a solubility limiting 

phase, the plot should be horizontal. However, because the ionic strength varies as a function 
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of L:S the plot is likely to have a slope of < 0 at low L:S ratios. 

In all plots of whatever type, the (limited) data from the aqueous extract tests (Table 4) are 

shown for comparison. 

6.2.2.1 Calcium, inorganic carbon and pH in the calcite saturated Ni(en)n standard 

solutions 

Figure 3 shows the data for Ca2+ and inorganic carbon measured in the calcite saturated 

Ni(en)n standard solutions (section 6.1). The measured concentrations are plotted as a function 

of the dilution of the 0.1 M Ni(en)n stock solution used in the corresponding extraction tests at 

different L:S ratios. The pH of these solutions at the end of the tests (5 days) was 7.8 ± 0.2. 

One major uncertainty in this system is the influence of the different Ni(en)n concentrations 

on calcite solubility. Though ionic strength effects can be taken into account, the extent and 

influence of ion pair formation and complexation reactions of Ca2+ and/or HCO; /CO~- with 

Ni(en)n are unknown, and hence could not be included in model calculations. 

Inspection of the data in Figure 3 shows that in some of the individual measurements there 

are significant differences between Ca 2+ and inorganic carbon concentrations (The generally 

higher concentrations at lower L:S ratios are, at least in part, due to ionic strength effects). 

Another important point to note is that the measured pH-values are approximately 0.5 pH 

units higher than would be expected from a calcite saturated solution in equilibrium with a 

p C02 "" 1 0-2 bar. In order to put an uncertainty band on these data two calculated curves are 

included in Figure 3. The lower curve (solid line) simulates the solubility of calcite at the 

measured pH of 7.8 (calculated Pc02 ",,10- 2
.4 bar) and the upper curve (broken line) simulates 

the solubility at the imposed partial pressure of CO2 of 10-2 bar (calculated pH "" 7.3). In both 

cases, the increasing ionic strength at lower dilutions is simulated by the presence of NaCI 

in the calcite solubility calculations. As can be seen, the data fall reasonably well within 

the region bounded by these curves but follow neither over the whole range of dilutions. 

Experimental errors, particularly with respect to the inorganic carbon content, coupled with 

possible protonation reactions with free ethylenediamine (acting as a buffer) influencing the 

calcite - H20 - P C02 equilibrium, are potential explanations for the spread in the data. It 

is emphasised, however, that the reasons are not fully understood. Because of this, the 

cross-hatched area in Figure 3 is taken as the uncertainty band. 
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Figure 3: Measured calcium (e) and inorganic carbon (A) concentrations in Ni(en)n standard 
solutions as a function of the dilution of the 0.1 M Ni(en)n stock solution (-- and - - -
are calculated curves assuming a solution pH of 7.8 and a solution in equilibrium with a P C02 

= 10-2 bar respectively) 
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6.2.2.2 Calcium in the Ni(en)n extract solutions 

The data for Ca2+ concentrations in the Ni(en)n extracts, given in Table 6, are plotted in 

Figure 4 together with the uncertainty band for Ca2+ levels in the corresponding standard 

solutions. Immediately apparant in this plot is that additional Ca2+ has entered the extract 

solution. In the 1:1 and 2:1 extracts, the quantities of additional Ca2+ amount to 0.92 ± 0.2 

meq/100g and 0.95 ± 0.1 meq/100g, respectively. The most likely explanation for the source 

of this "extra" Ca2+ is that it has been displaced from the clay by Ni(en)n. If this interpretation 

is correct, then the concentration of the excess Ca2+ would be expected to exhibit a one to 

one correlation with the L:S ratio. The dotted line in Figure 4 was calculated using a value 

of 0.9 meq Ca2+/100g and assuming the above correlation with L:S ratio. As can be seen, 

the dotted curve fits the experimental data well. At L:S ratios greater than approximately 

10: 1 the contribution of displaced Ca 2+ to the total Ca 2+ concentration becomes less and less 

significant. Other potential sources of Ca2+ in the system such as CaCh, fluorite and gypsum 

are not considered to make any significant contributions. Fluorite and gypsum are solubility 

limited (undersaturated in the aqueous extracts, Table 5) and Ca2+ concentrations from these 

sources would not be expected to follow a dilution curve. The levels of chloride are too low 

to have any effect, even if all the chloride were to be present as CaCl2 (see section 6.2.2.8). 

The main conclusion from this sub-section is that the quantity of exchangeable Ca 2+ present 

in the marl is 0.9 ± 0.2 meq/100g. 

6.2.2.3 Inorganic carbon in the Ni(en)n extract solutions 

The measured inorganic carbon concentrations in the Ni(en)n extracts are plotted in Figure 5 

in a similar manner to the Ca 2+ data in Figure 4. 

If appreciable quantities of highly soluble CO~-IHC03 salts were to be present in the marl 

then their dissolution would lead to concentrations in the Ni(en)n extracts of Ca2+ and 

inorganic carbon which would be well below and well above, respectively, those in the 

Ni(en)n calcite saturated standard solutions. (This type of behaviour is illustrated in the 

aqueous extracts where high concentrations of Na2COJNaHC03 were generated by Ca2+

Na+ exchange on the clay materials, see section 5.2). 

In the Ni(en)n extract solutions, at low L:S ratios, the reverse of the above was observed i.e. 

the Ca2+ concentrations, Figure 4, are significantly higher than those in the Ni(en)n standard 

solutions. 
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Figure 4: Measured calcium concentrations (.) in Ni(en)n extract solutions as a function 
of L:S ratios. The cross hatched region is the estimated uncertainty range in the calcium 
concentrations in the Ni(en)n standard solutions; see Figure 3 and text. The dotted line is a 
dilution curve calculated assuming 0.9 meq/IOO g of Ca2+is displaced from the clay. Open 
circles (0) represent the Ca2+ concentrations measured in the aqueous extracts. 
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Figure 5: Measured inorganic carbon concentrations (A) in Ni(en)n extract solutions as a 
function of L:S ratios (The cross hatched region is the estimated uncertainty range in the 
inorganic carbon concentrations in the Ni(en)n standard solutions; see Figure 3 and text). 
Open triangles (.6..) represent the inorganic carbon concentrations measured in the aqueous 
extracts. 
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This would appear to the strong evidence for the absence of highly soluble carbonate salts 

in the marl. Unfortunately, however, the measured inorganic carbon data (Figure 5) are also 

higher than in the Ni( en)n standard solultions whereas the opposite would be expected based 

on the deduction drawn above. The two sets of measurements are thus inconsistent. The 

Ca 2+ determinations are considered to be more reliable than the inorganic carbon measure

ments (see section 2.2) and the interpretation based on the Ca2+ data is favoured i.e. there 

are no highly soluble carbonate salts present in the marl. It is considered likely, though 

not proven, that either the inorganic carbon data are in error or that the 3-day duration of 

these tests was insufficient for the carbonate system to reach equilibrium and consequently 

precipitation kinetics were influencing the inorganic carbon measurements. In any future 

measurements using this technique the above points would need to be checked carefully. 

6.2.2.4 Strontium and sulphate in the Ni(en)n extract solutions 

The log of the Sr2+ and SO~- concentrations measured in the Ni(en)n extracts are plotted 

against the log of the L:S ratios in Figure 6. At L:S ratios of rv 10: 1 and greater, the Sr2+ and 

SO~- concentrations are, within experimental error, equal, and fall on a line of slope minus 

one. In addition, if this line is extrapolated back to low L:S ratios, the SO~- concentrations 

in the aqueous extracts at 1: 1 and 2: 1 (open triangles in Figure 6; see section 5.2, Table 4) 

also lie on this line. The Sr2+ concentrations in the aqueous extracts (open circles in Figure 

6) are over 50 times less than the SO~- concentrations. The Sr2+ and SO~- concentrations 

in the Ni(en)n extracts at L:S ratios greater than 10:1, and the SO~- concentrations in the 1:1 

and 2: 1 aqueous extracts thus exhibit a 1 to 1 correspondence with dilution. In the rest of the 

text, such behaviour will be termed "pure" dilution. 

In the Ni(en)n extract at L:S ratios less than approximately 10:1, the concentrations of 

Sr2+ and SO~- deviate increasingly from the "pure" dilution line as the L:S ratio decreases 

i.e. the slope of the curve becomes greater (less negative) as the L:S ratio decreases. As 

described previously, this behaviour is interpreted as being indicative of precipitation and/or 

sorption--exchange effects. In this case the latter can be ruled out since Ni(en)n "blocks" 

all exchangeable sites. Therefore the "turn over" in the curve in Figure 6 is concluded to 

be caused by precipitation. These results can be understood in the following way. The ob

servation that the Sr2+ and SO~- concentrations are equal at L:S ratios greater than rv 10:1 

strongly suggests that the source of these ions is celestite (SrS04)' Also, because they follow 

a "pure" dilution behaviour in this L:S range, the results further suggest that the quantity of 

celestite in the marl is limited i.e. at L:S ratios greater than 10:1 all the available celestite is 

completely dissolved. 
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Figure 6: Measured strontium and sulphate concentrations in Ni(en)n extract solutions as a 
function of L:S ratios (., Sr2+; A., SO;-). Aqueous phase extract results are also included 
(0, Sr2+; 6, SO;-). 
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The aqueous extract SO~- data also lie on the extrapolated "pure" dilution line and the 

implication here is also that all the available celestite has dissolved (the saturation indices for 

celestite in the 1: 1 and 1:2 aqueous extracts indicate that celestite is undersaturated in these 

solutions, Table 5). In the aqueous extracts, the exchange sites are not blocked. As the celestite 

dissolves, the Sr2+ ions entering into solution exchange on the clay and displace monovalent 

ions (in this case, predominatly Na+). This exchange process result in a Na2S04 type water 

(Na2S04 is highly soluble). This process induces more celestite to dissolve which in tum leads 

to further Sr2+ -Na+ exchange (c.f. the Ca2+ -Na+ exchange mechanism described in section 

3) until equilibrium is reached. In the case when sufficient celestite is present, saturation with 

this phase will be attained. 

However, if only a limited amount of celestite is present, the Sr2+ - Na+ exchange will 

cease when all SrS04 is dissolved. This view is supported by the amounts of SO~- dissolved 

in the 1:1 and 2:1 aqueous extracts (1.4 and 1.5 meq SO~-/100g, Table 4) and the 10:1, 

30: 1 and 100: 1 Ni(en)n extracts (1.5, 1.7 and 1.7 meq SO~-/lOOg, Table 6). These values 

would all be expected to be the same on the basis of this explanation and if a mean value of 

I"V 1.6 meq SO~-/lOOg is taken, the results are all within ± 10%. (This is a relatively small 

error and can easily be accounted for by measurement uncertainties and sample to sample 

variations.) The Sr2+ concentrations in the aqueous extracts would be expected to be very 

low compared with the SO~- levels and this is also found in Table 4. Finally, for aqueous 

extracts, two main exchange mechanisms were proposed, Ca2+ -Na+ and Sr2+ -Na+ exchange, 

driven by calcite and celestite dissolution respectively. Therefore, carbonate/sulphate waters 

would be predicted in which the sum of the carbonate and sulphate concentrations (meq 1-1) 

would be essentially equal to the Na+ concentration. Again, this is found in practice (see 

Table 4). 

In the Ni(en)n extracts the exchange of Sr2+ for Na+ is "blocked" and cannot occur. Whether 

celestite reaches its solubility limit will depend predominatly on the quantity of celestite and 

the volume of water present i.e. effectively on the L:S ratio. The "tum over" of the curve in 

Figure 6 is indicative that the solubility limit is reached only in those experiments where the 

L:S ratios are less than 10:1. (Note that the curve at L:S ratios less than 10:1 is not horizontal 

due to ionic strength effects on the solubility of celestite.) 

One final point needs to be resolved with respect to the curves in Figure 6. The SO;

concentrations are clearly higher than the Sr2+ concentrations for all L:S ratios less than 10:1. 

The explanation proposed to explain this observation is that the Sr2+ concentrations are 'not 

only detennined by celestite but are also influenced by the inorganic carbon levels through 

the precipitation of a phase containing strontium and carbonate. This is discussed in more 



31 

detail in section 7.1.1. 

The conclusions from this sub-section are, therefore, that the experimental data for aqueous 

and Ni(en)n extracts can be explained in terms of the presence of limited quantities of celestite, 

Sr2+ -Na+ exchange on the clays and the precipitation of a strontium/carbonate phase. From 

the results given in Tables 3, 4 and 6, the amount of celestite in the marl is estimated to be 

f'.J 0.15 g of celestite per 100g marl. 

The corollary to the above discussion is that the main source of strontium is celestite and 

there is very little Sr2+ on the clay. However, since the exchange behaviour of Sr2+ is 

very similar to that of Ca2+, and Ca2+ is present on the clays, it is expected that some 

Sr2+ would also be on the clay. However, these experiments are not sensitive enough to 

allow this quantity to be determined. A possible way to allocate some Sr2+ to the clay 

is via the [Ca2+]/[Sr2+] concentration ratio in the pore water to be derived later i.e. the 

[Ca2+]/[Sr2+] ratio in solution is expected to be approximately equal to the Ca2+/Sr2+ ratio 

on the clay (see section 7.1). 

6.2.2.5 Sodium in the Ni(en)n extract solutions 

The plot of the log of the Na+ concentration against the log of the L:S ratios is shown 

in Figure 7. The slope of the line connecting the points is minus one, indicating that the 

concentrations ofNa+ in the Ni(en)n extract solutions at the different L:S ratios are determined 

by "pure" dilution effects only. 

The total quantity of N a + available is calculated to be 5.5 ± 0.2 meq/100g. Two different 

sources for Na+ are possible: 

i) highly soluble salts: NaCI, NaF, NaHCO;JNa2C03 and Na2S04 

ii) exchangeable Na+ on the clay minerals 

The amount of CI- plus F- in the system is rv 0.12 meq/100g (see subsection 6.2.2.8) and 

hence a maximum of rv 0.12 meq/100g of sodium can be associated with these anions. The 

presence of NaHC03/Na2C03 and Na2S04 is excluded on the basis of the arguments given 

in subsections 6.2.2.2 and 6.2.2.3, respectively. Thus, all the Na+ is interpreted to have been 

displaced from the clay component of the marl by the Ni(en)n except for a small fraction (f'.J 

0.1 meq/l00g) associated with chloride. The Na+ occupancy on the clays within the marl is 

therefore taken to be 5.4 ± 0.2 meq/100g. 
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Figure 7: Measured sodium concentrations in Ni(en)n extract solutions as a function of L:S 
ratios (.). Open circles (0) indicate aqueous phase extract results for sodium. 



33 

The amounts of Na+ in the aqueous extracts (open circles in Figure 7) are less than in the 

corresponding Ni(en)n extracts since, in the aqueous extracts, not all of the exchangeable Na+ 

has been displaced from the clays (see also section 7.2). 

6.2.2.6 Potassium in the Ni( en)n extract solutions 

The data for K+ concentrations in the Ni(en)n extracts are plotted in Figure 8. It is apparent 

that all measured values lie on a straight line of slope slightly greater than minus one i.e. slope 

rv - 0.9. The interpretation is therefore similar to that given for Na+ in that the behaviour 

of K+ in these experiments is predominantly detennined by dilution effects with (slight) 

precipitation andlor sorption-exchange processes superimposed. If the K+ concentrations 

follow a "pure" dilution relationship, then it would be logical to consider the presence of 

highly soluble potassium salts or minerals. Since no suitable compounds are present in the 

system, it is anticipated that the source of K+ in the Ni(en)n extract solutions is the clay. 

The data in Table 6 indicate that the levels of K+ extracted from the marl (meq K+/100g marl) 

increase as the L:S ratio increases. The hypothesis put forward here to explain this trend is 

that the K+ occupies at least two distinct types of sites on the clay. 

The first type are the so-called "planar" sites i.e. low affinity sites, and K+ is readily displaced 

from such sites by the Ni(en)n complex. The second type exhibit a high selectivity for K+ 

with respect to the other cations (for example, see Bolt et aI., 1963). Cations occupying 

such sites are not, under normal circumstances, displaced by high selectivity complexes e.g. 

AgTU+ (Cremers et al., 1988). The degree to which K+ occupies these sites depends on the 

selectivity coefficient and the relative concentration of K+ in the solution with respect to the 

other cations present. 

Based on the above hypothesis, the results in Figure 8 and Table 6 can be interpreted as 

follows. At all L:S ratios the K+ occupying the planar sites is completely displaced into 

solution by the Ni(en)n. The K+ from this source would then exhibit concentrations in 

solution having a one to one correspondence with the dilution i.e. to the L:S ratio since the 

volumes of solution used at each L:S ratio are the same (see section 6.1). At an L:S ratio of 

1:1,0.5 meq K+/100g is displaced. This value is taken as an upper bound for the occupancy 

on the planar sites since it is conceivable that some of the K+ could also come from the 

high affinity sites. As the L:S ratio increases, the competition for the high affinity sites from 

the bivalent ions increases and increasing quantities of K+ from these sites are displaced into 

solution. The bivalent ions (M2+) are much more effective in this respect than the monovalent 

Na+ because of the valency effect and an M2+: K+ ratio which favours M2+ - K+ exchange. 
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Figure 8: Measured potassium concentrations in Ni(en)n extract solutions as a function of 
L:S ratios (.A.). Aqueous phase extract results for potassium (6) are also shown. 
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At L:S ratios of 10:1 and 30:1 the displaced K+ appears to reach a constant value of 

rv 0.8 meq/100g. The value at 100: 1 is higher, but is considered to be less reliable since 

only 0.8 g of marl was used in these tests and conversion to meq/100g involved multiplica

tion by a factor of 125 which could make the absolute error on the meq/lOOg value significant. 

Hence, the estimate for the K + on the high affinity sites is biased towards the 10: 1 and 30: 1 

ratio results and a value of 0.3 ± 0.1 meq/100g is suggested. The capacity of such sites is 

only rv 3% of the total cation exchange capacity and it could be that they correspond to the 

"frayed edge" sites described by, for example, Kinniburgh and Jackson (1981). 

In order to illustrate the competitive effect of monovalent Na+ and bivalent M2+ ions on the 

K+ occupancy on the high affinity sites, consider the following cation exchange reaction 

in which the bar denotes the cation in the adsorbed phase. The selectivity coefficient, ~Kc is 

defined as: 

(4) 

where NA and NB are the fractional occupancies (NA + NB = 1) on the high affinity sites, 

[A] and [B] are the molar concentrations and ZA and ZB are the valencies of cations A and B 

respectively. 

For the homovalent K+ -Na+ system, ~aI{G is of the order of rv 100 (Brouwer et aI., 1983). If 

the K+ and Na+ concentration in the 1:1 and 100:1 extract solutions (Table 6) are substituted 

into equation (4), then it is easily shown that the competitive effect of Na+ for the high 

affinity sites is low. 

For the heterovalent K+ _M2+ system (M2+ = Mg2+ + Ca2+ + Sr2+), in which the K-M2+ 

selectivity coefficient is of the order 1000 - 2000 on these type of sites (Bruggenwert and 

Kamphorst, 1982), it can be shown (equation 4) that, in the 1:1 ratio solutions, K+ is the 

dominant cation on the high affinity sites while, at high L:S ratios, the bivalent ions dominate 

(valency effect and a favourable M2+ : K+ concentration ratio). 

It is recognised that the above treatment is not strictly rigorous, since the Kc values used were 

estimated from work carried out on bi-ionic systems and on pure clay minerals (illites). How

ever, the semi-quantitative description given is only meant to illustrate that the interpretation 

of the experimental results on the basis of two types of exchange sites for K+ is plausible. 
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6.2.2.7 Magnesium in the Ni(en)n extract solutions 

The data for Mg2+ concentrations in the Ni(en)n extracts are plotted in Figure 9. The form 

of the graph is very reminiscent of that of K+ in Figure 8 in that all the measured values lie 

on a straight line of slope greater than minus one i.e. slope "-J - 0.9. 

The interpretation is therefore similar to that given before in that the behaviour of Mg2+ in 

these experiments is predominatly determined by "pure" dilution effects with (slight) pre

cipitation and/or sorption-exchange processes superimposed. (Note the difference between 

Figure 7 for Sr2+ and SO;-, where solubility considerations dominate at L:S ratios less than 

"-J 10:1, and the Mg2+ plot.) If the Mg2+ concentrations follow a "pure" dilution relation

ship, then it would be logical to consider the presence of highly soluble magnesium salts or 

minerals. The problem is that there is no evidence for a suitable candidate in this system. 

(Magnesium chloride would be a possibility, but the CI- levels in the solution are far too 

low.) Consequently, the only reasonable assumption is that the major source of the Mg2+ in 

these solutions arises from the Mg2+ displaced from the clays by the Ni(en)n' 

If this is the main source of Mg2+ , the observation that Mg2+ concentrations are pre

dominantly determined by a simple dilution could be readily explained since the Ni(en)n 

displaces all the available Mg2+ from the clay at all L:S ratios. For 10% error bars on the 

Mg2+ concentrations, a line of slope minus one could be drawn through the data points 

and the Mg2+ behaviour interpreted in terms of "pure" dilution behaviour. If the data for 

the extracted Mg2+ in Table 6 are examined on this basis, then the occupancy values for 

Mg2+ would lie between 1.6 meq/100g (1:1 extract) and 2.3 meq/100g (100:1). However, 

there appears to be a trend in this data; the extracted Mg2+ (in meq/1 DOg) increases mono

tonically with the L:S ratio. This suggests an additional influence acting to produce this 

data. 

From the mineralogical analyses (Chapter 2, Table 1), it is known that a possible source of 

Mg2+ in the system is the mineral ankerite, a Fe-bearing dolomite (Ca(Fe,Mg)C03). (No 

dolomite, or other Mg2+ containing phases, were found in the matrix but this does not exclude 

their presence at low levels). On the basis that the slope of the line in Figure 6 is -0.9, it 

is interesting to calculate for each L:S ratio the Mg2+ contributions from the clay and from 

some other solubility limited phase, (assuming equilibrium at each L:S ratio). This can be 

achieved in the following way. 
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Figure 9: Measured magnesium concentrations in Ni(en)n extract solutions as a function of 
L:S ratios (.). Open symbols «» indicate aqueous phase extract results for magnesium. 
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Assume that the loading on the clay is constant at [Mg]clay (meq/100g), then the contribution 

to the total measured concentration of Mg2+ in solution from the clay at a water to rock ratio 

of L:S (ml:g) is: 

[Mg]clay x (i) x 10 [meq 1-1] (5) 

If the contribution to the total measured Mg2+ concentration, [Mg]T' from the solubility 

limited Mg2+ containing phase is [Mg]L/S at a liquid to solid ratio of L:S, then at any L:S 

ratio the following relation can be written 

([Mg]clay x G) x 10) + [Mgk/s = [Mg]T (6) 

It should be noted that [Mg]L/S is likely to be a function of L:S ratio in these tests because 

of ionic strength effects, amongst other factors. 

However, if [Mg]L/S is assumed to be constant to a first approximation, a least squares 

regression analysis of the data for Mg2+ given in Table 6 yields values of: 

[Mg] clay = 1.6 ± 0.1 meq/100g 

and [Mg]L/S = 0.22 ± 0.07 meq 1-1 

with a corrolation coefficient of 0.999. 

In an analogous way to K+, the Mg2+ results could be interpreted in terms of a two site 

model. Such an explanation cannot be entirely excluded. However, whereas there is ample 

evidence in the literature indicating that K+ can occupy at least two types of site with different 

selectivity behaviour (e.g. Bolt et aI, 1963; Maes and Cremers, 1986; Cremers et aI, 1988) 

no such data exists for Mg2+ (see for example Bruggenwert and Kamphorst, 1982). Also, 

the question arises as to what cation could be displacing Mg2+. The "extra" Mg2+, which 

cannot readily be accounted for by displacement from the planar sites, increases as the L:S 

ratio increases. In the previous section, it was argued on selectivity grounds that bivalent for 

monovalent cation exchange is favoured at higher L:S ratios. Therefore, Na+ andlor K+ are 

highly unlikely to displace Mg2+ from high affinity sites in this concentration region. In 

addition, the chemistries of Mg2+, Ca2+ and Sr2+are so similar with respect to selectivities that 

it is also considered unlikely that Ca2+ andlor Sr2+could be displacing Mg2+. Consequently 

the explanation based on the dissolution of a Mg2+containing phase is favoured more than 

an interpretation based on a two site model. 
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Thus, the conclusion from this sub-section is that the amount of Mg2+ on the clay is 

1.6 ± 0.1 meq/lOOg. 

6.2.2.8 Chloride and fluoride in the Ni(en)n extract solutions 

The average CI- content of the marl from the aqueous extracts (4 individual measurements) 

is 0.10 ± 0.02 meq/lOOg. This value compares well with the mean value of a further 24 

measurements in the Ni(en)n extracts, which yield 0.1 ± 0.05 meq/lOOg. The chloride is 

assumed to be present as (N a,K)Cl. 

The average F- content of the marl from the aqueous extracts is 0.03 ± 0.01 meq/lOOg. 

The F- contents in the Ni(en)n extracts are greater and their variations larger, but these data 

are considered to be less accurate since they were adversly effected by the presence of the 

ethylenediamine in the extracts (Kopajtic, pers. comm.). For this reason the aqueous extract 

data are considered to be more reliable. A basic difference between CI- and F- is that the 

F- levels are considered to be determined by a solubility limited phase (fluorite) whereas the 

CI- levels are not. 

The individual cation occupancy data deduced from the Ni(en)n extract results using the 

analytical approach described are summarised in the next section together with the other main 

results presented previously. 
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7 Derivation of a Marl Pore Water (MPW) Composition 

7.1 Summary of results 

The information available on the marl system deduced from the experimental data presented 

in the previous sections is summarised below. 

7.1.1 Solid mineral phases (sections 5 and 6.2.2) 

Under the assumption that the PC02 is 10-2 bar, the modelling of the aqueous phase extract 

results (Table 4) indicated that the following mineral phases are potentially solubility limiting 

in marl (Table 5): calcite, dolomite, celestite, chalcedony and strontianite. 

Calcite is present at very high levels in the marl along with relatively high levels of ankerite 

(Table 1), which could well be the main source of Mg2+. However, even when an exact 

composition for ankerite is known, the limited thermodynamic data available are uncertain. 

In the modelling work which follows in this chapter, dolomite will be taken as the solubility 

limiting phase for Mg2+. 

Celestite has also been detected in Valanginian marl samples (Blasi and Meyer, 1988). There 

is good evidence from this work (section 6.2.2.4 and Figure 6) that a celestite mineral phase 

exists in OBS-PSI-H4 samples. The estimated content of this mineral in the samples used 

in the experiments is rv 0.15g per 100g marl. Both the aqueous phase and Ni(en)n extracts 

are consistent with this value. 

The aqueous extracts are seen to be oversaturated with respect to quartz (Table 5) but saturated 

with respect to chalcedony. This is commonly the case in many natural groundwater systems 

and chalcedony is included in the modelling as the solubility limiting phase for silica. 

Although strontianite is calculated to be oversaturated in the aqueous extracts, there is no 

supporting evidence from mineralogical examinations of its presence as a solid phase. How

ever, strontianite may be incorporated in calcite and/or ankerite as a solid solution (see Blasi 

and Meyer, 1988). 

There is evidence from this work that strontianite should be included in the water chemistry 

calculations. First, it is difficult to justify that Sr2+ and C05- concentrations, calculated 

from the solubilities of the main minerals present, can exist in a natural groundwater at 

equilibrium levels which imply a large oversaturation with respect to a mineral phase or solid 

solution. Though many minerals do not form by precipitation at low temperatures and can 
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therefore be oversaturated by orders of magnitude in some instances, this is generally not the 

case for carbonates which can readily precipitate in most natural groundwater systems. Sec

ondly, if strontianite is neglected, this leads to solution concentrations of Sr2+ and Ca2+which 

are approximatedly equal. The implication is then that the loadings of Sr2+ and Ca2+ on the 

clay are similar (~:I{c f'V 1). For such a situation, the Sr2+ displaced from the clay component 

of the marl in the Ni(en)n extract tests would have made a clear and significant contribution 

to the measured Sr2+ concentrations. The contrary was found in practice i.e. the quantities 

of Sr2+ displaced were so low that they could not be determined with any certainty and the 

levels probably lay within the error band of the measurements (section 6.2.2.4). Alternatively, 

if strontianite is included, the calculated Sr2+ concentrations in the solution are consistent 

with the low Sr2+ loadings deduced from experimental data. In view of these arguments, the 

saturation of the solution with respect to strontianite is taken as a boundary condition applied 

to the solution composition calculated using the major minerals calcite, dolomite, celestite 

and chalcedony even though it is more likely that strontianite exists as a solid solution in 

calcite and/or ankerite rather than as a separate mineral phase (see Deer et al., 1982). 

Fluorite is normally taken as being the primary source of F- which is almost invariably found 

in natural groundwater systems. Fluoride is present in the aqueous extracts, but the solution 

appears to be undersaturated with respect to fluorite. Fluorite is not specifically mentioned as 

being present in the mineralogical analysis of the samples used in this work. However, it has 

been reported as being present in fractures by Blasi and Meyer (1988). For the purpose of the 

following calculations, saturation with respect to fluorite was taken as a boundary condition 

and treated in the same way as described for strontianite. 

On the basis of the above discussion, the system was defined as shown in Table 7. 

7.1.2 Highly soluble salts 

The highly soluble salts NaCI and KCl are present in the marl at a total level of f'V 0.10 

meq/lOO g marL 

7.1.3 Cation exchange capacity (section 6.2.1) 

The cation exchange capacity of marl, determined using the Ni(en)n index cation and measured 

from the decrease in Ni(en)~+ concentrations, is: 

CEC = 8.4 ± 0.5 meq/lOO g marl 
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Table 7: Major phases and conditions used to define a marl pore water composition 

Phase Component 
Fixed PC02 (= 10-2 bar) carbonate 
Calcite (SI = 0) calcium 
Dolomite (SI = 0) magnesium 
Celestite (SI = 0) sulphate 
Chalcedony (SI = 0) silicium 
Occupancy of N a + on clay 
(ESRISAR; sections 7.2 and 7.3) 

sodium 
"< Occupancy of K + on clay 

(EPR/PAR; sections 7.2 and 7.3) > potassium 

Boundary conditions: Saturation with respect to strontianite and fluorite to fix the levels of Sr2+ and 

p- in the system. 

7.1.4 Ion occupancies on the ion exchange component of marl (section 6.2.2) 

The individual ion occupancies on the ion exchange component of the marl (clays, organic 

matter) deduced in the previous sections are given in Table 8. 

Table 8: Ion occupancy of major cations on marl 

Cation Ion occupancy on marl 
[meq/100g] 

Na+ 5.4 (± 0.2) 

K~anar sites 0.5 (± 0.2) 

Ktgh selectivity sites 0.3 (± 0.1) 
Mg2+ 1.6 (± 0.1) 
Ca2+ 0.9 (± 0.2) 
Sr2+ 0.2 (± 0.1) 
L: Exch. cationSplanar sites 8.6 (± 0.8) 

As stated previously, the Sr2+ occupancy on the clay could not be deduced from the 

experimental data since the amounts released to the solutions from the clay were small 

compared with other Sr2+ sources and lay within the uncertainty range of total Sr2+ concentrations. 

However, since the selectivity behaviour of Sr2+ is very similar to that of Ca2+, and there is 

evidence that Ca2+ is on the clay, it is unreasonable to assume that Sr2+ is completely absent. 

Consequently, at a later stage, the Sr2+ levels on the clays will be calculated from: 



NSr _ [Sr] 
NCa - [Cal 
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where N Sr and NCa are the fractional occupancies of Sr2+ and Ca2+ respectively and [Sr] 

and [Cal are the molar concentrations of Sr2+ and Ca2+ respectively in the marl pore water 

(The ion occupancy of Sr2+ is already included in the above table). ~: I{ c is the selectivity 

coefficient of Sr2+ with respect to Ca2+. 

The ion occupancies given above will be used as the basis for all further calculations. 

Finally, it should be noted that the agreement between the CEC value determined from 

the changes in nickel concentrations using the high selective Ni(en)n complex and the 

CEC deduced independently from the sum of the individual cation occupancies (see 

Table 8) is considered to be extremely good given the complexity of the system. 

7.2 The Gapon equations 

The main criterion used for the derivation of a marl pore water is that equilibrium should 

be maintained between the solid and liquid phases at any L:S ratios. This implies that the 

solution composition must be such that the occupancies on the clay are not changed. 

One of the methods which will be used to calculate the marl pore water composition relies 

on the semi-empirical Gapon equations and the equations given by Richard (1954). These 

sets of equations will be briefly discussed before proceeding further. 

The semi-empirical Gapon equations can be used to establish the cation ratios in the liquid 

phase which are in equilibrium with known (or given) occupancies on the clay. 

The cation composition of the liquid phase can be expressed in terms of the Sodium (or 

Potassium) Adsorption Ratio, SAR (or PAR) defined as: 

(7) 

(8) 

where C is the concentration in solution (in meq 1-1). In addition, the ion composition of 
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the exchange medium can be expressed in terms of the Exchangeable Sodium (or Potassium) 

Ratio, ESR (or EPR) defined as: 

ESR = ES/(CEC - ES) (9) 

EPR = EP/(CEC - EP) (10) 

where ES and EP refer to Exchangeable Sodium and Potassium on the ion exchange medium 

respectively (in meq/l00g) and the CEC to the overall cation exchange capacity (in meq/l00 g) 

of the solid phase. 

General equations, based on linear regression analysis of a large quantity of data (e.g. see 

Figures 10 and 11), relating SAR with ESR (and PAR with EPR) are available (Richard, 

1954). 

ESR = -0.013 + 0.015 SAR (11 ) 

EP R = 0.036 + 0.105 PAR (12) 

The validity of the above relationships with respect to the marl system can be illustrated by 

using the results from the 1: 1 and 2: 1 aqueous phase extract tests and calculating SAR and 

ESR (PAR and EPR) values. The SAR and PAR values can be readily obtained from Table 4 

using equations (7) and (8). The results are shown in Table 9. 

From the previous discussions it is known that in the case of Na+, for example, there are 

5.4 meq Na+/l00g on the clay and this is practically the only source of this cation in the 

system. In the 1:1 aqueous extract, (Table 4), 2.7 meq Na+/l00g are displaced into solution. 

Therefore the quantity remaining on the clay (ES) is 5.4 - 2.7 = 2.7 meq/l00g. Similar 

arguments apply for the 2:1 ratio and for K+ in both extracts. The calculated ES and ESR 

(EP and EPR) values are given in Table 9. 

The SAR/ESR and PAR/EPR values are plotted as open circles in Figures 10 and 11 respectively. 

As can be clearly seen, these points lie very close to the regression lines. 



45 

tOO 

• • 

•• • 
• 

• 

Vi 0.75 • UJ 
I 

U 
UJ • u 
""-. • 
(/) • UJ 

0 • • 
~ • : • • c:: 

0.50 • • • • 
~ 

0 ::> • 3 
0 • (/) 

I 
UJ • ...J 
CD 
<t • UJ 
~ • z 
~ • u x • 
UJ Q25 

o ~------~------~--------~--------~--____ ~ ________ ~~ 
10 20 30 40 50 60 

SODIUM-ADSORPTION -RATIO -- SAR 

Figure 10: Empirical relationship between ESR and SAR in soils (Richard, 1954). The open 
symbols refer to marl (see text for details). 



46 

1.00,..---,...----,----.,-----:------r-----:--------:---

• 

Ci:" • 
UJ • 
I 

U 
0.75 

w 
U 

~ 
w 

0 
i= 
oCt 
a:: 

0.50 
~ 
~ 
in 
(/) 

oCt 

5 • 
c.. 
I • W 

..J 
CIl 
oCt 
W • c.!:I z 
1! 0.25 
U 
X 
W • 

• ~ • 

o~----~----~---~-----~----~------~----~--~ 
2 3 4 5 6 7 

POTASSI UM-ADSORPTION-RATIO - PAR 

Figure 11: Empirical relationship between EPR and PAR in soils (Richard, 1954). The open 
symbols refer to marl (see text for details). 



47 

Table 9: SAR/ES/ESR and PARlEPIEPR values for the aqeuous extracts (see text for 
definitions) . 

Parameter 1:1 extract 1:2 extract 
SAR 30.8 20.0 
ES 2.7 1.9 

ESR 0.46 0.27 
PAR 0.55 0.48 
EP 0.75 0.71 

EPR 0.09 0.09 

Note: In the calculations of ESR and EPR values the contribution from K+ on the high affinity sites was 

included in the CEC i.e. CEC ,...... 9 meq/lOOg. 

7.3 Procedure for calculating an in situ marl pore water composition 

7.3.1 Calculations based on SAR/ESR and PAR/EPR relationships 

The ESR and EPR values for in situ conditions can be calculated from equations (9) and (10) 

using the CEC and cation occupancy data summarised in Table 8. 

ESR = 5.4/(9.0 - 5.4) = 1.50 

EPR = 0.8/(9.0 - 0.8) = 0.10 

Substituting these data into equations (11) and (12) yields SAR and PAR values for Na+ 

and K+ respectively. (SAR = 101 and PAR = 0.61). The SAR (PAR) value gives the 

concentration ratio of Na+ (K+) to the square root of the sum of the bivalent ions which 

must exist in any solution in equilibrium with the marl in order that the ion occupancies on 

the marl are maintained at the levels given. At this stage, the absolute concentrations of 

individual monovalent and bivalent cations are not defined, merely their relationship to one 

another. 

The second step in this approach is to calculate the concentrations of bivalent cations (Ca2+, 

Mg2+ and Sr2+) under the condition that the solution is saturated with the major minerals, 

calcite, dolomite, celestite and chalcedony at a PC02 = 10-2 bar. From the modelling, 

strontianite appears as an oversaturated phase which is not thermodynamically acceptable 
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(see section 7.1). In order to have saturation with strontianite, the procedure adopted was to 

detennine a new Sr2+concentration on the basis of the calculated CO~- level and the solubility 

product of strontianite. Saturation with respect to celestite was maintained by adjusting the 

SO~- concentration. In a similar manner the P- levels were calculated by assuming saturation 

with fluorite using the previously calculated Ca2+ concentration. 

Thus, at the end of this modelling phase the sum of bivalent cation concentrations (CMg + 

CCa + CSr) was calculated in a solution saturated with respect to calcite, dolomite, chalcedony 

and celestite with the additional boundary condition of saturation with respect to strontianite 

and fluorite. 

The third stage consisted of substituting the sum of bivalent ion concentrations (ion pairs 

were not taken into account) into the SAR and PAR relationships to obtain Na+ and K+ 

concentrations respectively. These were found to be CNa = 139 meq 1-1 and CK = 0.84 

meq 1-1. Chloride was used to achieve charge balance. 

A second iteration is then made in which the concentration of Ca2+, Sr2+ and Mg2+ are 

re-calculated by the same procedure as given previously but in a water containing Na+ and 

K+ at the concentrations detennined in the first iteration. Thus the dependence of mineral 

solubilities on ionic strength is taken into account. The second calculation, at I = 0.17M, 

results in higher concentrations of bivalent ions from which new Na+ and K+ concentrations 

are calculated using the same SAR and PAR values. 

Iterations of this type are repeated until the difference between the major cation and anion 

concentrations in successive iterations is rv 1 %. In practice, for this specific case, five 

iterations were sufficient. 

The composition of the pore water fluid calculated to be in equilibrium with these particular 

samples of marl is given in Table 10. 

There is, however, a slight problem in this approach with respect to sodium. The ESR and 

SAR values calculated from the available data are outside the experimental ranges of values 

covered in Figure 10, Le. ESR = 1.5 and SAR = 101 (for K+, the values lie well within the 

ranges, i.e. EPR = 0.10 and PAR = 0.61, see Figure 11). A straightforward explanation for 

this phenomena is that the in situ marl contains much less water than the saturated pastes 

used in practice to detennine the SAR/ESR relationships in soils where the L:S ratio is 

approximately unity. Consequently, there may be some doubt concerning the validity of 

equation (11) outside the range of measured values. (The composition of MPW-l given in 

Table 10 was calculated on the assumption that equation (11) is valid at higher ESR and SAR 
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Table 10: Marl pore water composition (MPW-1) calculated using SARIESR and PARjEPR 
relationships. 

Element! Molality Solid logS I 
Species 

pH = 7.5 Na 1.75 x 10-1 Calcite 0.0 
Ionic Strength = 0.19 M K 1.06 X 10-3 Dolomite 0.0 
Temperature = 25°C Mg 1.47 X 10-3 Strontianite 0.0 
PC02 = 10-2 bar Ca 1.85 x 10-3 Celestite 0.0 
Alkalinity = 6.6 x 10-3 N Sr 3.09 x 10-4 Gypsum -1.3 
Tot Cinorg. = 6.9 X 10-3 M CI- 1.48 x 10-1 Fluorite 0.0 

p- 4.10 X 10-4 Chalcedony 0.0 
S02-

4 1.43 X 10-2 Quartz 0.4 
Si 2.69 x 10-4 

Note: The pe value was taken to be zero 

values than given in Figure 10). Because of this uncertainty, a second approach was applied. 

7.3.2 Calculation of sodium concentrations based on selectivity coefficients 

In this approach the aqueous extract data are used in conjuction with cation occupancy results 

to estimate a Na ~ M2+ (M2+ = Mg2+ + Ca2+ + Sr2+) selectivity coefficient, ~a !{c. 

If distilled water is added to the marl, then an equilibrium will be established between the 

aqueous and solid phases which will depend on the L:S ratio and the cation selectivity 

relationships. In order to be able to make estimates of selectivity coefficients from the 

aqueous extract data, the actual system has to be simplified. 

The main assumptions made are that the exchange reaction between Na+ and the bivalent 

cations determines the new ion occupancies on the clay in the aqueous extracts and that 

K+ plays an insignificant role in exchange process. The latter point is justified by two 

observations, (i) the Na+ concentration in the 1:1 aqueous extract is over an order of magnitude 

greater than that of K+ and (ii) the EP values in 1:1 and 2:1 aqueous extracts are 0.75 and 

0.71 respectively (Table 9) which means that the K+ occupancy on the clay has changed by 

< 0.1 meq/100g compared with the original value of f'.J 0.8 meq/100g. 

For the purpose of the following calculations, the Na+ and bivalent cation occupancies on 



the clay are taken to be: 

= 5.4 meq/l00 g 
= 0.9 meq/l00 g 
= 1.6 meq/l00 g 
rv 0.2 meq/l00 g 
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(A Sr2+ occupancy has been allocated to the clay on the basis of the discussion given in 

section 7.1). On the undisturbed marl, the fractional occupancy of sodium, NNa+, is thus 

0.67 and the fractional occupancy of the bivalent ions, N M 2+, is 0.33 (NNa+ + NM2+ = 1). 

After equilibrium has been reached in the 1:1 aqueous extracts, the quantity of Na+ on the 

clays is 2.7 meq/l00 g (see section 7.2) i.e. NNa+ (1:1) = 0.33 and N M 2+ = 0.67. Using 

these values, and the measured concentrations in the 1:1 extracts (in moll-I), the selectivity 

coefficient for N a + - M2+ exchange, 'ita I{ c' can be calculated from 

I.e. 

NaI{ 
M c 

NaI{ M c 

NJva [CM 2+] 

N M 2+ [CNa+ F 

(0.33)2 

0.67 

7.8 X 10-4 

(2.72 x 10-2)2 

'ita I{c = 0.17 

(13) 

A similar calculation can be performed for the 2: 1 aqueous extract where a Na+ _M2+ selec

tivity coefficient of 0.15 was found. The selectivity coefficient of Na+ with respect to M2+ 

is remarkably similar in the two cases, i.e. (r:t I{c = 0.16 ± 0.01). This implies that ~a I{c is 

very nearly constant in a Na+ occupancy range from 0.22 to 0.33. In the further calculations 

it is assumed that this value can also be applied at a Na+ occupancy of 0.66 (i.e. at the in 

situ Na+ occupancy). 

A similar iterative procedure to that given in the previous section is now used but instead of 

using SARIESR relationships, the concentrations of N a+ are calculated from: 

(14) 

where NNa = 0.67 and N M 2+ = 0.33 i.e. the values corresponding to the occupancies on 

the undisturbed clay, t;t Kc = 0.16 and CM 2+ is the sum of the bivalent ion concentrations 

arising from the solubility limited phases calculated at each iteration using the ionic strength 

calculated in the previous iteration (Note that the K+ concentrations are again calculated from 
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the PARIEPR relationships, as in the previous case, since these values are well within the 

ranges of experimental data in Figure 11 and therefore equation (12) is taken to be valid). 

As there was virtually no change in the calculated concentrations between the 4th and 5th 

iterations, five iterations were deemed sufficient. 

The water chemistry calculated by this method is given in Table 11. 

Table 11: Marl pore water composition (MPW-2) calculated using ~a [{c and PARIEPR 
relationships. 

Element! Molality Solid logS I 
Species 

pH = 7.5 Na 1.53 x 10-1 Calcite 0 
Ionic Strength = 0.17 M K 1.04 X 10-3 Dolomite 0 
Temperature = 25°C Mg 1.45 X 10-3 Strontianite 0 
Pco2 = 10-2 bar Ca 1.81 x 10-3 Celestite 0 
Alkalinity = 6.5 x 10-3N Sr 3.01 x 10-4 Gypsum -1.3 
Tot Cinorg. = 6.8 X 10-3 M CI- 1.28 x 10-1 Fluorite 0.0 

F- 4.10 X 10-4 Chalcedony 0.0 
SO~- 1.33 X 10-2 Quartz 0.4 

Si 2.7 x 10-4 

Note: The pe value was taken to be zero 

7.4 Comments on MPW-l and MPW-2 compositions 

The two pore water compositions calculated for marl using two distinct approaches are very 

similar. The main differences, and these are only rv 10 %, lie in the Na+, CI- and SO~

concentrations. Since these ions have the greatest concentration levels in the liquid phase, the 

ionic strengths also differ by approximately the same amount. The relatively minor variations 

in the concentrations of the other cations and anions arises from the influence of the ionic 

strength on the solubility of the solid phases (see Tables 10 and 11). 

Both methods used to determine the N a + concentrations in solution have accompanying 

uncertainties. In the case of the SARIESR method, extrapolation outside the available 

experimental data range was neccessary (see section 7.3.1) while for the f-ta [{c method, certain 

critical assumptions were required (see section 7.3.2). There is no logical reason, on the basis 

of the currently available information, for preferring one water composition over the other. 
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Indeed, the two are essentially the same. Ultimately, the only means of deciding the validity 

of the calculated water chemistries is to carry out rock-water interaction experiments. 

One very important general point which should be realised with respect to the two sets of 

water chemistry calculations is that no assumptions regarding in situ porosities and/or in 

situ ionic strengths were necessary to determine the compositions of the water. That 

is to say, the water compositions calculated were independent of any assumptions regarding 

the "free water" content of marl. (Note that "free water" content and porosity, however 

measured/estimated, are not neccesarily the same.) Consequently, no extrapolations from the 

water chemistries found in high L:S ratio laboratory experiments to the very low in situ L:S 

ratios were needed. Also, it clearly follows from the above that the ionic strength of the pore 

water is derived only from the experimental data and the analytical approach applied. 

From the pore water compositions given in Tables 10 and 11, and the chloride content of the 

marl given in section 6.2.2.8, it is possible to estimate the "free water" content of the in situ 

matrix marl under the assumption that all the available Cl- enters the pore ,water solution. 

Thus, the "free water" content estimated in this way will be an upper bound. The calculation 

is essentially trivial, and involves calculating in how much water 0.10 meq Cl-/100 g marl 

must be dissolved to yield the CI- concentrations given in Tables 10 and 11. This volume of 

water can then be related to a mass (volume) of marl and hence to a "free water" porosity. 

The porosity values obtained are, 1.6 x 10-2 (data from Table 10) and 1.8 x 10-2 (data from 

Table 11) i.e. a porosity of rv 2 vol %. 

The conventional approach used to determine a water chemistry is via rock-water inter

action experiments carried out over a range of L:S ratios. Either the aqueous phase extract 

concentrations are plotted against L:S ratios and then extrapolated (usually linearly) to a ratio 

equivalent to that in situ or aqueous extract results at a low L:S ratio (e.g. 1:1) are multiplied 

by a concentration factor based on the "free water" content of the rock per unit mass of 

rock (see, for example, Baeyens et. aI., 1985). This factor is generally taken to be equal 

to piE (p = bulk density, E = porosity). The two approaches are essentially the same and 

produce a "first guess" of the water composition. This water is then modelled under the 

constraint of saturation with solid phases known or deduced to be present to yield the pore 

water composition. 

For the case of this marl, with a porosity between 1 and 5%, a concentration factor in the 

range 250 to 50 is implied. Intuitively, the application of such a large concentration factor 

seems unreasonable. However, this is a direct consequence of this approach. To illustrate 

how inappropriate such a procedure can be, particularly for the case studied here, a simple 

calculation was carried out using the aqueous phase concentrations for the 1: 1 extract given in 
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Table 4, the mineral phases listed in section 7.1 and a concentration factor of 50 i.e. a porosity 

of 5 % was assumed The resulting water is essentially a high ionic strength (I rv 1.4 M) 

NaCI solution containing significant quantities of SO~- (rv 5.3 10-2 M) with an alkalinity 

of 9.3 10-3 N. The bivalent ion concentrations are higher than in the MPW solutions due to 

ionic strength effects, and the pH is the same. This water and the pore water compositions 

calculated previously are clearly very different, and if the marl were to be contacted with a 

water containing such quantities of N aCI the clay component would become almost entirely 

Na+ loaded. 

7.5 Influence of Pco
2 

on the marl pore water composition 

In all the calculations carried out so far, the "best estimate" PC02 value of 10-2 bar was 

imposed on the system (Chapter 1). Since there is some uncertainty as to the actual PC02 

in the Valanginian marl formation, a marl pore water composition at a lower P C02 was also 

calculated following an entirely analogous procedure to that given previously. Table 12 

compares the results of the main chemistry of a marl pore water at a P C02 = 10-3 bar with 

MPW-l (PC02 = 10-2 bar). 

Table 12: Marl Pore Water composition as a function of P CO2 

Parameter P C02 = 10-2 bar PC02 = 10-3 bar 
pH 7.5 8.2 
Ionic Strength (M) 0.19 0.13 
Temperature (OC) 25 25 
Alkalinity (N) 6.6 10-3 3.2 10-3 

Concentration (M) 
Na 1.75 10-1 1.1 10-1 

K 1.06 10-3 6.7 10-4 

Mg 1.47 10-3 7.08 10-4 

Ca 1.85 10-3 8.73 10-4 

Sr 3.09 10-4 1.47 10-4 

CI- 1.48 10-1 5.38 10-2 

F- 4.1 10-4 6.0 10-4 

SO~- 1.43 10-2 2.51 10-2 

Cinorg. 6.9 10-3 3.1 10-3 

Si 2.69 10-4 2.79 10-4 

Note: The pe value was taken to be zero in both cases. 
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With regard to the PC02 - H20 - carbonate system, the differences seen in this table are straight 

forward. At a lower P C02 ' the pH increases, the alkalinity decreases and the concentrations 

of Mg2+, Ca2+ and Sr2+ decrease due to the lower solubility of the carbonate minerals. 

Because of the lower levels of the bivalent cations, the concentrations of the monovalent 

cations also become less since the SAR/PAR values must be held constant (see section 7.3.1). 

Hence the ionic strength is lower. These effects do not vary linearly with the P C02 for two 

main reasons: 

i) In the definitions of SAR/PAR, the concentrations of the monovalent cations are related 

to the square root of the concentrations of the bivalent cations. 

ii) Although the solubility of celestite is not directly influenced by the P C02' there is 

an indirect influence on the Sr2+ and SO~- levels. As the P C02 decreases, the pH 

increases causing an increase in the concentration of CO~- species which depresses the 

Sr2+ concentration via the solubility limit of strontianite. In order for the solution to 

maintain saturation with, celestite, the SO~- concentration increases (see Table 12). 

In summary, the effect on marl pore water compositions of varying the P C02 in the range 

10-2 to 10-3 bar is to change the concentrations of the individual ions within a factor of 

approximately two. 
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8 Summary and Conclusions 

1. The work described in this report has clearly shown that the standard methods for 

determining water chemistries from aqueous extract data alone may lead to an arbitrary 

definition of the water chemistry in clay-rich calcarous rock systems. Significant errors 

with respect to ionic composition and ionic strength can arise which may have impor

tant consequences for modelling studies (radionuclide speciation and solubility limit 

calculations) and experimental work (sorption of radionuclides). 

2. The novel experimental approach and methods proposed in Bradbury et al. (1990) for 

defining a water chemistry for clay-rich ca1carous rocks (in this case a Valanginian 

marl) have proven to work well in practice. There are good reasons for believing 

that the techniques and analytical approach adopted will work equally well in other 

argillaceous rock systems (e.g. Opalinus clays). 

3. The cation exchange capacity of sample OBS-PSI-H4 was determined using nickel 

ethylenediamine as a high selectivity complex. The value obtained from the change in 

nickel concentrations in these tests was 8.4 ± 0.5 meq/100g marl at pH I'.J 8-9 and for 

a particle size < 63 !lm. 

4. In the extract solutions obtained by contacting marl with calcite saturated Ni(en)n 

solution at different L:S ratios, it was possible to deconvolute the contribution of cations 

displaced into solution from the clay by the Ni(en)n from the cation concentrations 

arising from mineral dissolution reactions. Using the analytical approach described in 

section 6.2.2 the individual occupancies of the cations Na+, K+, Mg2+, Ca2+ and 

Sr2+were quantified. 

The sum of the individual occupancies i.e. the CEC, was found to be 8.6 ± 0.8 

meq/lOOg marl. Thus, a direct measurement (change in nickel concentrations) and an 

indirect approach (the deduction of individual ion occupancies from concentration data) 

led to CEC values which were within 10% of one another. This provided an internal 

consistency check on the data and the interpretation. As was shown in section 7, 

the deductions concerning the individual ion occupancies proved to be the "key" to 

calculating the marl pore water composition. 

5. Though the results obtained with Ni(en)n are considered to be good and consistent, the 

use of this high selectivity complex may have associated difficulties. For example, the 

buffering effect of free ethylenediamine through protonation reactions and its effect on 

the pH. Another problem area, highlighted in section 6.2.2.3, concerned the measure

ments of inorganic carbon concentrations in the Ni(en)n standard and extract solutions. 
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There were unresolved inconsistencies in these data. If Ni(en)n is used in any future 

experiments of the sort described here, then the determinations of inorganic carbon 

concentrations should be singled out for additional attention, especially regarding the 

time scales allowed for the system to reach equilibrium. 

6. Two pore water compositions for matrix marl material, MPW-l and MPW-2, were 

calculated. 

The MPW-l water was calculated via the SARIESR and PARIEPR relationships. The 

uncertainty in this method arose from the fact that the experimental SAR and ESR values 

lay outside the range of values for which the SARJESR equations were deduced. This 

implied that an extrapolation was neccessary and the validity of such an extrapolation 

may be questionable. 

The MPW-2 water was derived using the selectivity coefficient for Na+ with respect 

to the bivalent cations, Ifta I{c, calculated from the aqueous phase extract data. The 

assumptions involved in the determination of a value for ~a K c were semi-quantitatively 

justified but nevertheless some uncertainty remains. 

MPW-l and MPW-2 water differed primarily in their respective NaCI contents. Since 

NaCI is the major component in the water, the ionic strengths also differed. The 

differences were of the order 10% and the two water compositions can be regarded as 

being essentially the same. 

7. No assumptions regarding the "free water" content of marl or the ionic strength of the 

pore water fluid were neccessary for the calculation of marl pore water compositions. 

The ionic strength of the solutions came directly from the basic experimental data and 

the application of the SARIESR and PARIEPR relations or the calculated ~a I{ c' The 

introduction of additional "free parameters" was avoided and no extrapolations to low 

"in situ" L:S ratios were required. 

8. The extraction tests with Ni(en)n strongly indicated the presence of very small quantities 

of celestite (rv 0.15 wt%) which determine the SO;- concentration in the porewater. It 

is not possible to draw such a conclusion from aqueous extract data alone because of 

the interferring influence of Sr-Na exchange occurring in this particular system. 

9. Based on the calculated MPW-l and MPW-2 water compositions and the (Na, K) CI 

content of marl, "free-water" porosities for matrix marl were calculated. The estimated 

in situ values were 1.6 x 10-2 and 1.8 x 10-2 respectively. 

10. The experimental measurements and modelling calculations were carried out at a P C02 = 
10-2 bar. In order to evaluate the sensitivity of the pore water composition to variations 



57 

in PC02 , the MPW-1 water was re-calculated at a PC02 = 10-3 bar. The main effects 

of decreasing the partial pressure of CO2 by an order of magnitude were 

i) the pH was increased from 7.5 to 8.2 

ii) the ionic strength was reduced from 0.19 to 0.13. This reduction was essentially 

caused by the decreases in Na+ and Cl- concentrations. 

iii) K+, Mg2+, Ca2+ and Sr2+ concentrations and alkalinity were decreased by a 

factor of rv 2. 

iv) The SO~- concentration increased by rv 1.8 times. 
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