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1 Summary 
 
Two reference pore water compositions are defined for the Effingen Member for the Jura-
Südfuss area. One is a "low-salinity" (approximately sea water salinity) composition relevant 
for the upper and lower part of the Effingen Member towards the upper and lower bounding 
aquifers, and that is reasonably constrained by experimental data. A "high-salinity" pore water 
of twice sea water chlorinity is proposed as upper bound for the central part of the Effingen 
Member. Except for chlorinity and possibly Na concentrations, this composition is very poorly 
constrained, including sulphate and Ca concentrations, as well as pH and alkalinity. The 
compositions are listed in Table 7-8 and Table 8-1.  

To further constrain the compositional uncertainty, variants with high sulphate concentration or 
with a higher partial pressure of CO2 (lower pH) are also provided, as well as a high-chloride-
high-sulphate combination (Table 9-1). Also, a lower-saline pore water is specified to reflect the 
uncertainty towards larger Cl-accessible porosity (Table 9-1). Full speciation details for these 
reference pore waters and variants are provided in Appendix 1-6. 

The main uncertainties relate to the poorly constrained anion-accessible porosity (at least as low 
or lower than Opalinus Clay) and the Ca-sulphate-carbonate system (including pH, alkalinity 
and PCO2). This is largely rooted in the uncertainty to interpret laboratory data, and the inability 
to measure the composition of the exchangeable cations in borehole samples due to interference 
with mineral-water reactions during extraction procedures. Specifically, sulphate concentrations 
are poorly constrained and contradictory between experimental methods. 
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2 Scope of this report 
 
The scope of this report is to define - to the best of our current knowledge and scientific 
understanding - reference pore water compositions for the Effingen Member as a constraint in 
deriving sorption data bases and solubility limits for radionuclides used in performance 
assessment calculations. An important aspect is the consideration of uncertainty in key-
compositional parameters to be addressed by providing a range of compositions, each one of 
them being thermodynamically and geochemically valid pore water compositions.  

This work is performed in the context of the proposed feasible regions and rock formations 
(Nagra 2008) for geologic disposal of radioactive waste in Switzerland in the framework of 
SGT-ZE (Sachplan Zwischenergebnis; sectoral plan – interim results). SGT-ZE is an 
intermediate step of the Sachplan-procedure and the provisional safety assessment will be based 
on the presently available data set.  

Only major components and some key geochemical parameters that are relevant for deriving 
sorption data bases and solubility limits are considered in this report. New data up to April 2009 
has been considered, as edited by Waber (2009). Upcoming results from ongoing efforts for 
better constraining the pore water composition and its variation with depth and geographic 
location may eventually require an update of the reference pore water compositions, introduce 
new aspects or reduce uncertainties.  
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3 Introduction 
 
The Effingen Member was proposed by Nagra (2008) as potential host rock for 
low/intermediate-level radioactive waste (SMA) in the "Jura-Südfuss" area. 

One important reason for having to know - by measurement or interpretation - the pore water 
composition of a geologic formation is to be able to derive its radionuclide-specific sorption / 
retardation properties and solubility limits. In general, the sorption properties depend on 
geochemical parameters, most importantly mineralogy (sorption capacity), pH, ionic strength, 
redox state, and the speciation of the main dissolved constituents (potential ligands) of the pore 
water (Bradbury et al. 2008). 

Because direct sampling of pore water in sedimentary formations of very low permeability is 
not feasible or subject to artefacts, the process of deriving a pore water composition requires the 
integration of analytical data from diverse methods, and some kind of a geochemical model to 
integrate all constraints that are thought to be relevant for controlling the pore water 
composition. A prime example of such an approach is that developed for Opalinus Clay at the 
Mont Terri Rock Laboratory (Pearson et al. 2003). Even further advanced are concert efforts to 
constrain and model the pore waters in the comparable Callovian-Oxfordian claystone 
formation in the Bure region (France), as detailed in Gaucher et al. (2006, 2009). 

The efforts (tens of man-years) undertaken for the case of Opalinus Clay comprised numerous 
laboratory and in-situ experiments as well as geochemical modelling and synthesis work. The 
result was a robust and defendable geochemical model for the pore water composition and its 
controls via mineral-water interaction and ion exchange processes. Despite this effort, a number 
of open issues - or lack of accurate constraints on some parameters - are still persisting and are 
the subject of on-going research (Wersin et al. 2009). 

The comparably scant knowledge base and very limited past efforts to constrain the pore water 
composition for the Effingen Member are in contrast with the situation for Opalinus Clay. These 
limitations require a different approach with some arbitrary assumptions, and - by implication - 
associated uncertainties are large. It is only possible to quantify the uncertainties for some of the 
compositional parameters. Others remain largely unconstrained at present and are more or less 
subject to potential erroneous assumptions underlying the geochemical model. 
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4 Approach 
 
The generic approach to constraining a pore water composition in a low-permeability formation 
is to fix as many compositional parameters as possible by direct or indirect measurement, and 
provide substantiated constraints exerted by inferred mineral equilibria and ion exchange 
equilibria for all remaining parameters. The result is a geochemical model that is consistent with 
the principles of equilibrium thermodynamics and that fixes the pore water composition at a 
particular location in the formation. The model also explains the relevant mineralogical controls 
on the pore water composition. By the same token, such a model would also predict in principle 
how the pore water composition would react to external geochemical disturbances or on-going 
slow diffusion processes, except for cases were accurate kinetic reaction rates would be crucial. 

As will be shown below, there are only few parameters that are constrained by direct 
measurements in the case of the Effingen Member, and even those are subject to scaling 
uncertainties (geochemical porosity). It is therefore necessary to provide more assumptions than 
can be rigorously substantiated. An attempt is made to gauge some of the uncertainty associated 
with some of the assumptions. Several of the parameters are no more than "best guesses" with 
respect to the current state of knowledge and reflect merely "expert judgment" in the absence of 
measurements or system understanding. 
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5 Region of interest 
 
Figure 5-1 shows the "Jura-Südfuss" area where the Effingen Member along with Opalinus Clay 
are feasible host rock formations for low/intermediate-level waste (Nagra 2008). The area 
outlined for the Effingen Member where it occurs at a feasible depth and where it is not 
tectonically disturbed measures some 5 by 5 km in extent, and it is located in the area of 
Kölliken - Unterentfelden. The target depth is 300-600 m below surface, and the thickness of 
the Wildegg Formation (mostly Effingen Member) is ca. 200 m. 

Nearest locations from where geologic data about the Effingen Member are available include 
the geothermal wells Oftringen (Fig. 5-2; ca. 5 km to Southwest) and Küttigen (4 km to North), 
as well as the Nagra exploration borehole Schafisheim (4 km to East). 
 

 

Fig. 5-1:  Preferred region of interest "Jura-Südfuss", with the extent of the Effingen Member 
indicated in green where it occurs at a feasible depth and where it is not 
tectonically disturbed.  
(part of Fig. 5.5-5 from Nagra 2008) 
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Fig. 5-2:  EWS-borehole Oftringen: Geology and results of packer testing in the Effingen 
Member. 
(Geologic profile from Albert & Bläsi (2008), hydraulic data from Fisch et al. (2008). 
Figure taken from Waber (2009)) 
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6 Summary of knowledge base - EWS boreholes Oftringen and 
Küttigen, and select other locations 

6.1 Overview of available geochemical data 
The most up-to-date and only available detailed report of geochemical data on the Effingen 
Member is that edited by Waber (2009), where the focus is on work associated with drill core 
samples from the EWS (Erdwärmesonde) borehole Oftringen (5 km Southwest of "Jura-
Südfuss"). Also discussed in there are earlier data gained from cuttings from the EWS borehole 
Küttigen (Klump et al. 2008, 4 km North of "Jura-Südfuss"). The summary provided below is 
largely extracted from Chapter 16 of Waber (2009) and mostly refers to data from Oftringen. 
The reader is referred to the latter report as well as Nagra (2008) and references cited therein for 
more general background information on the Effingen Member. A regional study with focus on 
hydrogeology was provided by Traber (2004) and Laws and Deplazes (2007), but includes only 
limited mineralogical data. Water samples that were collected during hydraulic testing in 
borehole Küttigen-2 from a depth of 163-169 m were analysed and interpreted by Eichinger et 
al. (2008). The depth interval covers the boundary between limestone of the Gerstenhübel beds 
and the overlying normal marly facies of the Effingen Member. These waters are of Na-Cl-
(SO4) type with ca. 10 g/l of chloride. 

Mineralogical data from core samples or cuttings of the Nagra scientific boreholes (Benken, 
Weiach, Schafisheim), from the EWS borholes Küttigen and Oftringen, as well as from the 
Eppenberg tunnel and from the Bärengraben waste disposal site (Würenlingen) are summarized 
in Mazurek (in prep.). Some new data is expected from work in progress on samples from the 
EWS borehole Gösgen and several of the older Nagra scientific boreholes.  

Traber (2004) summarized hydrogeological and some geochemical observations in the Effingen 
Member from tunnel intersections, waste disposal sites and some other near-surface 
occurrences. The hydrochemistry and isotope hydrology of the bounding aquifers were detailed 
by Traber et al. (2002) in the context of the “Entsorgungsnachweis”, and a summary of 
hydrochemical data in its hydrogeological context was included in Nagra (2002). 

Of note is the so-called "alte Iodquelle" (old iodine spring) of Wildegg, that goes back to the 
18th  century and supposedly taps the Effingen Member at a depth of 117 m. It had a low flow 
rate of <1 l/min and a total mineralisation of 13.7 g/l as of 1869 (see details and references in 
Traber, 2004). The Cl and SO4 concentrations were 7340 and 1235 mg/l, respectively, with a 
SO4/Cl molal ratio of 0.062 (Schmassmann 1990). Laws and Deplazes (2007, references 
therein) discuss Ca-sulphate, Mg-sulphate and Na-Cl waters reported from the Effingen 
Member encountered in the Bözberg A3-freeway tunnel with total mineralisation up to several 
grams per litre. The interpretation of these waters is uncertain but they are inferred to be 
geologically “old”. More dilute waters in the same section have been interpreted to contain a 
component of meteoric water. A low-salinity water is reported from the Weissenstein tunnel 
(Jura Mountains, “Faltenjura”) below an overburden of 450 m with a relatively high sulphate 
but low Ca content (see Traber 2004). 

A groundwater was sampled from within the Effingen Member in the EWS borehole Küttigen-2 
from an interval including the upper boundary of the Gerstenhübel beds (a 28 m thick sequence 
of bedded limestones with minor calcareous marls, Klump et al. 2008). This water has an 
inferred chloride content of 10000 mg/l and the sulphate content is likely a bit higher than 
1440 mg/l. The salinity and the SO4/Cl ratio is remarkably similar to the “alte Iodquelle” in 
Wildegg and slightly above the SO4/Cl ratio of modern sea water.  
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An attempt was made to extract geochemical data (chloride leaching, density and porosity data) 
from borehole samples from the Nagra exploration borehole Schafisheim, but the data quality 
was judged to be insufficient, and data were not released (unpublished RWI-Uni Bern internal 
data). 

6.2 Mineralogy, carbon and sulphur content, organic maturity 
The mineralogy of the limestone beds and the calcareous marls are remarkably similar at the 
regional scale (Mazurek in prep.). There is some variation in the clay mineral proportions but 
the clay mineralogy is essentially the same at all locations. The Oftringen locality contains 
somewhat less illite but more kaolinite, and the illite/smectite ratio is higher in Oftringen 
compared to other localities. These differences are irrelevant with respect to pore water 
composition. No marked differences in carbon contents or sulfur contents are noted between 
locations. 

Forty-four whole-rock and vein samples from the EWS borehole Oftringen were examined 
between a borehole depth of 191 and 708 m. Some preliminary data from this report had been 
included in Nagra (2008).  

Rocks of the Effingen Member at the EWS borehole Oftringen (Waber 2009) range from 
calcareous marl to limestone (mostly bioclastic in the upper 50 m) that bear subordinate 
amounts of sand (quartz, feldspars). Calcite contents range from 40 to 91 wt.%, and 
dolomitisation is strongest in the upper part (up to 15 % of total rock). The quartz content 
positively correlates with the total sheet silicate content. 

The mineralogy of the clay fraction (<2 µm) is dominated by illite, illite/smectite mixed-layers 
(at least partially ordered) and kaolinite. The sheet-silicate content ranges from 5 to 37 wt.%. 
Smectite occurs in some samples, in particular in the upper part of the profile. Trace amounts of 
chlorite are present in some samples. Very minor amounts of diagenetic glauconite are observed 
in thin section, mostly in the upper part of the Effingen Member. Diagenetic opaque minerals 
include pyrite, sphalerite, and marcasite. Total sulphur contents range from <0.1 to 1 wt.%, and 
organic carbon contents from <0.1 to 0.5 wt.%. Total sulphur recalculated as pyrite ranges from 
0.4 to 1.6 wt.%. 

Early diagenetic veins filled by celestite and calcite are mostly found in the lower half of the 
Effingen Member in the Oftringen borehole, while karst structures filled by clay (and late 
calcite) occur in the overlying lime-stones of the Geissberg Member only. Abundant tectonic 
structures (veins, with a frequency of up to 8 per m) are filled by calcite ± celestite and minor 
pyrite and are observed throughout the Jurassic sequence but not in the Molasse (USM). Based 
on the combined interpretation of mineralogical, textural, isotopic and fluid-inclusions data, it is 
concluded that the mineral in-fills in tectonic veins precipitated at 50-70 °C and are at least 
partly of Miocene age. Such veins are scarce in sections of the Effingen Member at other 
localities. 

6.3 Ion exchange properties of the Effingen Member 
Only the cation exchange capacities could be determined with some confidence, but not the 
selectivity for individual cations. The cation exchange capacity, CEC, is estimated from the Ni-
consumption during extraction of the rock samples with Ni-ethylenediamine (Ni-en method). It 
varies between 60 and 99 meq/kgrock for argillaceous limestones with more than 20 % clay 
content, between 18 and 55 meq/kgrock in the clay-poor limestones with 10 to 20 % clay, and is 
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less than 5 meq/kgrock in the limestone with less than 5 % clay. There is a good correlation 
between the clay content and the CEC (Figure 8-4 in Waber, 2009). 

6.4 Water content, densities and porosity 
Porosity was obtained from (1) water-content measurements (drying to constant mass at 105 °C) 
and bulk wet density, (2) bulk dry density and grain density, (3) from interpreting mercury 
intrusion data, and (4) diffusive isotope exchange experiments. 

The gravimetric water content varies between 0.70 and 4.19 wt.% in the Effingen Member and 
adjacent formations. There is a clear positive correlation with sheet-silicate contents. The 
corresponding water-loss porosity ranges from 1.9 to 10.8 vol.% (5 to 8 % for most samples). In 
all investigated samples, the water-loss porosity is lower than physical porosity (from bulk dry 
density and grain density). 

There is a fair linear correlation between the porosity obtained from Hg injection up to 412 MPa 
and the other methods. On average, the Hg-injection porosity is 52 % of the porosity from water 
loss and 39 % of the porosity from densities. This means that a substantial part of the porosity 
has equivalent apertures below 3 nm that are not accessed by Hg. In the pore-size spectra, the 
peak height for pores with diameter <20 nm correlates with clay contents. This leads to the 
conclusion that very small-aperture pores are related to clay-mineral porosity. A second peak in 
the pore-size spectrum (diameter of 30 - 100 nm) is considered an artefact and has no 
significance for in situ conditions (see Waber 2009, section 7.2.3 for details). Note that Gimmi 
(2003) suggests that pressures above 200 MPa (ca. 6 nm equivalent cylindrical pore radius) may 
damage the rock fabric and may not be readily interpreted, which adds some uncertainty to the 
total porosity actually seen by the mercury intrusion work cited above. 

Water contents derived from the diffusive isotope exchange method are identical to or slightly 
higher than the gravimetric water loss, but are associated with larger combined uncertainties. A 
similar difference between the two differently derived water contents was also observed for the 
Opalinus Clay (Pearson et al., 2003). 

The depth profiles of the various porosity values show no systematic variation. The observed 
variations are essentially due to variable clay contents. 

6.5 Water activity, specific surface, and “free” and “bound” pore water 

The water activity measured in rock samples of the Effingen Member from Oftringen ranges 
between 0.81 and 0.94, which is well below that in equilibrium with seawater (0.98). The 
presently most reliable estimate of maximum salinity is about twice that of modern seawater. 
Thus, the calculated salinities cannot explain the low water-activity values even if Cl would be 
present mainly as CaCl2,which, however, is not the case. Nevertheless, a certain relation is 
apparent between Cl concentrations and water activity as shown by their depth distribution 
patterns, which seem to mirror each other. The low water activity is presently not understood, 
but may be either indicative of a large proportion of “bound” water (to clay surfaces) or the 
presence of a gas phase, or may indeed be partially an artefact of sampling, storage, preparation, 
or measurement (details in Waber 2009, section 7.2.3). Whereas there is supporting evidence for 
the first hypothesis, there is no support by independent data for the presence of a gas phase. 

The specific surface areas measured by BET (nitrogen adsorption) range from 4.7 to 29.7 m2/g 
and this correlates with the clay content. Using the measured water activity of the rock samples 
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and assuming that the nitrogen adsorption isotherms can be transferred to water vapor 
adsorption (which is only valid if a negligible amount of smectites is present), the proportions of 
“bound” and “free” water may be calculated (details in Waber 2009, section 7-4.). This 
approach is based on interpreting the first break in slope of the nitrogen adsorption isotherm 
(curves of P/P0 vs. adsorbed volume) as the complete filling of the first monolayer, and the 
second break in slope as the onset of capillary condensation after multi-layer adsorption. 
Transferring nitrogen adsorption to water vapor adsorption yields the ratio of bound water 
(monolayer plus multi-layer water, or strongly-bound and weakly-bound water) to the “free” 
water (capillary water), as the ratio of the volume at the second break in slope (onset of capillary 
condensation) to the volume at the measured water activity (a/a0 = P/P0). The so obtained ratio 
of “free water”/“bulk water” ranges from 0.13 to 0.38 in the Effingen Member and from 0.67 to 
0.75 in the Crenularis Member. The ratios in the Effingen Member are generally lower than 
those obtained in other, mostly more clay-rich formations (range 0.3 - 0.58, see Mazurek et al. 
2009).  

Applying the same estimation method to saturated samples of Opalinus Clay from Mont Terri 
yelded a ratio of free pore water of 0.57 (Waber 2009, section 7.4) which is in agreement with 
other techniques (Gimmi 2003, Pearson et al., 2003). This approach is argued to be reasonable if 
sample saturation is preserved, if the salinity effect on reducing the water activity is very small, 
and if the smectite content is not significant such that the amount of interlayer water (which is 
not included in the BET measurements) can be neglected. This method is not yet fully tested 
and its limitations and potential artefacts are not yet fully explored. 

6.6 Transport properties 
Diffusion coefficients for chloride were fitted to data from out-diffusion experiments on four 
samples of the Effingen Member, including one argillaceous limestone and three sandy 
calcareous marls. The estimated pore diffusion coefficients, DP, for chloride in rocks from the 
Effingen Member range from 7.0·10-11 to 9.8·10-11 m2s-1 at 25°C. The effective diffusion 
coefficient for chloride would become about 3.0·10-12 to 9.3·10-12 m2s-1 if the total water-loss 
porosity was accessible for Cl, and between about 1.4·10-12 to 7.5·10-13 m2s-1 if the Cl-accessible 
porosity is taken as the “free” water from measurements of BET and water activity (section 6.5). 

A hydraulic conductivity of 4-6·10-14 m/s was obtained from the advective displacement 
experiment performed on a sandy limestone (444.50 m).  

While the data base is rather thin, the transport parameters obtained are nevertheless in the same 
range as those determined for Opalinus Clay at Mont Terri or Benken, and are compatible with 
the hydraulic tests performed in situ in the EWS-borehole Oftringen (Fisch et al. 2008). 

6.7 Aqueous extractions 
The aqueous extract solutions at a solid:liquid ratio of 1:1 contain 590 - 1100 mg/L dissolved 
solids, are of Na-HCO3-Cl-(SO4) type in limestones and of variable Na-Cl-SO4-HCO3 and Na-
SO4-Cl types in more clay-rich rocks. Chloride and bromide behave conservatively, and also 
sulphate displays linear trends in aqueous extract concentration vs. solid:liquid ratio. This is a 
good indication that pyrite oxidation did not occur to a significant extent (work performed in 
glove box), but does not exclude a kinetically controlled dissolution of a sulphate phase. 

The concentrations of the alkaline earth elements (Ca, Mg, Sr) in the aqueous extracts are 
modified by ion-exchange processes and carbonate dissolution and are therefore not 
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representative of the pore water. Sodium and potassium concentrations are affected by ion-
exchange processes and can likewise not be reliably linked to pore-water concentrations. 

The Br/Cl ratios show significant scatter and are distinctly below the ratio in seawater for all but 
one sample from Oftringen. Concentrations were near detection – and below for several samples 
– and the measurement method by ion chromatography does bear some uncertainty (Waber 
2009). Br/Cr ratios reported for Küttigen were above the modern sea water ratio (Klump et al. 
2008), but there, the uncertainties were larger due to interferences using a separation column 
different from a more adequate column used for the Oftringen analytical work (Waber, pers. 
comm.). One should view these Br/Cl ratios as semi-quantitative.  

The SO4/Cl ratio varies widely and is much above that of seawater. Modelled saturation indices 
for gypsum and celestite suggest strong undersaturation, but saturation with respect to fluorite is 
reached in several extract solutions. 

6.8 Pore-water composition and depth profiles 
In Oftringen, sampling of groundwater during drilling was only possible in the overlaying 
Geissberg Member at 408 – 417.6 m depth. Two methods were tested to directly sample pore 
water from drill cores: (1) advective displacement and (2) ultracentrifugation. While advective 
displacement yielded small samples for chemical analysis, ultracentrifugation failed. Two 
indirect methods were used for estimating the concentration of conservative constituents like 
chloride and bromide: (a) by back-calculating results of aqueous extraction to the water-content 
and Cl-accessible porosity, and (b) by interpreting out-diffusion experiments. 

The concentrations of chloride and bromide measured in the aqueous extracts or out-diffusion 
experiments were scaled to pore-water concentrations making some assumption about the 
anion-accessible porosity, or using the water activity/BET data. Figure 6-1 shows two variants 
of the depth profiles for chloride concentration assuming either 50 % accessible water-loss 
porosity (left figure), or assuming an accessible porosity based on the water activity/BET 
surface measurement interpretation for each sample individually (right figure). Included is also 
the result of the advective displacement experiment that implies a chloride-accessible porosity 
of 25 % of the water-content porosity. 

A chloride-accessible porosity of only 25 % of the total water-loss porosity is suggested if 
comparing the measured chloride concentration of 16.5 g/l from the advective displacement 
experiment with 4.6 g/l obtained from the aqueous extract assuming 100 % accessible porosity. 
This is consistent with the proportion of "free" water derived from water activity and BET 
surface area measured on the same sample (brown and adjacent red data point in Figure 6-1).  

This rather low proportion of chloride-accessible porosity is not entirely plausible given the 
relatively low clay contents and also low proportion of smectite compared to claystones with 
accessible porosity proportions of 0.5-0.6, such as Oplainus Clay and the Callovian-Oxfordian 
claystone at Bure (e.g. Mazurek et al. 2009). On the other hand, such low values lie near and 
partially within the lower range of what has been reported from other clayey formations 
(Pearson et al. 2003, Gaucher et al. 2009, Mazurek et al. 2009, Pearson 1999), whereby lowest 
reported values are from the Helvetic marls at Wellenberg (0.3, Pearson 1999) and from 
Tournemire (0.3, e.g. Mazurek et al. 2009). Interestingly, both of the last mentioned rocks are 
not as clay-rich as Oaplinus Clay or the Callovian-Oxfordian claystone, but are rather 
carbonate-rich and mechanically stiff rocks.  
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Regardless of the assumptions made with respect to the accessible porosity for chloride, the data 
suggest a distinctly curved profile of chloride concentration with depth, displaying highest 
values in the middle section of the Effingen Member and decreasing towards the top (Geissberg 
Member) and base (Birmenstorf Member). The profile is relatively smoothly defined towards 
the base, but irregular towards the top. 

The interpretation assuming 100 % accessible porosity is at odds with the chloride-content 
measured in the groundwater of the Geissberg Member resulting in concentrations twice as high 
in the overlaying aquifer compared to pore water in the section directly below. The other two 
interpretations, 50 % accessible porosity (Fig. 6-1, left), or based on water activity/BET 
interpretation (Fig. 6-1, right) are compatible with the boundary conditions and appear to be 
more plausible. The apparent gradient inversion towards the top suggested especially in Figure 
6-1(right) is not yet understood, but – if real – requires either a substantial and geologically 
recent variation in the chemical composition of ground water in the Geissberg Member 
(unlikely) or a localized intrusion of dilute waters at a borehole depth of ca. 450 m (e.g. just 
below a relatively prominent calcareous section). 
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Fig. 6-1: Depth profiles for chloride concentration in borhole Oftringen based on 
measurements in the aqueous extracts assuming (left) 50 % accessible porosity, and 
(right) an accessible porosity based on the water activity/BET surface measurement 
interpretation.  
(adopted from Waber 2009) 
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The Br/Cl ratios in the aqueous extracts and by implication also in the pore water are in all but 
one sample distinctly smaller than that of modern sea water and show significant scatter (Fig. 
9-4 in Waber 2009). Ratios obtained from cuttings from the borehole Küttigen were reported 
above that of modern sea water, but analyses are considered semi-quantitative only (see remarks 
in Section 6.7). The Br- concentrations in the aqueous extract solutions are low and attached 
with a rather large uncertainty, which propagates into the Br/Cl ratio. However, the Br/Cl ratio 
obtained for samples from the advective displacement techniques, where higher concentrations 
were obtained, yield a similarly low Br/Cl ratio below that of modern seawater. 

Sodium concentrations may be cautiously scaled from the aqueous extracts, but the other 
components, especially calcium and sulphate, are not constrained by the aqueous leaching data. 
Also pH, alkalinity and the partial pressure of CO2 are not well constrained. Likewise, any 
calculated cation exchange population (e.g., based on generic Kd-values and aqueous 
concentrations) inherit the uncertainty associated with the pore-water composition 

It is concluded that the accessible porosity is likely 50 % of the water-loss porosity or - in some 
areas - even distinctly smaller (ca. 25 % from water activity/BET and pore water displacement). 
The resultant chloride concentrations may therefore be as high as 15-40 g/ L in the middle of the 
Effingen Member covering a range from somewhat below to twice the concentration in present-
day seawater (around 20 g/L). This maximum chloride content is higher than the preliminary 
interpretation included in Nagra (2008) where an accessible porosity of 50 % of the water-loss 
porosity was assumed in the absence of any other evidence. 

Elevated salinities are also inferred for the Effingen Member in the Wildegg area (20 km NE of 
Schafisheim) were a historic iodine spring reports a total mineralisation of 13.7 g/l (see Section 
6.1 and 6.13 below, and for details Traber 2004) sampled in 1869. While the reported 
anomalous iodide content of 33 mg/l is not understood, the relatively high salinity is in 
agreement with the findings of even higher salinities in the Jura Südfuss siting region. Iodide 
concentrations in the aqueous extracts of the samples from Oftringen were below detection of 
ion chromatography (0.5-1 mg/l). 

Data on sulphate concentrations are unclear at present. While the extracted pore water suggests 
SO4/Cl molal ratios much below sea water, and the absence of sulphate minerals (other than 
possible celestite), aqueous extract leachates are more sulphatic and the inferred up-scaled pore 
water compositions would be gypsum supersaturated. Mobile formation waters from the “alte 
Iodquelle” in Wildegg and the water sampled from borehole Oftringen-2 (see Section 6.1) show 
molal SO4/Cl ratios of 0.06 which is just above that of sea water (0.05), at chloride 
concentrations of 7300-10000 mg/l. Even more sulphatic waters are known from some locations 
in the Lower Freshwater Molasse aquifer, but are not typical for the Malm aquifer 
(Schmassmann 1990, Nagra 2002). 

6.9 Pore-water isotope composition 
Diffusive isotope exchange experiments with 2H and 18O were performed with NaCl-bearing 
test waters (up to 5 molal) to fit the measured water activity of the samples. After equilibration, 
the test waters were distilled prior to isotopic analysis. Calculated pore-water isotope 
compositions of samples from the Effingen Member range from -3.8 to -1.9 ‰ V-SMOW for 
δ18O and from -53 to -49 ‰ V-SMOW for δ2H, omitting two samples that were apparently 
perturbed.  

All samples of the Effingen Member plot to the right of the Global Meteoric Water Line. The 
δ18O and δ2H values of the pore water show a broadly constant composition as a function of 
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borehole depth with a tendency for slightly lower values at the base of the profile towards the 
Birmenstorf Member, except for an excursion to somewhat more negative values in two 
samples at the top. The δ2H values of these samples are well below those of the adjacent 
groundwater in the Geissberg Member and are not well understood and considered less reliable.  

In common to all pore water isotope compositions is the fact that they are enriched in the heavy 
isotope compared to average Holocene and Pleistocene infiltration. Although the isotope 
signature of the pore water might have been altered by water-rock interaction and possible other 
processes (e.g. ion-filtration) the 18O- and 2H-enriched composition indicate for the pore water a 
long residence time in the underground because all these processes require long-time periods or 
are not known to have had occurred during Quaternary times. 

The first two pore water samples collected from the advective displacement experiment suggest 
a water isotope composition for sample OFT-13 (444.5 m, sandy limestone) of approximately -
4.7 ‰ δ18O V-SMOW (possibly less negative) and -40 ‰ δ2H V-SMOW (possibly more 
negative). There is good agreement with the results from the diffusive isotope exchange method 
for the δ18O value, but the δ2H value of the displaced pore water is ca. 10 ‰ less negative. This 
can be either explained by a possible effect of admixing a small amount of artificial pore water 
with δ2H of +300‰ V-SMOW or by a lower accuracy of the δ2H values from the diffusive 
isotope exchange method due to the required high salinity test solutions in these experiments. 

6.10 Helium in the pore water 
Concentrations of 4He, in pore waters vary in a narrow range between of 1.1·10-4 and 3.3·10-4 
ccSTP 4He/gH2O and average at 2.1·10-4 ccSTP 4He/gH2O in the pore waters of the Effingen 
Member. In general, the 4He concentrations in the Effingen Member pore waters at Oftringen 
are equal or slightly higher than those measured for the Opalinus Clay at Benken. 

Since the deposition of the limestones and shales some 160 Ma ago the total in situ produced 
4He amounts to 2.0·10-3 ccSTP 4He/gH2O (Waber 2009, and references cited therein). The 
comparison of this theoretical maximum content of the Effingen Member rocks to those 
measured today in the pore water indicates that a large amount of the 4He must have been 
transported out of the rock-water system even when neglecting a certain influx from underlying 
formations. 

The concentrations of 4He in pore waters show almost no variation from the top of the Effingen 
Member down to the Birmenstorf Member, except possibly for the top most two samples. These 
samples approach the 4He concentration measured in the groundwater of the water-conducting 
zone in the Geissberg Member and have slightly lower 4He concentration than the other pore 
water samples. The shape of the profile suggests that the He system in the pore water of the 
Effingen Member, surrounding rocks and overlying groundwater is in steady-state conditions 
with respect to loss, influx and in situ production of 4He, although this requires confirmation by 
model calculations. As detailed in Waber (2009), if steady-state condition were attained, the 
diffusive time required needs to be less than that indicated by the theoretical ‘accumulation time 
scale’. This theoretical ‘accumulation time scale’ describes the time period required to produce 
under closed system conditions the currently observed 4He concentrations from zero 4He in the 
system, and this is in the order of 15 Ma. This indicates that the currently observed high 4He 
concentrations in pore water of the Effingen Member and its spatial distribution have evolved 
over a very long time period. 
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6.11 Constraints on pore water evolution, solute transport and past fluid 
flow 

The curved chloride profile, the high 4He concentrations and the low hydraulic conductivities 
suggest that diffusion is the likely process that dominates solute transport in the low-
permeability sequence, even though this would have to be further substantiated by model 
calculations that are outside the scope of this report. In the absence of such calculations, the 
evolution time of the chloride profile cannot be well constrained. In similar clay-rich low-
permeability sequences sandwiched between aquifers studied, among others, by Mazurek et al. 
(2009), the evolution times were typically between 0.5 and 6.5 Ma. This provides some 
indication that the circulation of groundwater with lower salinity at both boundaries (Geissberg 
Member and Hauptrogenstein) was initiated before the last few Ma at most. This is remarkable 
at least in the case of the Hauptrogenstein due to its very low hydraulic conductivity in the 
EWS-borehole Oftringen. It appears likely that the measured conductivity is not representative 
and that, at a larger scale, the Hauptrogenstein formation has a higher conductivity. 

The irregularity in the chloride profile towards the top of the Effingen Member (Figure 6-1) – if 
real – may suggest either a complex chemical evolution of the ground water in the Geissberg 
Member or access of low-salinity water near the 450 m level that post dates the onset of the 
overall evolution of the chloride profile. 

The shape of the δ18O depth profile resembles that of chloride and so tells a similar story. The 
δ2H profile is flatter but also shows an excursion towards more negative values near the top of 
the profile. It is not clear whether the δ2H profile represents in situ conditions or is affected by 
artefacts. 

Concentrations of 4He in pore water from rocks of the Effingen Member at Oftringen are equal 
or slightly higher than those measured for the Opalinus Clay at Benken. The high 4He 
concentrations and the shape of the profile suggest that the He system in pore water of the 
Effingen Member has evolved over a very long time period. 

Isotopic disequilibria between vein minerals and the adjacent whole rocks are taken as clear 
evidence for an external source for the fluid from which the tectonic veins precipitated. 
Epigenetic calcite with or without celestite (and minor pyrite) precipitated at 50 - 70°C from 
moderately saline fluids. These temperatures, which are far from present conditions, are close to 
the maximum temperatures reached during the Miocene burial. 

6.12 Comparison to data from the EWS-borehole Küttigen 
The similarity of the chloride profile suggested by the limited measurements from the Küttigen 
borehole (Klump et al. 2008) to the one constrained by samples from Oftringen is truly 
remarkable. The data for Küttigen are based on cuttings, whereby the total porosity was 
estimated by the correlation with clay content obtained in the Oftringen study, and aqueous 
leaching. A chloride-accessible porosity of 50 % was assumed to produce Figure 5.6 in Klump 
et al. (2008) implying ca. 15 g/l of Cl in the centre of the Effingen Member. This is very similar 
to the findings for the Oftringen section if comparing to values applying the same accessible 
porosity. The apparent differences in the Br/Cl ratios were commented in Section 6.7. 
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6.13 Conclusions and open issues 
In conclusion, chlorinity profiles from the EWS boreholes Küttigen and Oftringen are identical 
within data uncertainty, and are therefore considered representative also for the preferred region 
“Jurasüdfuss” which is located approximately in between. There is presently no additional data 
available from the Nagra exploration borehole Schafisheim, or any other nearby location.  

The old iodine spring of Wildegg (ca. 20 km NE of Oftringen, see references in Section 6.1) 
tapped the Effingen beds at 117 m depth with a mineralisation of 13.7 g/l measured in 1869. It 
is a Na-(CA)-(Mg)-Cl-(SO4) type water. More recently, the water was apparently contaminated 
by near-surface water, and it was not possible to constrain this spring better. It is also not known 
to what extent admixture of near-surface water may have been present at the time of the early 
reports. The data available is certainly compatible with the findings in Oftringen and Küttigen, 
and suggests that the relatively high salinities may also laterally persist to regions at shallower 
depths. The near-sea-water SO4/Cl ratio of this spring and also the formation water sampled in 
borehole Oftringen-2 are much higher than that inferred from the extracted pore water samples, 
and these relationships are not yet understood. 

Maximum chlorinity estimates for the centre of the Effingen member are twice that of sea water. 
Chlorinity near the top and base of the Member are approximately three times smaller. The most 
crucial issue with respect to estimating pore-water chlorinity is that regarding the uncertain 
value for the anion-accessible porosity. Experience from Opalinus Clay and other argillaceous 
formations (ca. 30 - 58 % anion-accessible porosity) and the lower clay content (lower smectite 
content in particular) of the Effingen Member are seemingly at odds with values of 25 % (on 
average) obtained from water activity / BET measurements and the sample obtained from the 
advective displacement experiment. This uncertainty directly scales the pore water salinity. 

The presently known techniques for determining the ion-exchange population on the clay 
minerals are too strongly disturbed by mineral reactions and the saline pore water during the 
exchange procedures. An important constraint is therefore lacking in the absence of this 
information. The model for constraining the pore water composition for the Opalinus Clay, for 
example, strongly hinges on the constraints imposed by the cation proportions present on the 
exchanger. 

Because sulphate and calcium concentrations are presently not constrained by the aqueous ex-
traction method, it is impossible to reliably constrain Ca and SO4 in the pore water of the 
Effingen Member. A single composition obtained from the advective displacement experiment 
is judged to be a realistic pore water sample, but is located at 444 m depth (EWS borehole 
Oftringen) near the top of the Effingen Member in the region of strong salinity gradients. It is 
likely not representative for the centre of the Effingen Member, where salinities may be twice as 
high, and Ca/SO4 and SO4/Cl ratios quite different. 
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7 “Low-salinity” reference pore water (top/base of Effingen 
Member) 

7.1 Composition of the pore water extracted by advective displacement 
The early extracts from the pore water displacement experiment (section 12 in Waber 2009) are 
considered representative of a relatively low-salinity pore water composition for the top and 
base of the Effingen Member. The petrophysical and mineralogical data of this sample (OFT-13 
in Waber 2009) are summarized in Table 7-1 and 7-2.  

Tab. 7-1: Petrophysical properties of sample OFT-13 (from Waber 2009) 
 

Property Value 
Subsample 2 

Value 
Subsample 1 

Unit 

Wet density 2.662 2.64 g/ cm3 
Water content (1) 1.901 1.928 wt% 
Water content 44.75  g 
Dry density 2.611  g/ cm3 
Grain density 2.751 2.77 g/ cm3 
Porosity (2) 5.061 5.16 (water-loss)

6.52 (density) 
vol. ratio 

Hydraulic conductivity (3) 4·10-14  m/s 
1)  Determined by water-loss at 105 °C to reach constant mass 
2)  Determined either from water loss, or from bulk density and grain density. 
3)  Calculated from measured flux, dimensions and hydraulic gradients after 130 days of advective displacement 

(section 12 in Waber 2009). 
Subsample 1 was used for measuring densities (and mineralogy, CEC properties), and subsamples 2 was used for 
determining water content and wet and dry mass (and pore water extraction). 
 

Tab. 7-2: Mineralogy of sample OFT-13 (from Waber 2009) 
 

Mineral Units Value Comment 
Rock OFT-13   Argillaceous limestone  

(bioclastic sandy limestone) 
Calcite wt% 53  
Dolomite wt% 15  
Quartz wt% 11  
Feldspars wt% <2  
Pyrite wt% 1.3  
Sheet silicates 
       Illite 
       Illite/smectite ML 
       Smectite 
       Kaolinite 

wt% 
wt% 
wt% 
wt% 
r wt% 

20 
6 
9 
3 
2 

Sum of minerals listed below 

C(org) wt% 0.2  
S(tot) wt% 0.7  
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The composition of the pore water extracts are listed in Tables 7-3, 7-4 and 7-5. The details and 
analytical methods are described in Waber (2009, section 12). The tables below are adopted 
from Waber (2009) omitting some non-relevant data, and considering only the first five samples 
extracted. Data of several subsequent samples are given in Waber (2009) but were measured by 
different methods and do not add significantly to the data base unless stated in the text below. 
The experiment is still on-going and further evidence may become available. 

Tab. 7-3: Major components and bromide composition of extracted pore water (from Waber 
2009) 

Sample 
Number 

Sampling
Time 

Sample 
Mass 

Na+ K+ Ca2+ Mg2+ Sr2+ Cl- SO4
2- Br- 

Units days G mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

1 (UniBE) 10.19 0.835 8343 75.4 2732 838 155 16543 1165 37.4 

2 (BGS) 19.15 2.651 8004 94.6 2357 764 145 16874 1235 20.5 

3 (BGS) 28.00 2.775 7992 93.5 2236 751 144 16998 1340 12.3 

4 (BGS) 37.22 2.823 7970 94.4 2313 730 140 16983 1401 12.3 

5 (BGS) 46.72 2.839 8109 94.2 2241 732 140 17154 1437 23.2 

 

Tab. 7-4: Minor components, redox-sensitive components and isotopic composition of 
extracted pore water (from Waber 2009) 

Sample 
number 

SO4
2- S2O3

2- NPOC TIC TIC 
HCO3

- 
NO3

- δ2H δ18O 

Units mg/L mg/L mg/L mg/L mg/L mg/L ‰ ‰ 

1 (UniBE) 1165 n.a. n.a. n.a. n.a. 13.9 n.a. n.a. 

2 (BGS) 1235 51.4 1017 243 1234 1.4 -40.5 -4.71 

3 (BGS) 1340 35.8 544 <3 <15 0.39 -34.1 -4.27 

4 (BGS) 1401 27.0 404 <3 <15 0.62 -16.8 -5.29 

5 (BGS) 1437 20.3 335 <3 <15 0.91 -18.6 -5.72 

n.a.: not analyzed. NO2
- and F- were measured in the BGS samples but were below a detection limit of 0.2 mg/L. 

NPOC: non-purgeable organic carbon. 

 

Tab. 7-5: Trace components of extracted pore water (from Waber 2009) 

Sample 
number 

HPO4
2- Si Ba Mn Fe 

(tot) 
Al Li 

Units mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

2 (BGS) 3.41 3.1 0.11 0.15 0.98 <0.2 2.0 

3 (BGS) 2.42 3.2 0.16 0.17 0.79 <0.2 2.0 

4 (BGS) 2.25 3.0 0.18 0.29 0.87 <0.2 2.0 

5 (BGS) <1.95 3.0 0.19 0.26 0.85 <0.2 1.9 
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There is an apparent inconsistency in the data that could not yet be resolved. Alkalinity 
determined by titration in the BGS analyses did yield a value of 20.2 meq/L (1243 mg/L 
bicarbonate equivalent) for the 2nd aliquot, but was reported below detection of 0.25 meq/L for 
all subsequent samples. There is no plausible reason why the alkalinity should vanish after the 
2nd sample. A re-analysis is not possible because of the very small sample volumes that were 
available for analysis (2.6-2.8 mL). Alkalinity was measured by titration in-house in samples 
#7, #9, and #11 (not shown here, but reported in Waber 2009) and ranged from 1.9 to 
3.0 meq/L, which is substantially lower than that of sample #2.. 

The NPOC (non-purgeable organic carbon) values appear to be quite large (335-1017 mg/L) 
which is in agreement with the observed relatively large quantity of a low-molecular-weight 
organic acid detected in the 1st sample aliquot. It is therefore possible that a part of the titrated 
alkalinity is attributed to organic acids rather than TIC, but this could not be quantified. 

It should be noted that the 1st sample recovered may be somewhat affected by contamination 
and near-surface alteration effects (e.g., oxidation) compared to later samples. The experiment is 
still on-going as of May 2009, and a data update will be provided in due time. The continued 
monitoring of the chemical evolution and the evolution of hydraulic properties will allow a 
more detailed analysis of the chemical processes and relevant transport parameters. 

7.2 Assessment and interpretation of the pore water composition extracted 
by advective displacement 

The measured compositions of the collected pore water samples (Tables 7-3 to 7-5) were 
interpreted with Phreeqc and the WATEQ4F thermodynamic data base and also with the Pitzer 
thermodynamic data base. The following assumptions were made: 

• Cations (Na, K, Ca, Mg, Sr) and anions (Cl, SO4, Br, NO3) were entered at their measured 
concentrations. 

• Si was entered where available (analysis #2 to #5). 

• The laboratory pH was used, except for sample #1 where a pH of 7.25 was assumed in the 
absence of a measurement. 

• The compositions were modelled at a room temperature of 22 °C.  

• Charge balance was enforced by adjusting Cl-concentrations accordingly. 

• Total inorganic carbon was constrained to equilibrium with calcite at the given pH and Ca 
concentrations. This was assumed in the absence of reliable alkalinity values. 

 

The modelled parameters are summarized in Table 7-6, including the partial pressure of CO2 
and the saturation indices for dolomite, celestite, gypsum and quartz, as well as the alkalinity in 
mili-equivalents. The solutions are distinctly undersaturated with respect to strontianite (not 
shown) and gypsum, but are calculated to be supersaturated with respect to celestite. The 
solutions are also undersaturated with respect to dolomite, and slightly oversaturated with 
respect to quartz. 

The ionic strength of 0.66 (molality) is in the range where the modified Debye-Hückel-type 
activity models may be stretched to its limit, und where one might consider a Pitzer-type data 
base and activity model. While the results using the Pitzer data base compare well with those 
reported in Table 7-6, there is a distinct difference in the calculated saturation index for 
dolomite (Table 7-6, SI(Pitz)). Surprisingly, dolomite is very near saturation (SI<0.05) for all 
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solutions which would corroborate the hypothesis that mutual calcite-dolomite equilibrium 
should prevail in the in-situ and extracted pore water. On closer analysis of the difference in the 
relevant thermodynamic data between the two data bases, it is evident that log-K values and 
activity coefficients are nearly identical except for the carbonate ion (CO3

2-) which is the basis 
species for inorganic carbon in both data bases. The difference is ca. 0.5 log units, the log-
activity coefficient being more negative in the Ptzer data base. The implication of this is that the 
Pitzer data base would imply a Ca/Mg molality (or activity) ratio in equilibrium with calcite-
dolomite very close to that observed in the extracts (~2), whereas the WATEQ4F (and Phreeqc 
default, and Nagra-PSI) data base would require a ratio of ~1.4, as detailed, for example, in 
Bradbury and Baeyens (1997/1998) or Pearson et al. (2003) in the context of Opalinus Clay 
pore water. This marked difference in activity coefficient for the carbonate ion at approximate 
sea water ionic strength is rather large and not yet fully understood by the author. Commonly, 
modelling sea-water type solutions with the Phreeqc, WATEQ or Nagra-PSI data base is not 
considered problematic, but – obviously – caution is advised. 

Tab. 7-6: Modelled parameters of the eluted samples #1 - #5 using Phreeqc (modified from 
Waber 2009) 

 

Sample pH Log(P(CO2)) SI SI (Pitz) SI SI SI Alklinity 

  bar dolomite dolomite celestite gypsum quartz meq/L 

1 7.25 1 -3.03 -0.15 0.026 0.28 -0.19 -- 0.55 

2 7.21 -2.88 -0.13 0.029 0.31 -0.20 0.16 0.67 

3 7.29 -3.02 -0.11 0.033 0.35 -0.18 0.17 0.59 

4 7.23 -2.91 -0.14 0.033 0.35 -0.14 0.14 0.65 

5 7.16 -2.76 -0.12 0.034 0.36 -0.15 0.14 0.79 

1:  assumed pH, based on average of samples 2-5. SI (Pitz): computed with Pitzer thermodynamic 
data base. All other SI (saturation index) computed with WATEQ4F thermodynamic data base. 

 

Inspection of Table 7-4 shows that there is a trend of increasing sulphate in the extracts with 
time, and a minor but slightly reversed trend in thiosulphate. This suggests either a source of 
sulphate, increasing with time, or a sink of sulphate during early sampling (e.g. by sulphate 
reduction). Given the oversaturation with respect to celestite would suggest a source rather than 
a sink unless Sr is also produced during the extraction (e.g., displaced from the exchanger). 
While none of these processes can unequivocally be excluded, some amount of sulphate 
production during pore water extraction appears likely. This production is more likely 
associated with pyrite oxidation than with dissolution of a sulphate phase such as gypsum or 
anhydrite, with which the pore water should be in equilibrium to start with, if present. 

If pyrite oxidation is responsible for a small proportion of the sulphate, associated processes that 
may be expected are acid buffering by calcite dissolution, which will have a coupled effect on 
dissolved Ca, bicarbonate, pH and P(CO2). This increase in dissolved Ca would trigger a 
displacement of Sr from the exchanger which would then also contribute to the observed super 
saturation with respect to celestite. The overall process is coupled and therefore complex, and it 
is not straightforward to correct for such a process.  
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The thiosulphate analysed by BGS may also be a product of pyrite oxidation, but could also be a 
product of redox reactions occurring during sampling and sample storage. Such processes were 
observed when performing pore water extraction with the same method from Callovian-
Oxfordian claystone from the Bure site (Mäder 2005). This effect is minor compared to the 
overall sulphate concentrations and can be neglected. 

There remains one very enigmatic observation. The above arguments and the lack of XRD-
evidence for gypsum/anhydrite suggest the absence of Ca-sulphates in the Effingen Member, 
advocates only a small amount of pyrite oxidation and results in SO4/Cl molal ratios that are 
below sea water (0.025 vs. 0.05). The aqueous extract solutions are much more sulphatic 
(section 6.7, and Waber 2009) and would be supersaturated with respect to gypsum if scaled to 
porosity, even if 100 % of the water-content porosity would be assumed. This, and the linear 
sulphate trends observed when extracting at different solid:liquid ratios (Waber 2009) is 
commonly interpreted to be not typical for pyrite oxidation but rather for the kinetic dissolution 
of a sulphate mineral. So, the situation is that no sulphates are supposed to be present (advective 
displacement) and that significant sulphate is being produced in the aqueous extracts - from 
pyrite oxidation (if sulphates are not present) despite all critical steps having been performed in 
a glove box. This seemingly contradictory situation is not at all understood at present without 
further work. 

The author chose to base the modelling on the advectively displaced fluid compositions 
presented above rather than on the aqueous extracts, simply because fewer assumptions appear 
to be necessary to explain the extracted fluid composition in a geochemically consistent way.  

7.3 Modeling of the “low-salinity” reference pore water composition 
The assumption is made, that the pore water extracted from an argillaceous limestone is also 
representative for lithologies with much higher clay contents. This is reasonable due to the 
identical mineralogy, and therefore also identical mineral solubility constraints. 

Presently, the best approximation of a pore water composition for the top and base of the 
Effingen Member in the “Jurasüdfuss” region is the one measured from the sample extracted by 
advective displacement (section 7.1 and 7.2). The sample used for this experiment is located 
near the top of the profile in the region of a strong salinity gradient, and it is not clay-rich. It is 
certainly not representative of the high-salinity central part of the Effingen Member, but may 
also be biased in terms of being rather clay-poor. The measured major component composition 
of the pore water in sample OFT-13 at 444.5 depth is summarized in Table 7-7, and this was 
used as input for modelling. 

 

Tab. 7-7: Major component concentration of extracted pore water used as constraint for 
modelling the “low-salinity” reference pore water 

 

 Cl SO4 Na K Ca Mg Sr Br/Cl SO4/Cl Ca/Na 

g/L 16.543 1.17 8.343 0.0754 2.732 0.838 0.154 2.3E-3 0.071 0.33 

mmol/L  467 12.1 363 1.9 68.2 34.5 1.8 1.0E-3 0.026 0.19 
 

A small density correction (ca. 1.7 %) was neglected for converting concentrations. 
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The following assumptions were made and implemented as modelling constraints: 

• Cations (Na, K, Ca, Mg, Sr) and anions (Cl, SO4) were entered at their measured 
concentrations. 

• Br and NO3 were neglected (not required for deriving sorption data bases). 

• Si was included and constrained by equilibrium with quartz. 

• An average pH of 7.25 was used based on the measured pH of the early extracted samples 
(Table 7-6). 

• The compositions were modelled at a standard temperature of 25 °C (there is no 
temperature dependency implemented in the Nagra-PSI thermodynamic data base).  

• Charge balance was enforced by adjusting Cl-concentrations accordingly. Because the 
analysis lacks anion charge, the chloride concentration is increased in this step to 20 mg/L. 

• Total inorganic carbon was constrained to equilibrium with calcite at the given pH and Ca 
concentrations. This was assumed in the absence of reliable alkalinity values. 

• Dolomite saturation was enforced (initially undesrsaturated) by allowing the dissolution of a 
small amount of dolomite.  

• Simultaneously, celesitie saturation was enforced (initially suparsaturated) by removing a 
small amount of SrSO4 component from the solution. 

• Calcite equilibrium was maintained while adjusting to dolomite and celestite saturation. 

• Redox conditions were constrained to equilibrium with pyrite in the sulphate-dominant 
region. For this, iron was first set to equilibrium with siderite (at the prescribed pH and 
alkalinitiy/PCO2 obtained above). 

• The resultant solution was checked that it was not supersaturated with respect to gypsum. 

• Fluoride may be included by postulating saturation with respect to fluorite (line 
commented-out in the input listing) to obtain an upper limit for fluoride concentration, if 
this should be required. 

The result is a charge-balanced modelled porewater based on the extracted pore water 
composition (Table 7-7), at thermodynamic equilibrium with dolomite, calcite, quartz, celestite, 
siderite and pyrite. The modelled composition and some key parameters are summarized in 
Table 7-8. A listing of a part of the Phreeqc output file including all aqueous species 
concentrations and saturation indices is provided in Appendix 1. The pH (7.307) is slightly 
different from the input value of 7.25 due to minor adjustments arising from the interplay of the 
imposed mineral saturation constraints. The Phreeqc (Parkhurst and Appelo 1999) input file to 
generate these data is listed below. The Nagra-PSI thermodynamic data base version 01/01 was 
used (Hummel et al. 2002). 

DATABASE NAPSI_300401DAV.DAT 
TITLE  Low-salinity ref. PW, Effingen Member 
SOLUTION 1 Low_S # 1st extract from OFT-13 
pH  7.25  # average of extracts #2-5 
pe  4.0   # initial value only 
-units  mg/L 
temp   25.0 
 Na  8343 
 K  75.4 
 Mg  838. 
 Ca  2732. 
 Sr  154. 
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 Cl  16543. charge 
 S  1165.  as SO4 
 C(4) 10.0   Calcite 0.0 
 Si  2.0   Quartz 0.0 
EQUILIBRIUM§_PHASES 
 Dolomite(ord) 0.0 1.0 
 Calcite   0.0 1.0 
 Celestite  0.0 1.0 
 Quartz   0.0 1.0 
 Siderite  0.0 1.0 
 Pyrite  0.0 1.0 
# Fluorite  0.0 1.0   # option to include fluoride 
SAVE SOLUTION 1 
END 

 

Tab. 7-8: Modelled composition and other geochemical parameters of the "low-salinity" 
reference pore water for the Effingen Member 

 

Parameter Units Ref-Value Comments 
Temperature °C 25  
pH  7.307  
pε   -2.939 siderite-pyrite equilibrium 
Na (total) mmol/kgH2O 374.1  
K (total) mmol/kgH2O 1.99  
Ca (total) mmol/kgH2O 60.34  
Mg (total) mmol/kgH2O 45.18  
Sr (total) mmol/kgH2O 0.811  
FeII (total) mmol/kgH2O 0.290  
FeIII (total) mmol/kgH2O 25.5·10-9  
Si (total) mmol/kgH2O 0.174  
Cl (total) mmol/kgH2O 565.9  
SVI (total) mmol/kgH2O 11.50  
S-II (total) mmol/kgH2O 5.29·10-9  
CIV (total) mmol/kgH2O 0.429 Total inorganic carbon 
SO4/Cl mol/mol 0.020  
Alkalinity meq/kgH2O 0.420 Total alkalinity 
HCO3 (species) mmol/kgH2O 0.263  
P(CO2) bar 10-3.19  
Water activity  0.982  
Ionic strength molal 0.677  
SI(gypsum)  -0.20  
SI(strontianite)  -1.08  
Accessible porosity % of water content porosity 25-50 25 % for this sample (OFT-13) 

Pore water composition in thermodynamic equilibrium with calcite, dolomite, quartz, celestite, siderite and pyrite. 
Calculations performed with Phreeqc (version 2.15.07) and Nagra-PSI data base Version 01.01. Fluoride concentration in 
equilibrium with fluorite would be 0.108 mmol/kgH2O. See Appendix 1 for full list of species concentrations and saturation 
indices. 
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7.4 Discussion and uncertainties 
The reason for enforcing the solubility constraints with respect to calcite, dolomite, and celestite 
are the following: 

• Calcite and dolomite are present in all rocks. 

• A model pore water should be thermodynamically feasible. 

• Such a pore water can also be prepared in the laboratory without interfering 
precipitation of secondary phases. 

• Celestite may not be present in some of the rocks, but a supersaturated solution is not 
plausible. 

The most notable adjustment during modelling is with respect to a decrease in Ca/Mg ratio 
compared to the input concentrations. This is due to the fact that simultaneous calcite - dolomite 
equilibrium fixes the Ca/Mg molality ratio to approximately 1.35 when using ordered dolomite 
from the Nagra-PSI data base. The initial molal ratio was near 2, and therefore dolomite was 
being dissolved while calcite was being precipitated to reach a lower Ca/Mg ratio. One would 
expect, however, that the extracted pore water would also be in mutual calcite - dolomite 
equilibrium, and this discrepancy is not understood. One possible reason for this was discussed 
in Section 7.2 where it was noted that using the Pitzer data base and activity model does indeed 
predict a molal Ca/Mg ratio near 2 at near sea water salinity. 

The adjustment to celestite equilibrium required the removal of a small amount (ca. 1 
mmol/kgH2O) of SrSO4 from solution. It is not understood why the measured composition is not 
closer to celestite equilibrium. 

All these adjustments are dependent on the initial assumption regarding pH and alkalinity, 
which was initially fixed by the measured Ca concentration, pH and equilibrium with calcite. 
There is some circularity to the procedure, and there are an infinite number of possible pore 
waters starting from different initial assumptions with respect to pH. 

The most notable difference when comparing the composition of the samples from the advective 
displacement (and the modelled pore water) with those form the aqueous extracts is the 
contrasting SO4/Cl ratio. While the former is a low-sulphate water (molal ratio near 0.02), the 
aqueous extracts are quite sulphatic (ratios of 0.5-0.6 in the upper section). This large 
discrepancy is not yet understood. It may indicate gypsum/anhydrite dissolution during aqueous 
extraction despite that Ca-sulphates had not been observed in the mineralogical analysis. It is 
unlikely that pyrite oxidation could generate as much sulphate when performing extracts in a 
glove box, and also, the resultant extracts should be enriched also in Ca (from pH buffering by 
calcite dissolution), although this effect will be somewhat dampened by uptake on the 
exchanger. It is also not entirely clear what type of artefacts may be involved in the advective 
displacement experiments, but – interestingly - the extracted solutions were undersaturated with 
respect to gypsum.  

The redox potential is not constrained by measured data, but only by the observation that the 
pore water is expected to be in equilibrium with pyrite (present throughout the formation), but 
not as reducing as to contain significant amounts of reduced sulphur. In the absence of 
measured sulphide concentrations and Fe2+ concentrations a more or less arbitrary value may be 
assumed. It is likely within a range identical to that specified for Opalinus Clay at Mont Terri or 
the Benken reference pore water, e.g. in the range of -2.8 to -4.0 for pε (Pearson 2002, Table 9), 
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whereby a significant portion of the quoted range is due to the pH-dependence of pε (more 
negative towards higher pH). In the proposed model for the reference pore water, ferrous iron is 
constrained by siderite equilibrium, and so is fixed at the pH and alkalinity/ PCO2.of the solution. 
This then fixes the redox potential when assuming saturation with respect to pyrite. The mass 
transfers involved in achieving siderite and pyrite equilibrium are trivial and do not perturb the 
carbonate major component system significantly. Siderite is only confirmed from very few 
samples (Mazurek in prep.), but Fe-carbonates were also not specifically analysed for. Siderite 
should be viewed as a proxy for FeII control by some mineral phase (Fe-bearing carbonate or 
even a sheet silicate).  

Fluoride is not included in the reference pore waters, but is measureable in aqueous extracts but 
not in the samples from advective displacement. In the latter case, F- is either below a detection 
of 0.2 mg/L (BGS analysis) or interferes with a low-molecular-weight organic acid (UniBE 
analysis, details in Waber 2009). In the former case, interference with low-molecular-weight 
organic acids is also evident in some samples (Waber 2009). Saturation with respect to fluorite 
is observed in some aqueous extracts (Waber 2009), and this indicates that fluorite may be 
present at least in some samples and may exert a solubility control there. If one calculates a 
fluoride concentration assuming fluorite saturation in this reference pore water, a value of 0.108 
mmol/L is obtained, or 2.05 mg/L. The fluoride concentration is therefore not well constrained, 
but is smaller than 2 mg/L and possibly even below 0.2 mg/L in some sections of the Effingen 
Member. 

The artificial porewater for experimental work communicated earlier (see Mäder in Waber 
2009, chapter 12.2) was based on aqueous extract data available at that time from samples OFT-
15 and OFT-16 (in Waber 2009). The sulphate content was fixed to the sea water SO4/Cl ratio 
(0.05 mol/mol), and equilibrium with respect to calcite and dolomite was imposed. The dilute 
version (based on OFT-15) of the two artificial pore water compositions given is rather similar 
to the one presented above (Table 7-8) except that the chlorinity in the latter is distinctly larger, 
and the SO4/Cl ratio lower. 

There is no straightforward way to quantify the overall uncertainties. The major contributions 
arise from the unknown accessible anion porosity (directly scaling chlorinity and ionic 
strength), and the unknown SO4/Cl ratio (directly affecting sulphate and carbonate system via 
coupling to Ca). These issues are further constrained in Section 9. 
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8 “High-salinity” reference pore water (centre of Effingen 
Member) 

 
The need for a "high-salinity" reference pore water arises from the higher chloride contents 
observed in the centre of the Effingen Member, and the indication that the anion-accessible 
porosity may be as small as 25 % of the water-content porosity. The presence of salinities twice 
that of modern sea water is therefore a likely scenario that cannot be dismissed at present. The 
principal difficulty in deriving a “high-salinity” reference pore water for the centre of the 
Effingen Member is the following: 

• The geochemical porosity for chloride (anion-accessible porosity) is uncertain possibly 
by a factor of two, implying that chlorinities may be near that of sea water (20 g/L) or 
twice as large as sea water (40 g/L). 

• The aqueous extracts for the middle section show a very large but variable SO4/Cl molal 
ratio (0.5-1.0) that would result in strong supersaturation with respect to 
gypsum/anhydrite (at any assumed accessible porosity) unless the Ca concentrations 
would be extremely small. This is counter intuitive and difficult to explain. More likely, 
dissolution of Ca-sulphates or pyrite oxidation occurred during aqueous extraction, but 
Ca concentration in the aqueous extracts are already rather low. There is no unique way 
to reconstruct the sulphate content from this information at present. 

• Given the large leverage that sulphate concentrations exert on Ca concentration (via the 
solubility product of gypsum/anhydrite), the carbonate system (calcite, dolomite, 
alkalinity, pH, PCO2) is also poorly constrained.  

 

8.1 Modeling of the “high-salinity” reference pore water composition 
In the absence of sufficient constraints and assumptions to construct a high salinity pore water, 
the low-salinity pore water from Section 7 was simply concentrated by a factor of 
approximately two while observing mineral saturation constraints. Specifically, the following 
procedure was modelled: 

• A total of 27 moles of water per kg water was removed from the low-salinity pore water 
composition. This results in a concentration by a factor of nearly 2 (1 kg of water 
contains 55 moles). This will correspond to a chloride content of 39 g/l. 

• Equilibrium with respect to calcite, dolomite, celestite, quartz, siderite and pyrite was 
maintained during the water removal procedure. 

• Gypsum was allowed to precipitate once saturation was reached, but was not allowed to 
initially dissolve. 

The result is a charge-balanced modelled porewater based on the extracted pore water 
composition (Table 7-7) but concentrated by a factor of two, at thermodynamic equilibrium 
with dolomite, calcite, quartz, celestite, gypsum, siderite and pyrite. The modelled composition 
and some key parameters are summarized in Table 8-1. A listing of a part of the Phreeqc output 
file including all aqueous species concentrations and saturation indices is provided in Appendix 
2.The PhreeqC input file to generate these data is listed below. 
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DATABASE NAPSI_300401DAV.DAT 
TITLE  High-salinity ref. PW, Effingen Member 
SOLUTION 2 High_S # 1st extract from OFT-13 
pH  7.25  # average of extracts #2-5 
pe  4.0 # initial value only 
-units mg/L 
temp 25.0 
 Na  8343 
 K  75.4 
 Mg  838. 
 Ca  2732. 
 Sr  154. 
 Cl  16543. charge 
 S  1165.  as SO4 
 C(4)   10.0   Calcite 0.0 
EQUILIBRIUM_PHASES 
 Dolomite(ord)  0.0 1.0 
 Calcite   0.0 1.0 
 Celestite  0.0 1.0 
 Quartz   0.0 1.0 
 Siderite  0.0 1.0 
 Pyrite  0.0 1.0 
# Fluorite  0.0 1.0  # option to include fluoride 
SAVE SOLUTION 2 
END 
USE SOLUTION 2 
EQUILIBRIUM_PHASES 
 Dolomite(ord) 0.0 1.0 
 Calcite   0.0 1.0 
 Celestite  0.0 1.0 
 Quartz   0.0 1.0 
 Siderite  0.0 1.0 
 Pyrite  0.0 1.0 
 Gypsum   0.0 0.0 
# Fluorite  0.0 1.0  # option to include fluoride 
REACTION 
 H2O -1.0 
 27 moles in 9 steps 
END 
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Tab. 8-1: Modelled composition and other geochemical parameters of the "high-salinity" 
reference pore water for the Effingen Member 

 

Parameter Units Value Comment 

Temperature °C 25  

pH  6.756  

pε  -2.310 siderite-pyrite equilibrium 

Na (total) mmol/kgH2O 728.6  

K (total) mmol/kgH2O 3.872  

Ca (total) mmol/kgH2O 112.7  

Mg (total) mmol/kgH2O 84.28  

Sr (total) mmol/kgH2O 0.933  

FeII (total) mmol/kgH2O 0.764  

FeIII (total) mmol/kgH2O 12.2·10-9  

Si (total) mmol/kgH2O 0.168  

Cl (total) mmol/kgH2O 1102  

SVI (total) mmol/kgH2O 13.49  

S-II (total) mmol/kgH2O 4.01·10-9  

CIV (total) mmol/kgH2O 0.772  

SO4/Cl mol/mol 0.0122  

Alkalinity meq/kgH2O 0.690 Total alkalinity 

HCO3 (species) mmol/kgH2O 0.269  

P(CO2) bar 10-2.56  

Water activity  0.965  

Ionic strength molal 1.294  

SI(gypsum)  0.00  

SI(strontianite)  -1.29  

Accessible porosity % of water content porosity 25  

Pore water composition in thermodynamic equilibrium with calcite, dolomite, quartz, celestite, gypsum, siderite 
and pyrite. Calculations performed with Phreeqc (version 2.15.07) and Nagra-PSI data base Version 01.01. 
Fluoride concentration in equilibrium with fluorite would be 0.113 mmol/kgH2O. See Appendix 2 for full list of 
species concentrations and saturation indices. 

 

8.2 Discussion and uncertainties 
The pore water composition suggested in Table 8-1 is more or less an arbitrary choice fulfilling 
some reasonable thermodynamic constraints, and having a salinity of approximately twice that 
of sea water. There is no data to judge on how wrong or how correct this composition may be in 
terms of the components Ca, SO4, pH or alkalinity. The following points are worth mentioning: 
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• The process of water removal was carried out while maintaining equilibrium with 
respect to calcite, dolomite, quartz, celestite, siderite, pyrite and gypsum (once 
saturation was reached). Small amounts of calcite and celestite precipitated during the 
removal of the first 15 moles/kg of water, while dolomite dissolved and gypsum was 
still undersaturated. Gypsum saturation was reached after removing 15 moles/kg of 
water, and after this calcite dissolved while celestite, dolomite and gypsum precipitated. 
Very small amounts of quartz precipitated throughout the water removal procedure. 

• Compared to the aqueous extracts from the centre of the formation, the modelled pore 
water is very low in sulphate but is at gypsum saturation. The aqueous extracts are 
grossly supersaturated with respect to gypsum if scaled up to a relevant porosity. Such 
high sulphate concentrations could only be possible at extremely low Ca concentrations 
(constrained by the solubility product of gypsum). 

• Ion exchange processes were neglected during water removal simply because the 
process modelled is not considered to reflect a geochemical process but rather just a 
simple way of up-scaling concentrations in a thermodynamically constrained mode. 

• pH is gradually decreasing during the water removal procedure to reach 6.76. This is 
considered a rather low pH for a formation water in a marl. The model neglects long-
term pH buffering reactions with sheet silicates, for example, that may keep pH above 
7. This pH value might be considered a "worst case" in terms of radionuclide sorption 
behaviour. There are many other ways to construct such a saline solution that could 
result in a higher pH value at somewhat different PCO2, alkalinity and Ca concentrations.  

• The redox potential is sliding along with decreasing pH to less negative values, but in a 
relative sense this "high-salinity" pore water is as reducing as the "low-salinity" 
reference pore water, namely constrained by pyrite equilibrium. 

• The Davies activity model implemented in the Nagra-PSI data base is not reliable at 
ionic strengths above sea water concentrations, and there may well be some 
extrapolation error involved. This solution is a “numerical exercise” using a data base 
consistent with that used for performance assessment purposes, and may not reflect a 
physically realistic solution. Specifically, comments regarding the different activity 
coefficients used for the carbonate ion (Pitzer data base vs. Nagra-PSI data base) in 
relation to mutual calcite-dolomite saturation as detailed in Section 7.2 may have to be 
further addressed. 

If one were to reduce the initial sulphate in the input concentration by imposing celestite 
saturation at the measured Sr concentration, saturation with respect to gypsum would not be 
reached during the “evaporation” modelling. The effect on the final concentrations is, however, 
rather small. 

Fluoride is not included in the reference pore waters, but is measureable in aqueous extracts but 
not in the samples from advective displacement. In the latter case, F- is either below a detection 
of 0.2 mg/L (BGS analysis) or interferes with a low-molecular-weight organic acid (UniBE 
analysis, details in Waber 2009). In the former case, interference with low-molecular-weight 
organic acids is also evident in some samples (Waber 2009). Saturation with respect to fluorite 
is observed in some aqueous extracts (Waber 2009), and this indicates that fluorite may be 
present at least in some samples and may exert a solubility control there. If one calculates a 
fluoride concentration assuming fluorite saturation in this "high-salinity" reference pore water, a 
value of 0.113 mmol/L is obtained, or 2.15 mg/L. The fluoride concentration is therefore not 
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well constrained, but is smaller than 2.2 mg/L and possibly even below 0.2 mg/L in some 
sections of the Effingen Member. 

It was also attempted to start modelling from the up-scaled aqueous extract data assuming some 
mineral equilibrium constraints (e.g. saturation with calcite, dolomite, gypsum, celestite). There 
is, however, no satisfactory way to overcome the lack of the very poorly constrained Ca and 
sulphate concentrations. This makes any model extremely sensitive to the initial assumptions 
regarding Ca and/or sulphate concentrations. 

The “low-salinity” pore water is clearly better constrained. If the difference between the “low-
salinity” and “high-salinity” variant is irrelevant from the point of view of radionuclide sorption 
properties and solubility limits, the “high-salinity” variant can be omitted. There is presently no 
good justification for most of the chemical details given for the high-salinity reference pore 
water. The high salinity may well be relevant in the context of other issues such as canister 
corrosion. Presently, the evidence is such that salinities twice as large as sea water cannot be 
excluded. 
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9 Uncertainties with respect to Cl, SO4 and pH/PCO2  
 
Uncertainties arising from lack of direct constraints on the sulphate content (or SO4/Cl ratio), on 
the chloride content (chloride-accessible porosity) and on either pH or the partial pressure of 
CO2 (or alkalinity) prompt a more quantitative treatment of these uncertainties. These 
uncertainties were addressed in Section 7.4, but are further specified in this section, in 
combination with modelled pore waters that are perturbed by best estimates of these 
uncertainties. 

9.1 "Lowest-chloride" variant 
The “low-salinity” reference water (Section 7) reflects the best estimate for the lower and upper 
parts of the Effingen Member in the Oftringen - Küttigen area (representing Jura-Südfuss) from 
a sample with a rather small value for the chloride-accessible porosity (see details in Sections 
6.5 and 6.8) of ca. 25 % of the water-content porosity. The “high-salinity” reference water 
(Section 8) with a salinity of approximately twice that of modern sea water reflects the centre of 
the Effingen Member, again assuming ca. 25 % of the water-content porosity, and is thought to 
be an upper limit for all of the region of interest. In Waber (2009) it was stated (see summary in 
Section 6.5 and 6.8) that a chloride-accessible porosity of 50 % of water-content porosity would 
also be compatible within error of data with the observations on the upper bounding aquifer 
composition. This would correspond to a chloride content of less than half of that used for the 
“low-salinity” reference (Table 7.8, ca. 20 g/L), or ca. 8300 mg/L. This value is used here as a 
lower bound for salinity for the Effingen Member.  

The modelling approach and reasoning is the same as that for the “low-salinity” reference water. 
The input concentrations for the “low-salinity” reference pore water were diluted with pure 
water at a ratio of 1:1.4, and then equilibrated with the saturation phases. A relatively large 
initial PCO2 of 10-2.18 bar was used in order to arrive at a pH near 7 after mixing and equilibration 
with carbonates. The Phreeqc input file is reproduced below, and the results are listed in Table 
9-1. A listing of a part of the Phreeqc output file including all aqueous species concentrations 
and saturation indices is provided in Appendix 3. 

 
DATABASE NAPSI_300401DAV.DAT 
TITLE  Lowest-Cl variant of ref. PW, Effingen Member 
SOLUTION 1 Low_S # 1st extract from OFT-13 
pH  7.25  # average of extracts #2-5 
pe  4.0   # initial value only 
-units mg/L 
temp 25.0 
 Na  8343 
 K  75.4 
 Mg  838. 
 Ca  2732. 
 Sr  154. 
 Cl  16543. charge 
 S  1165.  as SO4 
 C(4)   10.0   CO2(g) -2.18   
SAVE SOLUTION 1 
SOLUTION 2  pure water 
pH  7.0  charge 
pe  4.0  # not used 
-units mg/L 
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SAVE SOLUTION 2 
USE SOLUTION 1 
USE SOLUTION 2 
MIX 3      # mix 1:1.4 with pure water 
 1 1.0 
 2 1.4 
SAVE SOLUTION 3 
END 
USE SOLUTION 3 
EQUILIBRIUM_PHASES 
 Dolomite(ord)  0.0 1.0 
 Calcite   0.0 1.0 
 Celestite  0.0 1.0 
 Quartz   0.0 1.0 
 Siderite  0.0 1.0 
 Pyrite  0.0 1.0 
SAVE SOLUTION 3 
END 

 

9.2 "High-sulphate" variant 
As discussed in Section 6.8 and 7.4, the sulphate content or the SO4/Cl ratio is poorly 
constrained, and data from the Oftringen study (Waber 2009) are internally inconsistent. There 
is some evidence that more sulphatic waters than proposed for the “low-salinity” and “high-
salinity” reference pore waters may occur in some locations within the Effingen Member. 
Occurrences of more sulphatic waters were addressed in Section 6.1 and include the “alte 
Iodquelle” in Wildegg, with a SO4/Cl-ratio just above sea water (0.06), a chloride content of 
7340 mg/l, and a low yield (<1 L/min). A water was sampled from within the Effingen Member 
in the EWS borehole Küttigen-2 from an interval including the upper boundary of the 
Gerstenhübel beds (a ca. 28 m thick sequence of bedded limestones with minor calcareous 
marls) and two tectonic contact planes (Klump et al. 2008). This water has an inferred chloride 
content of 10 g/L and the sulphate content is likely a bit higher than 1440 mg/L which was 
measured in the least-contaminated subsample. The salinity and the SO4/Cl ratio is thus 
remarkably similar to the “alte Iodquelle” in Wildegg. No water could be sampled from the 
same stratigraphic position in borehole Küttigen-1 located on the same premises (a distance of 
10 m apart at surface). Stable isotope data were not consistent with a simple origin of sulphate 
from sulphate mineral dissolution. Presently, neither the extent of these mobile waters nor their 
genesis and relationship to the pore waters are understood. 

Waters in the overlying Malm aquifer are generally not rich in sulphate and of a salinity mostly 
lower than that of the “low-salinity” reference pore water (Nagra 2002, Traber et al. 2002, 
Traber 2004, Schmassmann 1990). Sulphatic waters do occur in the deeper regions of the Lower 
Freshwater Molasse (USM) where commonly Na-Cl-type waters are dominant, and are reported 
to reach SO4/Cl ratios above sea water, and the highest SO4 value (2800 mg/L, from an 
exploration well for oil and gas) is just above that of sea water (Schmassmann 1990).  

It is proposed to use the molal SO4/Cl ratio of 0.06 as an upper limit for sulphate (limiting 
overlying aquifers, sulphatic waters sampled locally from the Effingen Member), combined 
with the “low-salinity” reference pore water as basis for chloride content and some other 
components. Also, a solubility constraint with respect to gypsum is imposed, despite the fact 
that the presence of sulphates (other than celestite in veins) is not constrained. This results in a 
maximized Ca concentration at a give sulphate concentration. Modelling such a pore water uses 
the following constraints: 
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• Assume chloride of the “low-salinity” reference pore water. 

• Assume Na and K of the “low-salinity” reference pore water 

• Constrain SO4 by a SO4/Cl molal ratio of 0.06 

• Constrain Ca by gypsum solubility limit 

• Constrain alkalinity by calcite equilibrium at the initial pH of the low-salinity 
reference water (7.305). This will also fix PCO2 

• Constrain Mg by equilibrium with dolomite 

• Constrain Si by equilibrium with quartz 

• Constrain the redox potential by siderite-pyrite equilibrium 

• Check if calculated PCO2 is in a plausible range. 

The Phreeqc input file is reproduced below, and the results are listed in Table 9-1. The final pH 
is slightly modified by the solubility constraints. The final chloride concentration is lower than 
that of the “low-salinity” reference water, because the charge balance constraint operates differ-
ently accommodating the higher sulphate content. A listing of a part of the Phreeqc output file 
including all aqueous species concentrations and saturation indices is provided in Appendix 4. 

 
DATABASE NAPSI_300401DAV.DAT 
TITLE  Low-salinity ref. PW: high-sulphate variant 
SOLUTION 1 High_SO4 # 1st extract from OFT-13 
pH  7.25   # average of extracts #2-5 
pe  4.0 # initial value 
-units mg/L 
temp 25.0 
 Na  8343 
 K  75.4 
 Mg   958.  dolomite(ord)  0.0 
 Ca  2980  gypsum   0.0 
 Sr  154.  celestite   0.0 
 Cl  16543. charge 
 S  2500.  as SO4  # aim at final SO4/Cl=0.06 
 C(4) 10.0   calcite   0.0 
 Si   2.0   quartz   0.0 
SAVE SOLUTION 1 
EQUILIBRIUM_PHASES 1 
 Dolomite(ord)  0.0 1.0 
 Calcite   0.0 1.0 
 Celestite  0.0 1.0 
 Quartz   0.0 1.0 
 Gypsum  0.0 1.0 
 Siderite  0.0 1.0 
 Pyrite  0.0 1.0 
SAVE SOLUTION 1 
END 
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9.3 High-PCO2/low-pH variant 
The variables pH, alkalinity (mostly dissolve inorganic carbon) and partial pressure of CO2 are 
intimately coupled when constrained additionally by saturation with respect to one or more 
carbonate minerals (see for example Pearson et al. 2003). The coupling is such that increasing 
PCO2 at constant pH results in increasing alkalinity, and that an increase in PCO2 at constant 
alkalinity results in a decrease in pH. The geochemical constraints were maintained as discussed 
in the individual subsections above. 

An arbitrary choice was made to assume the laboratory pH of the extracted pore water aliquots 
for modelling the pore water composition. There is no compelling reason why this should be 
exactly the case. pH may be affected during sample storage, during sample handling, during 
extraction, or during storage of the extracted aliquots before analysis. This choice resulted in a 
calculated partial pressure of CO2 of 10-3.18 bar which is relatively low compared to deep forma-
tions like the Opalinus Clay, or Callovian-Oxfordian claystone at Bure, or several other forma-
tions, where values in the range of 10-2 to 10-2.5 bar are inferred (e.g., Gaucher 2009, Coudrain-
Ribstein and Gouze 1993). There is also no compelling argument why the P(CO2) should be the 
same in all deep formations in the absence of independent evidence. A one-order-of-magnitude 
higher P(CO2) of 10-2.18 bar was used to gauge uncertainties with respect to pH and the 
carbonate system. Doing so yields the values shown in Table 9-1, where it is obvious that the 
main differences relate to the dissolved inorganic carbon and pH. Similarly to the work on the 
reference pore water for Opalinus Clay at the Benken locality (Pearson 2003) a one-order-of-
magnitude uncertainty in the partial pressure of CO2 is quite substantial with respect to impor-
tant ligands like bicarbonate concentration (0.4 vs. 1.5 mmol/L), or pH (decrease of 0.5 units). 

The Phreeqc input file is reproduced below, and the results are listed in Table 9-1. A listing of a 
part of the Phreeqc output file including all aqueous species concentrations and saturation 
indices is provided in Appendix 5. 

DATABASE NAPSI_300401DAV.DAT 
TITLE  Low-salinity high-PCO2 variant, Effingen Member 
SOLUTION 1 Low_pH_high_PCO2 # 1st extract from OFT-13 
pH  7.25   # average of extracts #2-5 
pe  4.0     # initial value only 
-units mg/L 
temp   25.0 
 Na  8343 
 K  75.4 
 Mg   838.  
 Ca  2732.  
 Sr  154. 
 Cl   16543.  charge 
 S  1165.  as SO4 
 C(4)   10.0   calcite 0.0 
 Si   2.0   quartz 0.0 
EQUILIBRIUM_PHASES 
 Dolomite(ord)  0.0 1.0 
 Calcite   0.0 1.0 
 Celestite  0.0 1.0 
 Quartz   0.0 1.0 
 CO2(g)   -2.18 1.0 # impose high-PCO2 
 Siderite  0.0 1.0 
 Pyrite  0.0 1.0 
SAVE SOLUTION 1 
END 
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9.4 Combining uncertainties 
Because there is no inherent correlation between the uncertainties with respect to chloride 
concentration, sulphate concentration and pH/PCO2, a choice is made to combine uncertainties 
such that the impact on salinity and the presence of complexing ligands for metal and transition 
metal cations is maximized or minimized.  

One extreme would be a high-chloride-high-sulphate-high-PCO2 (low-pH) water (starting form 
the “high-salinity” reference pore water) and the other extreme a low-chloride-low-sulphate-
low-PCO2 (high-pH) water (starting from the “low-salinity” reference pore water). The latter 
dilute water is already represented by the lowest-chloride variant proposed in Section 9.1 and 
listed in Table 9-1. The Phreeqc input file for modelling a high-salinity-high-sulphate variant is 
given below, and the results are listed in Table 9-1. The input file is a combination of the input 
used for the high-sulphate variant (Section 9.2) and that used for the “high-salinity” reference 
pore water (Section 8). The initial sulphate concentration was increased at the expense of some 
chloride in order to arrive at a final SO4/Cl ratio between that of sea water and the “high-
salinity” reference water. The initial Na concentration was increased to support a higher Cl 
concentration and so maintain an ionic strength near that of the “high-salinity” reference pore 
water (Table 8-1). This water is also one with a high PCO2, low pH and substantial alkalinity. 
 

DATABASE NAPSI_300401DAV.DAT 
TITLE  High-salinity high-sulphate PW, Effingen M. 
SOLUTION 2 High_SO4_high_sal # 1st extract from OFT-13 
pH  7.25  # average of extracts #2-5 
pe  4.0 # initial estimate 
-units mg/L 
temp 25.0 
 Na  10343  #increased 
 K  75.4 
 Mg   958.  dolomite(ord) 0.0 
 Ca  2980  gypsum 0.0 
 Sr  154.     celestite 0.0 
 Cl   16543. charge 
 S  3500.  as SO4 # aim at SO4/Cl>0.3 
 C(4)   10.0 calcite 0.0 
 Si   2.0 quartz 0.0 
SAVE SOLUTION 2 
END 
USE SOLUTION 2 
EQUILIBRIUM_PHASES 
 Dolomite(ord)  0.0 1.0 
 Calcite   0.0 1.0 
 Celestite  0.0 1.0 
 Quartz   0.0 1.0 
 Gypsum   0.0 0.0 
 Siderite  0.0 1.0 
 Pyrite 0.0 1.0 
REACTION 
 H2O -1.0 
 27 moles in 9 steps 
END 
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9.5 Discussion 
Table 9-1 summarizes the modelled pore water variants based on uncertainties in chloride 
concentration, sulphate concentration, and PCO2/pH/alkalinity. These compositions are believed 
to span the uncertainty range given the current state of knowledge. It is not expected that new 
evidence would perturb this range significantly beyond what is represented in the table. All of 
these solutions are thermodynamically consistent and can be produced as synthetic solutions for 
laboratory experiments choosing suitably controlled conditions. The variant with high-salinity 
and high-sulphate is using activity models that are not accurate at this high ionic strength, and 
therefore deviations from a laboratory composition may be expected. 

Required data to better constrain the pore water composition or the uncertainties include more 
detailed mineralogical observations (Ca-sulphates, sulphides), additional constraints on the 
anion-accessible porosity (e.g. diffusion experiments), and a broader data base including 
advective displacement and possibly adapted aqueous extraction procedures. Also, the dissolved 
and solid organic content have not yet been characterized. The rocks do have a distinct smell 
that suggests the presence of significant amounts of organics. Low-molecular-weight organic 
acids have been confirmed in some aqueous extracts and in the advectively displaced pore 
water.  

The local occurrence of mobile ground water within the Effingen beds as suggested by the EWS 
borehole Küttigen-2 (but not in Küttigen-1) and the “alte Iodquelle” in Wildegg require further 
work to understand its geochemical evolution, to constrain its spatial extent and its relationship 
to the more stagnant pore waters.  

The rather smooth bell-shaped profiles in chloride concentration as observed in boreholes 
Oftringen and Küttigen (Figure 6-1, Waber 2009) suggest a diffusion-dominant system over the 
past thousands to hundreds of thousands of years. On the other hand, the wide spread 
occurrence of celestite veins (Waber 2009, and work in progress) are though to reflect the 
transport of Burdigalian sea water into the Formation during the Miocene, and thus document 
past periods of partial open-system behaviour. 
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Tab. 9-1: Modelled variants of reference pore waters for the Effingen Member including 
uncertainties in Cl, SO4 and pH/PCO2. 

 

Parameter Units Lowest-Cl 

 

High-SO4 High-PCO2 

(low-pH) 

High-salinity 

High-SO4 

Temperature °C 25 25 25 25 

pH  7.090 7.251 6.803 6.906 

Pε  -2.735 -2.826 -2.364 -2.422 

Na (total) mmol/kgH2O 155.9 374.7 374.1 908.6 

K (total) mmol/kgH2O 0.828 1.99 1.99 3.895 

Ca (total) mmol/kgH2O 25.13 34.61 60.59 25.80 

Mg (total) mmol/kgH2O 18.77 26.35 45.35 19.84 

Sr (total) mmol/kgH2O 1.051 0.298 0.814 0.214 

FeII (total) mmol/kgH2O 0.109 0.155 0.294 0.142 

FeIII (total) mmol/kgH2O 4.49·10-9 11.5·10-9 5.12·10-9 3.28·10-9 

Si (total) mmol/kgH2O 0.177 0.175 0.174 0.168 

Cl (total) mmol/kgH2O 234.4 444.8 565.9 931.5 

SVI (total) mmol/kgH2O 5.505 26.92 11.50 35.41 

S-II (total) mmol/kgH2O 10.3·10-9 7.00·10-9 7.07·10-9 8.24·10-9 

CIV (total) mmol/kgH2O 1.512 0.892 1.496 2.418 

SO4/Cl mol/mol 0.023 0.060 0.020 0.038 

Alkalinity (tot) meq/kgH2O 1.373 0.847 1.282 2.114 

HCO3 (species) mmol/kgH2O 1.121 0.631 0.836 1.398 

P(CO2) bar 10-2.35 10-2.76 10-2.18 10-2.03 

Water activity  0.993 0.985 0.982 0.968 

Ionic strength molal 0.287 0.535 0.678 1.011 

SI(gypsum)  -0.68 0.00 -0.20 0.00 

SI(strontinite)  -0.59 -1.27 -1.08 -1.29 

Accessible porosity % of water  
content porosity 

50 25 25 25 

Appendix  3 4 5 6 

 Pore water compositions in thermodynamic equilibrium with calcite, dolomite, quartz, celestite, siderite, pyrite 
and and in some cases gypsum. Calculations performed with Phreeqc (version 2.15.07) and Nagra-PSI data base 
Version 01.01. See Appendices for full list of species concentrations and saturation indices. 
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11 Disclaimer 
 
The author is aware that several assumptions made in the context of this work (see above) may 
not withstand the insights gained from new data. It is likely that new data will require revision 
of the pore water model proposed in this report. Any work based on the pore water 
compositions proposed here will inherit some or all of the associated uncertainties and 
underlying assumptions. 
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13 Appendix 1: "Low-salinity" reference porewater (Effingen 
Member) 

 
Listing of part of the Phreeqc output file giving a full description of the solution, aqueous 
speciation and mineral saturation indices. Select values are given in Table 7-8. 

 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   7.307      Charge balance 
                                       pe  =  -2.939      Adjusted to redox equilibrium 
                        Activity of water  =   0.982 
                           Ionic strength  =   6.773e-01 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   4.199e-04 
                       Total CO2 (mol/kg)  =   4.286e-04 
                      Temperature (deg C)  =  25.000 
                  Electrical balance (eq)  =  -4.166e-09 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =  14 
                                  Total H  = 1.110197e+02 
                                  Total O  = 5.555726e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                                   Log       Log         Log  
   Species                 Molality    Activity  Molality  Activity     Gamma 
 
   OH-                    2.667e-07   1.993e-07    -6.574    -6.700    -0.126 
   H+                     6.599e-08   4.932e-08    -7.181    -7.307    -0.126 
   H2O                    5.551e+01   9.821e-01     1.744    -0.008     0.000 
C(-4)            8.271e-19 
   CH4                    8.271e-19   8.271e-19   -18.082   -18.082     0.000 
C(4)             4.286e-04 
   HCO3-                  2.629e-04   1.965e-04    -3.580    -3.707    -0.126 
   CaHCO3+                5.946e-05   4.444e-05    -4.226    -4.352    -0.126 
   MgHCO3+                4.043e-05   3.022e-05    -4.393    -4.520    -0.126 
   NaHCO3                 3.074e-05   3.074e-05    -4.512    -4.512     0.000 
   CO2                    2.219e-05   2.219e-05    -4.654    -4.654     0.000 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   FeHCO3+                1.813e-06   1.355e-06    -5.742    -5.868    -0.126 
   NaCO3-                 1.294e-06   9.674e-07    -5.888    -6.014    -0.126 
   SrHCO3+                9.599e-07   7.174e-07    -6.018    -6.144    -0.126 
   CO3-2                  5.986e-07   1.868e-07    -6.223    -6.729    -0.506 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   SrCO3                  2.847e-08   2.847e-08    -7.546    -7.546     0.000 
Ca               6.034e-02 
   Ca+2                   5.682e-02   1.773e-02    -1.246    -1.751    -0.506 
   CaSO4                  3.459e-03   3.459e-03    -2.461    -2.461     0.000 
   CaHCO3+                5.946e-05   4.444e-05    -4.226    -4.352    -0.126 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   CaSiO(OH)3+            2.044e-07   1.528e-07    -6.690    -6.816    -0.126 
   CaOH+                  7.839e-08   5.859e-08    -7.106    -7.232    -0.126 
   CaSiO2(OH)2            3.639e-10   3.639e-10    -9.439    -9.439     0.000 
Cl               5.659e-01 
   Cl-                    5.658e-01   4.229e-01    -0.247    -0.374    -0.126 
   FeCl+                  5.385e-05   4.025e-05    -4.269    -4.395    -0.126 
   FeCl+2                 3.100e-19   9.672e-20   -18.509   -19.014    -0.506 
   FeCl2+                 2.445e-19   1.827e-19   -18.612   -18.738    -0.126 
   FeCl3                  7.727e-21   7.727e-21   -20.112   -20.112     0.000 
Fe(2)            2.895e-04 
   Fe+2                   2.209e-04   6.895e-05    -3.656    -4.161    -0.506 
   FeCl+                  5.385e-05   4.025e-05    -4.269    -4.395    -0.126 
   FeSO4                  1.199e-05   1.199e-05    -4.921    -4.921     0.000 
   FeHCO3+                1.813e-06   1.355e-06    -5.742    -5.868    -0.126 
   FeOH+                  5.809e-07   4.341e-07    -6.236    -6.362    -0.126 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   FeHSO4+                5.203e-12   3.889e-12   -11.284   -11.410    -0.126 
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Fe(3)            2.546e-11 
   Fe(OH)3                1.647e-11   1.647e-11   -10.783   -10.783     0.000 
   Fe(OH)2+               8.589e-12   6.419e-12   -11.066   -11.193    -0.126 
   Fe(OH)4-               4.001e-13   2.990e-13   -12.398   -12.524    -0.126 
   FeOH+2                 3.120e-15   9.736e-16   -14.506   -15.012    -0.506 
   FeSiO(OH)3+2           6.612e-17   2.063e-17   -16.180   -16.685    -0.506 
   FeCl+2                 3.100e-19   9.672e-20   -18.509   -19.014    -0.506 
   FeCl2+                 2.445e-19   1.827e-19   -18.612   -18.738    -0.126 
   FeSO4+                 1.086e-19   8.120e-20   -18.964   -19.090    -0.126 
   Fe+3                   1.041e-19   7.573e-21   -18.983   -20.121    -1.138 
   FeCl3                  7.727e-21   7.727e-21   -20.112   -20.112     0.000 
   Fe(SO4)2-              2.324e-21   1.737e-21   -20.634   -20.760    -0.126 
   FeHSO4+2               3.438e-26   1.073e-26   -25.464   -25.969    -0.506 
   Fe2(OH)2+4             2.691e-27   2.551e-29   -26.570   -28.593    -2.023 
   Fe3(OH)4+5             4.958e-35   3.422e-38   -34.305   -37.466    -3.161 
H(0)             2.885e-12 
   H2                     1.442e-12   1.442e-12   -11.841   -11.841     0.000 
K                1.988e-03 
   K+                     1.974e-03   1.476e-03    -2.705    -2.831    -0.126 
   KSO4-                  1.367e-05   1.021e-05    -4.864    -4.991    -0.126 
   KOH                    1.019e-10   1.019e-10    -9.992    -9.992     0.000 
Mg               4.518e-02 
   Mg+2                   4.212e-02   1.314e-02    -1.376    -1.881    -0.506 
   MgSO4                  3.013e-03   3.013e-03    -2.521    -2.521     0.000 
   MgHCO3+                4.043e-05   3.022e-05    -4.393    -4.520    -0.126 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   MgOH+                  1.271e-06   9.502e-07    -5.896    -6.022    -0.126 
   MgSiO(OH)3+            3.023e-07   2.259e-07    -6.520    -6.646    -0.126 
   MgSiO2(OH)2            3.396e-09   3.396e-09    -8.469    -8.469     0.000 
Na               3.741e-01 
   Na+                    3.722e-01   2.782e-01    -0.429    -0.556    -0.126 
   NaSO4-                 1.824e-03   1.363e-03    -2.739    -2.865    -0.126 
   NaHCO3                 3.074e-05   3.074e-05    -4.512    -4.512     0.000 
   NaCO3-                 1.294e-06   9.674e-07    -5.888    -6.014    -0.126 
   NaOH                   3.660e-08   3.660e-08    -7.437    -7.437     0.000 
O(0)             0.000e+00 
   O2                     0.000e+00   0.000e+00   -68.531   -68.531     0.000 
S(-2)            5.286e-12 
   HS-                    3.886e-12   2.904e-12   -11.411   -11.537    -0.126 
   H2S                    1.400e-12   1.400e-12   -11.854   -11.854     0.000 
   S-2                    1.887e-23   5.888e-24   -22.724   -23.230    -0.506 
S(2)             1.930e-17 
   S2O3-2                 9.648e-18   3.011e-18   -17.016   -17.521    -0.506 
S(4)             3.153e-15 
   SO3-2                  2.350e-15   7.333e-16   -14.629   -15.135    -0.506 
   HSO3-                  8.035e-16   6.005e-16   -15.095   -15.221    -0.126 
S(6)             1.150e-02 
   CaSO4                  3.459e-03   3.459e-03    -2.461    -2.461     0.000 
   SO4-2                  3.133e-03   9.778e-04    -2.504    -3.010    -0.506 
   MgSO4                  3.013e-03   3.013e-03    -2.521    -2.521     0.000 
   NaSO4-                 1.824e-03   1.363e-03    -2.739    -2.865    -0.126 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   KSO4-                  1.367e-05   1.021e-05    -4.864    -4.991    -0.126 
   FeSO4                  1.199e-05   1.199e-05    -4.921    -4.921     0.000 
   HSO4-                  6.274e-09   4.689e-09    -8.202    -8.329    -0.126 
   FeHSO4+                5.203e-12   3.889e-12   -11.284   -11.410    -0.126 
   FeSO4+                 1.086e-19   8.120e-20   -18.964   -19.090    -0.126 
   Fe(SO4)2-              2.324e-21   1.737e-21   -20.634   -20.760    -0.126 
   FeHSO4+2               3.438e-26   1.073e-26   -25.464   -25.969    -0.506 
Si               1.743e-04 
   Si(OH)4                1.731e-04   1.731e-04    -3.762    -3.762     0.000 
   SiO(OH)3-              7.273e-07   5.436e-07    -6.138    -6.265    -0.126 
   MgSiO(OH)3+            3.023e-07   2.259e-07    -6.520    -6.646    -0.126 
   CaSiO(OH)3+            2.044e-07   1.528e-07    -6.690    -6.816    -0.126 
   MgSiO2(OH)2            3.396e-09   3.396e-09    -8.469    -8.469     0.000 
   CaSiO2(OH)2            3.639e-10   3.639e-10    -9.439    -9.439     0.000 
   SiO2(OH)2-2            1.652e-12   5.155e-13   -11.782   -12.288    -0.506 
   FeSiO(OH)3+2           6.612e-17   2.063e-17   -16.180   -16.685    -0.506 
Sr               8.114e-04 
   Sr+2                   7.649e-04   2.387e-04    -3.116    -3.622    -0.506 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   SrHCO3+                9.599e-07   7.174e-07    -6.018    -6.144    -0.126 
   SrCO3                  2.847e-08   2.847e-08    -7.546    -7.546     0.000 
   SrOH+                  3.261e-10   2.438e-10    -9.487    -9.613    -0.126 
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------------------------------Saturation indices------------------------------- 
 
 Phase               SI log IAP  log KT 
 
 Anhydrite        -0.40   -4.76   -4.36  CaSO4 
 Aragonite        -0.14    1.85    1.99  CaCO3 
 Brucite          -4.12   12.72   16.84  Mg(OH)2 
 Calcite           0.00    1.85    1.85  CaCO3 
 Celestite         0.00   -6.63   -6.63  SrSO4 
 CH4(g)          -15.23  -18.08   -2.86  CH4 
 CO2(g)           -3.19  -11.01   -7.82  CO2 
 Dolomite(dis)    -0.55    3.57    4.12  CaMg(CO3)2 
 Dolomite(ord)    -0.00    3.57    3.57  CaMg(CO3)2 
 Fe(cr)          -12.11    1.72   13.82  Fe 
 Fe(OH)3(am)      -3.22    1.78    5.00  Fe(OH)3 
 Fe(OH)3(mic)     -1.22    1.78    3.00  Fe(OH)3 
 FeCO3(pr)        -0.44   -0.56   -0.12  FeCO3 
 Goethite          2.78    1.78   -1.00  FeOOH 
 Graphite         -6.64  -28.46  -21.82  C 
 Gypsum           -0.20   -4.78   -4.58  CaSO4:2H2O 
 H2(g)            -8.74  -11.84   -3.11  H2 
 H2S(g)          -10.83  -18.84   -8.01  H2S 
 Hematite          2.46    3.58    1.12  Fe2O3 
 Magnesite        -0.32    1.72    2.04  MgCO3 
 Magnetite         4.00   14.02   10.02  Fe3O4 
 Melanterite      -5.02   -7.23   -2.21  FeSO4:7H2O 
 O2(g)           -65.64  -68.53   -2.89  O2 
 Portlandite      -9.95   12.85   22.80  Ca(OH)2 
 Pyrite            0.00  -18.50  -18.50  FeS2 
 Quartz            0.00   -3.75   -3.75  SiO2 
 S(rhomb)         -7.96  -10.11   -2.14  S 
 Siderite         -0.00   -0.56   -0.56  FeCO3 
 SiO2(am)         -1.03   -3.75   -2.71  SiO2 
 Strontianite     -1.08   -0.02    1.06  SrCO3 
 Troilite         -3.08   -8.39   -5.31  FeS 
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14 Appendix 2: "High-salinity" reference porewater (Effingen 
Member) 

 
Listing of part of the Phreeqc output file giving a full description of the solution, aqueous 
speciation and mineral saturation indices. Select values are given in Table 8-1. 

 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   6.756      Charge balance 
                                       pe  =  -2.310      Adjusted to redox equilibrium 
                        Activity of water  =   0.965 
                           Ionic strength  =   1.294e+00 
                       Mass of water (kg)  =   5.134e-01 
                 Total alkalinity (eq/kg)  =   6.899e-04 
                       Total CO2 (mol/kg)  =   7.718e-04 
                      Temperature (deg C)  =  25.000 
                  Electrical balance (eq)  =  -2.548e-12 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =   7 
                                  Total H  = 5.700202e+01 
                                  Total O  = 2.852986e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                                   Log       Log         Log  
   Species                 Molality    Activity  Molality  Activity     Gamma 
 
   H+                     2.076e-07   1.754e-07    -6.683    -6.756    -0.073 
   OH-                    6.524e-08   5.511e-08    -7.185    -7.259    -0.073 
   H2O                    5.551e+01   9.654e-01     1.744    -0.015     0.000 
C(-4)            8.482e-19 
   CH4                    8.482e-19   8.482e-19   -18.072   -18.072     0.000 
C(4)             7.718e-04 
   HCO3-                  2.694e-04   2.275e-04    -3.570    -3.643    -0.073 
   CaHCO3+                1.870e-04   1.580e-04    -3.728    -3.801    -0.073 
   MgHCO3+                1.272e-04   1.074e-04    -3.896    -3.969    -0.073 
   CO2                    9.294e-05   9.294e-05    -4.032    -4.032     0.000 
   NaHCO3                 7.854e-05   7.854e-05    -4.105    -4.105     0.000 
   FeHCO3+                5.702e-06   4.817e-06    -5.244    -5.317    -0.073 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   SrHCO3+                1.859e-06   1.570e-06    -5.731    -5.804    -0.073 
   NaCO3-                 8.230e-07   6.952e-07    -6.085    -6.158    -0.073 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   CO3-2                  1.195e-07   6.084e-08    -6.923    -7.216    -0.293 
   SrCO3                  1.752e-08   1.752e-08    -7.756    -7.756     0.000 
Ca               1.127e-01 
   Ca+2                   1.069e-01   5.444e-02    -0.971    -1.264    -0.293 
   CaSO4                  5.619e-03   5.619e-03    -2.250    -2.250     0.000 
   CaHCO3+                1.870e-04   1.580e-04    -3.728    -3.801    -0.073 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   CaSiO(OH)3+            1.509e-07   1.275e-07    -6.821    -6.895    -0.073 
   CaOH+                  5.888e-08   4.973e-08    -7.230    -7.303    -0.073 
   CaSiO2(OH)2            8.539e-11   8.539e-11   -10.069   -10.069     0.000 
Cl               1.102e+00 
   Cl-                    1.102e+00   9.307e-01     0.042    -0.031    -0.073 
   FeCl+                  3.220e-04   2.720e-04    -3.492    -3.565    -0.073 
   FeCl2+                 1.369e-17   1.157e-17   -16.863   -16.937    -0.073 
   FeCl+2                 5.465e-18   2.783e-18   -17.262   -17.556    -0.293 
   FeCl3                  1.077e-18   1.077e-18   -17.968   -17.968     0.000 
Fe(2)            7.636e-04 
   Fe+2                   4.157e-04   2.117e-04    -3.381    -3.674    -0.293 
   FeCl+                  3.220e-04   2.720e-04    -3.492    -3.565    -0.073 
   FeSO4                  1.947e-05   1.947e-05    -4.711    -4.711     0.000 
   FeHCO3+                5.702e-06   4.817e-06    -5.244    -5.317    -0.073 
   FeOH+                  4.362e-07   3.685e-07    -6.360    -6.434    -0.073 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   FeHSO4+                2.659e-11   2.246e-11   -10.575   -10.649    -0.073 
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Fe(3)            1.218e-11 
   Fe(OH)2+               7.593e-12   6.414e-12   -11.120   -11.193    -0.073 
   Fe(OH)3                4.549e-12   4.549e-12   -11.342   -11.342     0.000 
   Fe(OH)4-               2.703e-14   2.284e-14   -13.568   -13.641    -0.073 
   FeOH+2                 6.910e-15   3.519e-15   -14.161   -14.454    -0.293 
   FeSiO(OH)3+2           1.439e-16   7.330e-17   -15.842   -16.135    -0.293 
   FeCl2+                 1.369e-17   1.157e-17   -16.863   -16.937    -0.073 
   FeCl+2                 5.465e-18   2.783e-18   -17.262   -17.556    -0.293 
   FeCl3                  1.077e-18   1.077e-18   -17.968   -17.968     0.000 
   FeSO4+                 6.648e-19   5.616e-19   -18.177   -18.251    -0.073 
   Fe+3                   4.520e-19   9.900e-20   -18.345   -19.004    -0.659 
   Fe(SO4)2-              7.524e-21   6.356e-21   -20.124   -20.197    -0.073 
   FeHSO4+2               5.181e-25   2.638e-25   -24.286   -24.579    -0.293 
   Fe2(OH)2+4             4.956e-27   3.332e-28   -26.305   -27.477    -1.172 
   Fe3(OH)4+5             3.032e-35   4.466e-37   -34.518   -36.350    -1.832 
H(0)             2.012e-12 
   H2                     1.006e-12   1.006e-12   -11.997   -11.997     0.000 
K                3.872e-03 
   K+                     3.857e-03   3.259e-03    -2.414    -2.487    -0.073 
   KSO4-                  1.413e-05   1.193e-05    -4.850    -4.923    -0.073 
   KOH                    6.220e-11   6.220e-11   -10.206   -10.206     0.000 
Mg               8.428e-02 
   Mg+2                   7.925e-02   4.036e-02    -1.101    -1.394    -0.293 
   MgSO4                  4.894e-03   4.894e-03    -2.310    -2.310     0.000 
   MgHCO3+                1.272e-04   1.074e-04    -3.896    -3.969    -0.073 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   MgOH+                  9.548e-07   8.066e-07    -6.020    -6.093    -0.073 
   MgSiO(OH)3+            2.232e-07   1.885e-07    -6.651    -6.725    -0.073 
   MgSiO2(OH)2            7.969e-10   7.969e-10    -9.099    -9.099     0.000 
Na               7.286e-01 
   Na+                    7.266e-01   6.138e-01    -0.139    -0.212    -0.073 
   NaSO4-                 1.884e-03   1.591e-03    -2.725    -2.798    -0.073 
   NaHCO3                 7.854e-05   7.854e-05    -4.105    -4.105     0.000 
   NaCO3-                 8.230e-07   6.952e-07    -6.085    -6.158    -0.073 
   NaOH                   2.232e-08   2.232e-08    -7.651    -7.651     0.000 
O(0)             0.000e+00 
   O2                     0.000e+00   0.000e+00   -68.233   -68.233     0.000 
S(-2)            4.011e-12 
   H2S                    2.372e-12   2.372e-12   -11.625   -11.625     0.000 
   HS-                    1.639e-12   1.384e-12   -11.786   -11.859    -0.073 
   S-2                    1.550e-24   7.893e-25   -23.810   -24.103    -0.293 
S(2)             1.079e-17 
   S2O3-2                 5.393e-18   2.746e-18   -17.268   -17.561    -0.293 
S(4)             1.489e-15 
   HSO3-                  9.488e-16   8.015e-16   -15.023   -15.096    -0.073 
   SO3-2                  5.405e-16   2.753e-16   -15.267   -15.560    -0.293 
S(6)             1.349e-02 
   CaSO4                  5.619e-03   5.619e-03    -2.250    -2.250     0.000 
   MgSO4                  4.894e-03   4.894e-03    -2.310    -2.310     0.000 
   NaSO4-                 1.884e-03   1.591e-03    -2.725    -2.798    -0.073 
   SO4-2                  1.016e-03   5.173e-04    -2.993    -3.286    -0.293 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   FeSO4                  1.947e-05   1.947e-05    -4.711    -4.711     0.000 
   KSO4-                  1.413e-05   1.193e-05    -4.850    -4.923    -0.073 
   HSO4-                  1.044e-08   8.821e-09    -7.981    -8.054    -0.073 
   FeHSO4+                2.659e-11   2.246e-11   -10.575   -10.649    -0.073 
   FeSO4+                 6.648e-19   5.616e-19   -18.177   -18.251    -0.073 
   Fe(SO4)2-              7.524e-21   6.356e-21   -20.124   -20.197    -0.073 
   FeHSO4+2               5.181e-25   2.638e-25   -24.286   -24.579    -0.293 
Si               1.678e-04 
   Si(OH)4                1.673e-04   1.673e-04    -3.777    -3.777     0.000 
   MgSiO(OH)3+            2.232e-07   1.885e-07    -6.651    -6.725    -0.073 
   SiO(OH)3-              1.749e-07   1.477e-07    -6.757    -6.831    -0.073 
   CaSiO(OH)3+            1.509e-07   1.275e-07    -6.821    -6.895    -0.073 
   MgSiO2(OH)2            7.969e-10   7.969e-10    -9.099    -9.099     0.000 
   CaSiO2(OH)2            8.539e-11   8.539e-11   -10.069   -10.069     0.000 
   SiO2(OH)2-2            7.738e-14   3.940e-14   -13.111   -13.404    -0.293 
   FeSiO(OH)3+2           1.439e-16   7.330e-17   -15.842   -16.135    -0.293 
Sr               9.334e-04 
   Sr+2                   8.860e-04   4.512e-04    -3.053    -3.346    -0.293 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   SrHCO3+                1.859e-06   1.570e-06    -5.731    -5.804    -0.073 
   SrCO3                  1.752e-08   1.752e-08    -7.756    -7.756     0.000 
   SrOH+                  1.508e-10   1.274e-10    -9.822    -9.895    -0.073 
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------------------------------Saturation indices------------------------------- 
 
 Phase               SI log IAP  log KT 
 
 Anhydrite        -0.19   -4.55   -4.36  CaSO4 
 Aragonite        -0.14    1.85    1.99  CaCO3 
 Brucite          -4.75   12.09   16.84  Mg(OH)2 
 Calcite           0.00    1.85    1.85  CaCO3 
 Celestite        -0.00   -6.63   -6.63  SrSO4 
 CH4(g)          -15.22  -18.07   -2.86  CH4 
 CO2(g)           -2.56  -10.38   -7.82  CO2 
 Dolomite(dis)    -0.55    3.57    4.12  CaMg(CO3)2 
 Dolomite(ord)     0.00    3.57    3.57  CaMg(CO3)2 
 Fe(cr)          -12.88    0.95   13.82  Fe 
 Fe(OH)3(am)      -3.78    1.22    5.00  Fe(OH)3 
 Fe(OH)3(mic)     -1.78    1.22    3.00  Fe(OH)3 
 FeCO3(pr)        -0.44   -0.56   -0.12  FeCO3 
 Goethite          2.23    1.23   -1.00  FeOOH 
 Graphite         -6.32  -28.14  -21.82  C 
 Gypsum           -0.00   -4.58   -4.58  CaSO4:2H2O 
 H2(g)            -8.89  -12.00   -3.11  H2 
 H2S(g)          -10.60  -18.61   -8.01  H2S 
 Hematite          1.36    2.48    1.12  Fe2O3 
 Magnesite        -0.32    1.72    2.04  MgCO3 
 Magnetite         2.28   12.30   10.02  Fe3O4 
 Melanterite      -4.86   -7.07   -2.21  FeSO4:7H2O 
 O2(g)           -65.34  -68.23   -2.89  O2 
 Portlandite     -10.58   12.22   22.80  Ca(OH)2 
 Pyrite           -0.00  -18.50  -18.50  FeS2 
 Quartz            0.00   -3.75   -3.75  SiO2 
 S(rhomb)         -7.58   -9.72   -2.14  S 
 Siderite         -0.00   -0.56   -0.56  FeCO3 
 SiO2(am)         -1.03   -3.75   -2.71  SiO2 
 Strontianite     -1.29   -0.23    1.06  SrCO3 
 Troilite         -3.47   -8.78   -5.31  FeS 
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15 Appendix 3: "Lowest-chloride" variant (Effingen Member) 
 
Listing of part of the Phreeqc output file giving a full description of the solution, aqueous 
speciation and mineral saturation indices. Select values are given in Table 9-1. 

 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   7.090      Charge balance 
                                       pe  =  -2.735      Adjusted to redox equilibrium 
                        Activity of water  =   0.993 
                           Ionic strength  =   2.871e-01 
                       Mass of water (kg)  =   2.400e+00 
                 Total alkalinity (eq/kg)  =   1.373e-03 
                       Total CO2 (mol/kg)  =   1.512e-03 
                      Temperature (deg C)  =  25.000 
                  Electrical balance (eq)  =  -2.574e-12 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =   7 
                                  Total H  = 2.664481e+02 
                                  Total O  = 1.332867e+02 
 
----------------------------Distribution of species---------------------------- 
 
                                                   Log       Log         Log  
   Species                 Molality    Activity  Molality  Activity     Gamma 
 
   OH-                    1.663e-07   1.222e-07    -6.779    -6.913    -0.134 
   H+                     1.107e-07   8.131e-08    -6.956    -7.090    -0.134 
   H2O                    5.551e+01   9.925e-01     1.744    -0.003     0.000 
C(-4)            7.035e-18 
   CH4                    7.035e-18   7.035e-18   -17.153   -17.153     0.000 
C(4)             1.512e-03 
   HCO3-                  1.121e-03   8.238e-04    -2.950    -3.084    -0.134 
   CO2                    1.518e-04   1.518e-04    -3.819    -3.819     0.000 
   CaHCO3+                9.970e-05   7.326e-05    -4.001    -4.135    -0.134 
   MgHCO3+                6.779e-05   4.981e-05    -4.169    -4.303    -0.134 
   NaHCO3                 5.283e-05   5.283e-05    -4.277    -4.277     0.000 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   SrHCO3+                5.001e-06   3.675e-06    -5.301    -5.435    -0.134 
   FeHCO3+                3.039e-06   2.233e-06    -5.517    -5.651    -0.134 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   CO3-2                  1.629e-06   4.751e-07    -5.788    -6.323    -0.535 
   NaCO3-                 1.373e-06   1.009e-06    -5.862    -5.996    -0.134 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   SrCO3                  8.845e-08   8.845e-08    -7.053    -7.053     0.000 
Ca               2.513e-02 
   Ca+2                   2.391e-02   6.972e-03    -1.621    -2.157    -0.535 
   CaSO4                  1.113e-03   1.113e-03    -2.953    -2.953     0.000 
   CaHCO3+                9.970e-05   7.326e-05    -4.001    -4.135    -0.134 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   CaSiO(OH)3+            5.064e-08   3.721e-08    -7.296    -7.429    -0.134 
   CaOH+                  1.922e-08   1.412e-08    -7.716    -7.850    -0.134 
   CaSiO2(OH)2            5.376e-11   5.376e-11   -10.270   -10.270     0.000 
Cl               2.344e-01 
   Cl-                    2.344e-01   1.723e-01    -0.630    -0.764    -0.134 
   FeCl+                  8.772e-06   6.446e-06    -5.057    -5.191    -0.134 
   FeCl+2                 8.501e-20   2.478e-20   -19.071   -19.606    -0.535 
   FeCl2+                 2.595e-20   1.907e-20   -19.586   -19.720    -0.134 
   FeCl3                  3.285e-22   3.285e-22   -21.484   -21.484     0.000 
Fe(2)            1.091e-04 
   Fe+2                   9.299e-05   2.711e-05    -4.032    -4.567    -0.535 
   FeCl+                  8.772e-06   6.446e-06    -5.057    -5.191    -0.134 
   FeSO4                  3.858e-06   3.858e-06    -5.414    -5.414     0.000 
   FeHCO3+                3.039e-06   2.233e-06    -5.517    -5.651    -0.134 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   FeOH+                  1.424e-07   1.046e-07    -6.846    -6.980    -0.134 
   FeHSO4+                2.808e-12   2.063e-12   -11.552   -11.685    -0.134 
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Fe(3)            4.489e-12 
   Fe(OH)3                2.386e-12   2.386e-12   -11.622   -11.622     0.000 
   Fe(OH)2+               2.065e-12   1.518e-12   -11.685   -11.819    -0.134 
   Fe(OH)4-               3.615e-14   2.657e-14   -13.442   -13.576    -0.134 
   FeOH+2                 1.288e-15   3.755e-16   -14.890   -15.425    -0.535 
   FeSiO(OH)3+2           2.758e-17   8.041e-18   -16.559   -17.095    -0.535 
   FeCl+2                 8.501e-20   2.478e-20   -19.071   -19.606    -0.535 
   Fe+3                   7.628e-20   4.764e-21   -19.118   -20.322    -1.204 
   FeSO4+                 5.690e-20   4.181e-20   -19.245   -19.379    -0.134 
   FeCl2+                 2.595e-20   1.907e-20   -19.586   -19.720    -0.134 
   Fe(SO4)2-              9.963e-22   7.321e-22   -21.002   -21.135    -0.134 
   FeCl3                  3.285e-22   3.285e-22   -21.484   -21.484     0.000 
   FeHSO4+2               3.124e-26   9.109e-27   -25.505   -26.041    -0.535 
   Fe2(OH)2+4             5.252e-28   3.795e-30   -27.280   -29.421    -2.141 
   Fe3(OH)4+5             2.666e-36   1.203e-39   -35.574   -38.920    -3.346 
H(0)             3.063e-12 
   H2                     1.531e-12   1.531e-12   -11.815   -11.815     0.000 
K                8.283e-04 
   K+                     8.236e-04   6.052e-04    -3.084    -3.218    -0.134 
   KSO4-                  4.667e-06   3.429e-06    -5.331    -5.465    -0.134 
   KOH                    2.561e-11   2.561e-11   -10.592   -10.592     0.000 
Mg               1.877e-02 
   Mg+2                   1.773e-02   5.168e-03    -1.751    -2.287    -0.535 
   MgSO4                  9.697e-04   9.697e-04    -3.013    -3.013     0.000 
   MgHCO3+                6.779e-05   4.981e-05    -4.169    -4.303    -0.134 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   MgOH+                  3.117e-07   2.290e-07    -6.506    -6.640    -0.134 
   MgSiO(OH)3+            7.490e-08   5.504e-08    -7.126    -7.259    -0.134 
   MgSiO2(OH)2            5.018e-10   5.018e-10    -9.300    -9.300     0.000 
Na               1.559e-01 
   Na+                    1.552e-01   1.140e-01    -0.809    -0.943    -0.134 
   NaSO4-                 6.225e-04   4.574e-04    -3.206    -3.340    -0.134 
   NaHCO3                 5.283e-05   5.283e-05    -4.277    -4.277     0.000 
   NaCO3-                 1.373e-06   1.009e-06    -5.862    -5.996    -0.134 
   NaOH                   9.196e-09   9.196e-09    -8.036    -8.036     0.000 
O(0)             0.000e+00 
   O2                     0.000e+00   0.000e+00   -68.574   -68.574     0.000 
S(-2)            1.029e-11 
   HS-                    6.494e-12   4.772e-12   -11.187   -11.321    -0.134 
   H2S                    3.792e-12   3.792e-12   -11.421   -11.421     0.000 
   S-2                    2.013e-23   5.869e-24   -22.696   -23.231    -0.535 
S(2)             4.531e-17 
   S2O3-2                 2.266e-17   6.606e-18   -16.645   -17.180    -0.535 
S(4)             3.321e-15 
   SO3-2                  2.163e-15   6.305e-16   -14.665   -15.200    -0.535 
   HSO3-                  1.158e-15   8.512e-16   -14.936   -15.070    -0.134 
S(6)             5.505e-03 
   SO4-2                  2.745e-03   8.004e-04    -2.561    -3.097    -0.535 
   CaSO4                  1.113e-03   1.113e-03    -2.953    -2.953     0.000 
   MgSO4                  9.697e-04   9.697e-04    -3.013    -3.013     0.000 
   NaSO4-                 6.225e-04   4.574e-04    -3.206    -3.340    -0.134 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   KSO4-                  4.667e-06   3.429e-06    -5.331    -5.465    -0.134 
   FeSO4                  3.858e-06   3.858e-06    -5.414    -5.414     0.000 
   HSO4-                  8.611e-09   6.328e-09    -8.065    -8.199    -0.134 
   FeHSO4+                2.808e-12   2.063e-12   -11.552   -11.685    -0.134 
   FeSO4+                 5.690e-20   4.181e-20   -19.245   -19.379    -0.134 
   Fe(SO4)2-              9.963e-22   7.321e-22   -21.002   -21.135    -0.134 
   FeHSO4+2               3.124e-26   9.109e-27   -25.505   -26.041    -0.535 
Si               1.774e-04 
   Si(OH)4                1.768e-04   1.768e-04    -3.753    -3.753     0.000 
   SiO(OH)3-              4.583e-07   3.368e-07    -6.339    -6.473    -0.134 
   MgSiO(OH)3+            7.490e-08   5.504e-08    -7.126    -7.259    -0.134 
   CaSiO(OH)3+            5.064e-08   3.721e-08    -7.296    -7.429    -0.134 
   MgSiO2(OH)2            5.018e-10   5.018e-10    -9.300    -9.300     0.000 
   CaSiO2(OH)2            5.376e-11   5.376e-11   -10.270   -10.270     0.000 
   SiO2(OH)2-2            6.644e-13   1.937e-13   -12.178   -12.713    -0.535 
   FeSiO(OH)3+2           2.758e-17   8.041e-18   -16.559   -17.095    -0.535 
Sr               1.051e-03 
   Sr+2                   1.000e-03   2.916e-04    -3.000    -3.535    -0.535 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   SrHCO3+                5.001e-06   3.675e-06    -5.301    -5.435    -0.134 
   SrCO3                  8.845e-08   8.845e-08    -7.053    -7.053     0.000 
   SrOH+                  2.484e-10   1.826e-10    -9.605    -9.739    -0.134 

 



 61 NAGRA NAB 09-13 

 

 
------------------------------Saturation indices------------------------------- 
 
 Phase               SI log IAP  log KT 
 
 Anhydrite        -0.90   -5.25   -4.36  CaSO4 
 Aragonite        -0.14    1.85    1.99  CaCO3 
 Brucite          -4.95   11.89   16.84  Mg(OH)2 
 Calcite           0.00    1.85    1.85  CaCO3 
 Celestite         0.00   -6.63   -6.63  SrSO4 
 CH4(g)          -14.30  -17.15   -2.86  CH4 
 CO2(g)           -2.35  -10.17   -7.82  CO2 
 Dolomite(dis)    -0.55    3.57    4.12  CaMg(CO3)2 
 Dolomite(ord)     0.00    3.57    3.57  CaMg(CO3)2 
 Fe(cr)          -12.92    0.90   13.82  Fe 
 Fe(OH)3(am)      -4.06    0.94    5.00  Fe(OH)3 
 Fe(OH)3(mic)     -2.06    0.94    3.00  Fe(OH)3 
 FeCO3(pr)        -0.44   -0.56   -0.12  FeCO3 
 Goethite          1.94    0.94   -1.00  FeOOH 
 Graphite         -5.76  -27.58  -21.82  C 
 Gypsum           -0.68   -5.26   -4.58  CaSO4:2H2O 
 H2(g)            -8.71  -11.81   -3.11  H2 
 H2S(g)          -10.40  -18.41   -8.01  H2S 
 Hematite          0.77    1.89    1.12  Fe2O3 
 Magnesite        -0.32    1.72    2.04  MgCO3 
 Magnetite         1.47   11.49   10.02  Fe3O4 
 Melanterite      -5.48   -7.69   -2.21  FeSO4:7H2O 
 O2(g)           -65.68  -68.57   -2.89  O2 
 Portlandite     -10.78   12.02   22.80  Ca(OH)2 
 Pyrite            0.00  -18.50  -18.50  FeS2 
 Quartz            0.00   -3.75   -3.75  SiO2 
 S(rhomb)         -7.56   -9.70   -2.14  S 
 Siderite          0.00   -0.56   -0.56  FeCO3 
 SiO2(am)         -1.03   -3.75   -2.71  SiO2 
 Strontianite     -0.59    0.47    1.06  SrCO3 
 Troilite         -3.49   -8.80   -5.31  FeS 
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16 Appendix 4: "High-SO4" variant (Effingen Member) 
 
Listing of part of the Phreeqc output file giving a full description of the solution, aqueous 
speciation and mineral saturation indices. Select values are given in Table 9-1. 

 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   7.251      Charge balance 
                                       pe  =  -2.826      Adjusted to redox equilibrium 
                        Activity of water  =   0.985 
                           Ionic strength  =   5.350e-01 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   8.465e-04 
                       Total CO2 (mol/kg)  =   8.919e-04 
                      Temperature (deg C)  =  25.000 
                  Electrical balance (eq)  =  -6.191e-15 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =  12 
                                  Total H  = 1.110203e+02 
                                  Total O  = 5.562042e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                                   Log       Log         Log  
   Species                 Molality    Activity  Molality  Activity     Gamma 
 
   OH-                    2.392e-07   1.759e-07    -6.621    -6.755    -0.133 
   H+                     7.621e-08   5.605e-08    -7.118    -7.251    -0.133 
   H2O                    5.551e+01   9.848e-01     1.744    -0.007     0.000 
C(-4)            7.625e-19 
   CH4                    7.625e-19   7.625e-19   -18.118   -18.118     0.000 
C(4)             8.919e-04 
   HCO3-                  6.313e-04   4.643e-04    -3.200    -3.333    -0.133 
   NaHCO3                 7.082e-05   7.082e-05    -4.150    -4.150     0.000 
   CaHCO3+                6.866e-05   5.050e-05    -4.163    -4.297    -0.133 
   CO2                    5.942e-05   5.942e-05    -4.226    -4.226     0.000 
   MgHCO3+                4.669e-05   3.434e-05    -4.331    -4.464    -0.133 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   NaCO3-                 2.667e-06   1.961e-06    -5.574    -5.707    -0.133 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   FeHCO3+                2.093e-06   1.539e-06    -5.679    -5.813    -0.133 
   CO3-2                  1.327e-06   3.884e-07    -5.877    -6.411    -0.534 
   SrHCO3+                7.100e-07   5.222e-07    -6.149    -6.282    -0.133 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   SrCO3                  1.823e-08   1.823e-08    -7.739    -7.739     0.000 
Ca               3.461e-02 
   Ca+2                   2.914e-02   8.527e-03    -1.536    -2.069    -0.534 
   CaSO4                  5.400e-03   5.400e-03    -2.268    -2.268     0.000 
   CaHCO3+                6.866e-05   5.050e-05    -4.163    -4.297    -0.133 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   CaSiO(OH)3+            8.837e-08   6.500e-08    -7.054    -7.187    -0.133 
   CaOH+                  3.380e-08   2.486e-08    -7.471    -7.604    -0.133 
   CaSiO2(OH)2            1.362e-10   1.362e-10    -9.866    -9.866     0.000 
Cl               4.448e-01 
   Cl-                    4.448e-01   3.272e-01    -0.352    -0.485    -0.133 
   FeCl+                  2.036e-05   1.497e-05    -4.691    -4.825    -0.133 
   FeCl+2                 1.595e-19   4.669e-20   -18.797   -19.331    -0.534 
   FeCl2+                 9.278e-20   6.824e-20   -19.033   -19.166    -0.133 
   FeCl3                  2.233e-21   2.233e-21   -20.651   -20.651     0.000 
Fe(2)            1.550e-04 
   Fe+2                   1.133e-04   3.316e-05    -3.946    -4.479    -0.534 
   FeCl+                  2.036e-05   1.497e-05    -4.691    -4.825    -0.133 
   FeSO4                  1.872e-05   1.872e-05    -4.728    -4.728     0.000 
   FeHCO3+                2.093e-06   1.539e-06    -5.679    -5.813    -0.133 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   FeOH+                  2.505e-07   1.842e-07    -6.601    -6.735    -0.133 
   FeHSO4+                9.380e-12   6.899e-12   -11.028   -11.161    -0.133 
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Fe(3)            1.146e-11 
   Fe(OH)3                7.059e-12   7.059e-12   -11.151   -11.151     0.000 
   Fe(OH)2+               4.240e-12   3.119e-12   -11.373   -11.506    -0.133 
   Fe(OH)4-               1.538e-13   1.131e-13   -12.813   -12.946    -0.133 
   FeOH+2                 1.832e-15   5.361e-16   -14.737   -15.271    -0.534 
   FeSiO(OH)3+2           3.892e-17   1.139e-17   -16.410   -16.943    -0.534 
   FeSO4+                 2.236e-19   1.645e-19   -18.650   -18.784    -0.133 
   FeCl+2                 1.595e-19   4.669e-20   -18.797   -19.331    -0.534 
   FeCl2+                 9.278e-20   6.824e-20   -19.033   -19.166    -0.133 
   Fe+3                   7.501e-20   4.726e-21   -19.125   -20.326    -1.201 
   Fe(SO4)2-              1.553e-20   1.142e-20   -19.809   -19.942    -0.133 
   FeCl3                  2.233e-21   2.233e-21   -20.651   -20.651     0.000 
   FeHSO4+2               8.439e-26   2.470e-26   -25.074   -25.607    -0.534 
   Fe2(OH)2+4             1.054e-27   7.735e-30   -26.977   -29.112    -2.135 
   Fe3(OH)4+5             1.091e-35   5.040e-39   -34.962   -38.298    -3.335 
H(0)             2.213e-12 
   H2                     1.106e-12   1.106e-12   -11.956   -11.956     0.000 
K                1.991e-03 
   K+                     1.948e-03   1.432e-03    -2.711    -2.844    -0.133 
   KSO4-                  4.376e-05   3.219e-05    -4.359    -4.492    -0.133 
   KOH                    8.727e-11   8.727e-11   -10.059   -10.059     0.000 
Mg               2.635e-02 
   Mg+2                   2.160e-02   6.321e-03    -1.666    -2.199    -0.534 
   MgSO4                  4.703e-03   4.703e-03    -2.328    -2.328     0.000 
   MgHCO3+                4.669e-05   3.434e-05    -4.331    -4.464    -0.133 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   MgOH+                  5.482e-07   4.032e-07    -6.261    -6.394    -0.133 
   MgSiO(OH)3+            1.307e-07   9.614e-08    -6.884    -7.017    -0.133 
   MgSiO2(OH)2            1.271e-09   1.271e-09    -8.896    -8.896     0.000 
Na               3.747e-01 
   Na+                    3.688e-01   2.712e-01    -0.433    -0.567    -0.133 
   NaSO4-                 5.867e-03   4.315e-03    -2.232    -2.365    -0.133 
   NaHCO3                 7.082e-05   7.082e-05    -4.150    -4.150     0.000 
   NaCO3-                 2.667e-06   1.961e-06    -5.574    -5.707    -0.133 
   NaOH                   3.149e-08   3.149e-08    -7.502    -7.502     0.000 
O(0)             0.000e+00 
   O2                     0.000e+00   0.000e+00   -68.298   -68.298     0.000 
S(-2)            6.996e-12 
   HS-                    4.987e-12   3.668e-12   -11.302   -11.436    -0.133 
   H2S                    2.009e-12   2.009e-12   -11.697   -11.697     0.000 
   S-2                    2.236e-23   6.544e-24   -22.651   -23.184    -0.534 
S(2)             9.559e-17 
   S2O3-2                 4.780e-17   1.399e-17   -16.321   -16.854    -0.534 
S(4)             8.526e-15 
   SO3-2                  6.222e-15   1.821e-15   -14.206   -14.740    -0.534 
   HSO3-                  2.304e-15   1.695e-15   -14.638   -14.771    -0.133 
S(6)             2.692e-02 
   SO4-2                  1.085e-02   3.174e-03    -1.965    -2.498    -0.534 
   NaSO4-                 5.867e-03   4.315e-03    -2.232    -2.365    -0.133 
   CaSO4                  5.400e-03   5.400e-03    -2.268    -2.268     0.000 
   MgSO4                  4.703e-03   4.703e-03    -2.328    -2.328     0.000 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   KSO4-                  4.376e-05   3.219e-05    -4.359    -4.492    -0.133 
   FeSO4                  1.872e-05   1.872e-05    -4.728    -4.728     0.000 
   HSO4-                  2.352e-08   1.730e-08    -7.629    -7.762    -0.133 
   FeHSO4+                9.380e-12   6.899e-12   -11.028   -11.161    -0.133 
   FeSO4+                 2.236e-19   1.645e-19   -18.650   -18.784    -0.133 
   Fe(SO4)2-              1.553e-20   1.142e-20   -19.809   -19.942    -0.133 
   FeHSO4+2               8.439e-26   2.470e-26   -25.074   -25.607    -0.534 
Si               1.749e-04 
   Si(OH)4                1.741e-04   1.741e-04    -3.759    -3.759     0.000 
   SiO(OH)3-              6.539e-07   4.810e-07    -6.184    -6.318    -0.133 
   MgSiO(OH)3+            1.307e-07   9.614e-08    -6.884    -7.017    -0.133 
   CaSiO(OH)3+            8.837e-08   6.500e-08    -7.054    -7.187    -0.133 
   MgSiO2(OH)2            1.271e-09   1.271e-09    -8.896    -8.896     0.000 
   CaSiO2(OH)2            1.362e-10   1.362e-10    -9.866    -9.866     0.000 
   SiO2(OH)2-2            1.371e-12   4.014e-13   -11.863   -12.396    -0.534 
   FeSiO(OH)3+2           3.892e-17   1.139e-17   -16.410   -16.943    -0.534 
Sr               2.975e-04 
   Sr+2                   2.512e-04   7.353e-05    -3.600    -4.134    -0.534 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   SrHCO3+                7.100e-07   5.222e-07    -6.149    -6.282    -0.133 
   SrCO3                  1.823e-08   1.823e-08    -7.739    -7.739     0.000 
   SrOH+                  9.008e-11   6.626e-11   -10.045   -10.179    -0.133 
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------------------------------Saturation indices------------------------------- 
 
 Phase               SI log IAP  log KT 
 
 Anhydrite        -0.21   -4.57   -4.36  CaSO4 
 Aragonite        -0.14    1.85    1.99  CaCO3 
 Brucite          -4.55   12.29   16.84  Mg(OH)2 
 Calcite           0.00    1.85    1.85  CaCO3 
 Celestite         0.00   -6.63   -6.63  SrSO4 
 CH4(g)          -15.26  -18.12   -2.86  CH4 
 CO2(g)           -2.76  -10.58   -7.82  CO2 
 Dolomite(dis)    -0.55    3.57    4.12  CaMg(CO3)2 
 Dolomite(ord)     0.00    3.57    3.57  CaMg(CO3)2 
 Fe(cr)          -12.65    1.17   13.82  Fe 
 Fe(OH)3(am)      -3.59    1.41    5.00  Fe(OH)3 
 Fe(OH)3(mic)     -1.59    1.41    3.00  Fe(OH)3 
 FeCO3(pr)        -0.44   -0.56   -0.12  FeCO3 
 Goethite          2.42    1.42   -1.00  FeOOH 
 Graphite         -6.45  -28.27  -21.82  C 
 Gypsum            0.00   -4.58   -4.58  CaSO4:2H2O 
 H2(g)            -8.85  -11.96   -3.11  H2 
 H2S(g)          -10.68  -18.69   -8.01  H2S 
 Hematite          1.72    2.84    1.12  Fe2O3 
 Magnesite        -0.32    1.72    2.04  MgCO3 
 Magnetite         2.83   12.85   10.02  Fe3O4 
 Melanterite      -4.82   -7.02   -2.21  FeSO4:7H2O 
 O2(g)           -65.40  -68.30   -2.89  O2 
 Portlandite     -10.38   12.42   22.80  Ca(OH)2 
 Pyrite            0.00  -18.50  -18.50  FeS2 
 Quartz            0.00   -3.75   -3.75  SiO2 
 S(rhomb)         -7.69   -9.84   -2.14  S 
 Siderite         -0.00   -0.56   -0.56  FeCO3 
 SiO2(am)         -1.03   -3.75   -2.71  SiO2 
 Strontianite     -1.27   -0.22    1.06  SrCO3 
 Troilite         -3.35   -8.66   -5.31  FeS 
 
------------------ 
End of simulation. 
------------------ 
 
------------------------------------ 
Reading input data for simulation 2. 
------------------------------------ 
 
----------- 
End of run. 
----------- 
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17 Appendix 5: "Low-pH/high-PCO2" variant (Effingen 
Member) 

 
Listing of part of the Phreeqc output file giving a full description of the solution, aqueous 
speciation and mineral saturation indices. Select values are given in Table 9-1. 

 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   6.803      Charge balance 
                                       pe  =  -2.364      Adjusted to redox equilibrium 
                        Activity of water  =   0.982 
                           Ionic strength  =   6.780e-01 
                       Mass of water (kg)  =   1.000e+00 
                 Total alkalinity (eq/kg)  =   1.282e-03 
                       Total CO2 (mol/kg)  =   1.496e-03 
                      Temperature (deg C)  =  25.000 
                  Electrical balance (eq)  =  -4.284e-09 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =   9 
                                  Total H  = 1.110197e+02 
                                  Total O  = 5.555983e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                                   Log       Log         Log  
   Species                 Molality    Activity  Molality  Activity     Gamma 
 
   H+                     2.104e-07   1.572e-07    -6.677    -6.803    -0.126 
   OH-                    8.365e-08   6.253e-08    -7.078    -7.204    -0.126 
   H2O                    5.551e+01   9.821e-01     1.744    -0.008     0.000 
C(-4)            2.228e-18 
   CH4                    2.228e-18   2.228e-18   -17.652   -17.652     0.000 
C(4)             1.496e-03 
   HCO3-                  8.359e-04   6.249e-04    -3.078    -3.204    -0.126 
   CO2                    2.250e-04   2.250e-04    -3.648    -3.648     0.000 
   CaHCO3+                1.895e-04   1.417e-04    -3.722    -3.849    -0.126 
   MgHCO3+                1.289e-04   9.633e-05    -3.890    -4.016    -0.126 
   NaHCO3                 9.775e-05   9.775e-05    -4.010    -4.010     0.000 
   FeHCO3+                5.778e-06   4.319e-06    -5.238    -5.365    -0.126 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   SrHCO3+                3.055e-06   2.284e-06    -5.515    -5.641    -0.126 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   NaCO3-                 1.291e-06   9.650e-07    -5.889    -6.015    -0.126 
   CO3-2                  5.969e-07   1.863e-07    -6.224    -6.730    -0.506 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   SrCO3                  2.843e-08   2.843e-08    -7.546    -7.546     0.000 
Ca               6.059e-02 
   Ca+2                   5.693e-02   1.777e-02    -1.245    -1.750    -0.506 
   CaSO4                  3.464e-03   3.464e-03    -2.460    -2.460     0.000 
   CaHCO3+                1.895e-04   1.417e-04    -3.722    -3.849    -0.126 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   CaSiO(OH)3+            6.426e-08   4.803e-08    -7.192    -7.318    -0.126 
   CaOH+                  2.465e-08   1.842e-08    -7.608    -7.735    -0.126 
   CaSiO2(OH)2            3.589e-11   3.589e-11   -10.445   -10.445     0.000 
Cl               5.659e-01 
   Cl-                    5.658e-01   4.229e-01    -0.247    -0.374    -0.126 
   FeCl+                  5.399e-05   4.035e-05    -4.268    -4.394    -0.126 
   FeCl+2                 1.169e-18   3.648e-19   -17.932   -18.438    -0.506 
   FeCl2+                 9.221e-19   6.893e-19   -18.035   -18.162    -0.126 
   FeCl3                  2.915e-20   2.915e-20   -19.535   -19.535     0.000 
Fe(2)            2.937e-04 
   Fe+2                   2.214e-04   6.912e-05    -3.655    -4.160    -0.506 
   FeCl+                  5.399e-05   4.035e-05    -4.268    -4.394    -0.126 
   FeSO4                  1.201e-05   1.201e-05    -4.921    -4.921     0.000 
   FeHCO3+                5.778e-06   4.319e-06    -5.238    -5.365    -0.126 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   FeOH+                  1.826e-07   1.365e-07    -6.738    -6.865    -0.126 
   FeHSO4+                1.661e-11   1.242e-11   -10.780   -10.906    -0.126 
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Fe(3)            5.122e-12 
   Fe(OH)2+               3.187e-12   2.382e-12   -11.497   -11.623    -0.126 
   Fe(OH)3                1.917e-12   1.917e-12   -11.717   -11.717     0.000 
   Fe(OH)4-               1.461e-14   1.092e-14   -13.835   -13.962    -0.126 
   FeOH+2                 3.690e-15   1.152e-15   -14.433   -14.939    -0.506 
   FeSiO(OH)3+2           7.819e-17   2.441e-17   -16.107   -16.612    -0.506 
   FeCl+2                 1.169e-18   3.648e-19   -17.932   -18.438    -0.506 
   FeCl2+                 9.221e-19   6.893e-19   -18.035   -18.162    -0.126 
   FeSO4+                 4.093e-19   3.059e-19   -18.388   -18.514    -0.126 
   Fe+3                   3.921e-19   2.856e-20   -18.407   -19.544    -1.138 
   FeCl3                  2.915e-20   2.915e-20   -19.535   -19.535     0.000 
   Fe(SO4)2-              8.746e-21   6.538e-21   -20.058   -20.185    -0.126 
   FeHSO4+2               4.128e-25   1.289e-25   -24.384   -24.890    -0.506 
   Fe2(OH)2+4             3.759e-27   3.571e-29   -26.425   -28.447    -2.022 
   Fe3(OH)4+5             2.568e-35   1.777e-38   -34.590   -37.750    -3.160 
H(0)             2.071e-12 
   H2                     1.036e-12   1.036e-12   -11.985   -11.985     0.000 
K                1.988e-03 
   K+                     1.974e-03   1.476e-03    -2.705    -2.831    -0.126 
   KSO4-                  1.365e-05   1.020e-05    -4.865    -4.991    -0.126 
   KOH                    3.196e-11   3.196e-11   -10.495   -10.495     0.000 
Mg               4.535e-02 
   Mg+2                   4.221e-02   1.318e-02    -1.375    -1.880    -0.506 
   MgSO4                  3.017e-03   3.017e-03    -2.520    -2.520     0.000 
   MgHCO3+                1.289e-04   9.633e-05    -3.890    -4.016    -0.126 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   MgOH+                  3.997e-07   2.988e-07    -6.398    -6.525    -0.126 
   MgSiO(OH)3+            9.504e-08   7.104e-08    -7.022    -7.148    -0.126 
   MgSiO2(OH)2            3.349e-10   3.349e-10    -9.475    -9.475     0.000 
Na               3.741e-01 
   Na+                    3.721e-01   2.782e-01    -0.429    -0.556    -0.126 
   NaSO4-                 1.822e-03   1.362e-03    -2.739    -2.866    -0.126 
   NaHCO3                 9.775e-05   9.775e-05    -4.010    -4.010     0.000 
   NaCO3-                 1.291e-06   9.650e-07    -5.889    -6.015    -0.126 
   NaOH                   1.148e-08   1.148e-08    -7.940    -7.940     0.000 
O(0)             0.000e+00 
   O2                     0.000e+00   0.000e+00   -68.243   -68.243     0.000 
S(-2)            7.065e-12 
   H2S                    3.777e-12   3.777e-12   -11.423   -11.423     0.000 
   HS-                    3.288e-12   2.458e-12   -11.483   -11.609    -0.126 
   S-2                    5.007e-24   1.563e-24   -23.300   -23.806    -0.506 
S(2)             5.199e-17 
   S2O3-2                 2.599e-17   8.115e-18   -16.585   -17.091    -0.506 
S(4)             3.522e-15 
   HSO3-                  1.837e-15   1.373e-15   -14.736   -14.862    -0.126 
   SO3-2                  1.685e-15   5.260e-16   -14.773   -15.279    -0.506 
S(6)             1.150e-02 
   CaSO4                  3.464e-03   3.464e-03    -2.460    -2.460     0.000 
   SO4-2                  3.129e-03   9.768e-04    -2.505    -3.010    -0.506 
   MgSO4                  3.017e-03   3.017e-03    -2.520    -2.520     0.000 
   NaSO4-                 1.822e-03   1.362e-03    -2.739    -2.866    -0.126 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   KSO4-                  1.365e-05   1.020e-05    -4.865    -4.991    -0.126 
   FeSO4                  1.201e-05   1.201e-05    -4.921    -4.921     0.000 
   HSO4-                  1.998e-08   1.493e-08    -7.699    -7.826    -0.126 
   FeHSO4+                1.661e-11   1.242e-11   -10.780   -10.906    -0.126 
   FeSO4+                 4.093e-19   3.059e-19   -18.388   -18.514    -0.126 
   Fe(SO4)2-              8.746e-21   6.538e-21   -20.058   -20.185    -0.126 
   FeHSO4+2               4.128e-25   1.289e-25   -24.384   -24.890    -0.506 
Si               1.735e-04 
   Si(OH)4                1.731e-04   1.731e-04    -3.762    -3.762     0.000 
   SiO(OH)3-              2.281e-07   1.705e-07    -6.642    -6.768    -0.126 
   MgSiO(OH)3+            9.504e-08   7.104e-08    -7.022    -7.148    -0.126 
   CaSiO(OH)3+            6.426e-08   4.803e-08    -7.192    -7.318    -0.126 
   MgSiO2(OH)2            3.349e-10   3.349e-10    -9.475    -9.475     0.000 
   CaSiO2(OH)2            3.589e-11   3.589e-11   -10.445   -10.445     0.000 
   SiO2(OH)2-2            1.625e-13   5.072e-14   -12.789   -13.295    -0.506 
   FeSiO(OH)3+2           7.819e-17   2.441e-17   -16.107   -16.612    -0.506 
Sr               8.140e-04 
   Sr+2                   7.654e-04   2.389e-04    -3.116    -3.622    -0.506 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   SrHCO3+                3.055e-06   2.284e-06    -5.515    -5.641    -0.126 
   SrCO3                  2.843e-08   2.843e-08    -7.546    -7.546     0.000 
   SrOH+                  1.024e-10   7.654e-11    -9.990   -10.116    -0.126 
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------------------------------Saturation indices------------------------------- 
 
 Phase               SI log IAP  log KT 
 
 Anhydrite        -0.40   -4.76   -4.36  CaSO4 
 Aragonite        -0.14    1.85    1.99  CaCO3 
 Brucite          -5.13   11.71   16.84  Mg(OH)2 
 Calcite           0.00    1.85    1.85  CaCO3 
 Celestite         0.00   -6.63   -6.63  SrSO4 
 CH4(g)          -14.80  -17.65   -2.86  CH4 
 CO2(g)           -2.18  -10.00   -7.82  CO2 
 Dolomite(dis)    -0.55    3.57    4.12  CaMg(CO3)2 
 Dolomite(ord)     0.00    3.57    3.57  CaMg(CO3)2 
 Fe(cr)          -13.26    0.57   13.82  Fe 
 Fe(OH)3(am)      -4.16    0.84    5.00  Fe(OH)3 
 Fe(OH)3(mic)     -2.16    0.84    3.00  Fe(OH)3 
 FeCO3(pr)        -0.44   -0.56   -0.12  FeCO3 
 Goethite          1.85    0.85   -1.00  FeOOH 
 Graphite         -5.92  -27.74  -21.82  C 
 Gypsum           -0.20   -4.78   -4.58  CaSO4:2H2O 
 H2(g)            -8.88  -11.98   -3.11  H2 
 H2S(g)          -10.40  -18.41   -8.01  H2S 
 Hematite          0.59    1.71    1.12  Fe2O3 
 Magnesite        -0.32    1.72    2.04  MgCO3 
 Magnetite         1.13   11.15   10.02  Fe3O4 
 Melanterite      -5.02   -7.23   -2.21  FeSO4:7H2O 
 O2(g)           -65.35  -68.24   -2.89  O2 
 Portlandite     -10.96   11.84   22.80  Ca(OH)2 
 Pyrite            0.00  -18.50  -18.50  FeS2 
 Quartz           -0.00   -3.75   -3.75  SiO2 
 S(rhomb)         -7.39   -9.53   -2.14  S 
 Siderite         -0.00   -0.56   -0.56  FeCO3 
 SiO2(am)         -1.03   -3.75   -2.71  SiO2 
 Strontianite     -1.08   -0.02    1.06  SrCO3 
 Troilite         -3.66   -8.97   -5.31  FeS 
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18 Appendix 6: "High-salinity-high-SO4" variant (Effingen 
Member) 

 
Listing of part of the Phreeqc output file giving a full description of the solution, aqueous 
speciation and mineral saturation indices. Select values are given in Table 9-1. 

 
----------------------------Description of solution---------------------------- 
 
                                       pH  =   6.906      Charge balance 
                                       pe  =  -2.422      Adjusted to redox equilibrium 
                        Activity of water  =   0.968 
                           Ionic strength  =   1.011e+00 
                       Mass of water (kg)  =   5.129e-01 
                 Total alkalinity (eq/kg)  =   2.114e-03 
                       Total CO2 (mol/kg)  =   2.418e-03 
                      Temperature (deg C)  =  25.000 
                  Electrical balance (eq)  =  -1.487e-12 
 Percent error, 100*(Cat-|An|)/(Cat+|An|)  =  -0.00 
                               Iterations  =  13 
                                  Total H  = 5.694258e+01 
                                  Total O  = 2.854713e+01 
 
----------------------------Distribution of species---------------------------- 
 
                                                   Log       Log         Log  
   Species                 Molality    Activity  Molality  Activity     Gamma 
 
   H+                     1.568e-07   1.243e-07    -6.805    -6.906    -0.101 
   OH-                    9.834e-08   7.796e-08    -7.007    -7.108    -0.101 
   H2O                    5.551e+01   9.677e-01     1.744    -0.014     0.000 
C(-4)            1.455e-18 
   CH4                    1.455e-18   1.455e-18   -17.837   -17.837     0.000 
C(4)             2.418e-03 
   HCO3-                  1.398e-03   1.108e-03    -2.855    -2.955    -0.101 
   NaHCO3                 4.407e-04   4.407e-04    -3.356    -3.356     0.000 
   CO2                    3.200e-04   3.200e-04    -3.495    -3.495     0.000 
   CaHCO3+                1.412e-04   1.120e-04    -3.850    -3.951    -0.101 
   MgHCO3+                9.605e-05   7.614e-05    -4.018    -4.118    -0.101 
   NaCO3-                 6.945e-06   5.505e-06    -5.158    -5.259    -0.101 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   FeHCO3+                4.306e-06   3.413e-06    -5.366    -5.467    -0.101 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   SrHCO3+                1.410e-06   1.118e-06    -5.851    -5.952    -0.101 
   CO3-2                  1.059e-06   4.181e-07    -5.975    -6.379    -0.404 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   SrCO3                  1.761e-08   1.761e-08    -7.754    -7.754     0.000 
Ca               2.580e-02 
   Ca+2                   2.006e-02   7.922e-03    -1.698    -2.101    -0.404 
   CaSO4                  5.593e-03   5.593e-03    -2.252    -2.252     0.000 
   CaHCO3+                1.412e-04   1.120e-04    -3.850    -3.951    -0.101 
   CaCO3                  5.549e-06   5.549e-06    -5.256    -5.256     0.000 
   CaSiO(OH)3+            3.318e-08   2.630e-08    -7.479    -7.580    -0.101 
   CaOH+                  1.291e-08   1.024e-08    -7.889    -7.990    -0.101 
   CaSiO2(OH)2            2.486e-11   2.486e-11   -10.604   -10.604     0.000 
Cl               9.315e-01 
   Cl-                    9.315e-01   7.384e-01    -0.031    -0.132    -0.101 
   FeCl+                  3.961e-05   3.140e-05    -4.402    -4.503    -0.101 
   FeCl2+                 1.033e-18   8.187e-19   -17.986   -18.087    -0.101 
   FeCl+2                 6.286e-19   2.482e-19   -18.202   -18.605    -0.404 
   FeCl3                  6.045e-20   6.045e-20   -19.219   -19.219     0.000 
Fe(2)            1.417e-04 
   Fe+2                   7.802e-05   3.081e-05    -4.108    -4.511    -0.404 
   FeCl+                  3.961e-05   3.140e-05    -4.402    -4.503    -0.101 
   FeSO4                  1.938e-05   1.938e-05    -4.713    -4.713     0.000 
   FeHCO3+                4.306e-06   3.413e-06    -5.366    -5.467    -0.101 
   FeCO3                  3.089e-07   3.089e-07    -6.510    -6.510     0.000 
   FeOH+                  9.569e-08   7.586e-08    -7.019    -7.120    -0.101 
   FeHSO4+                1.999e-11   1.584e-11   -10.699   -10.800    -0.101 
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Fe(3)            3.282e-12 
   Fe(OH)2+               1.820e-12   1.443e-12   -11.740   -11.841    -0.101 
   Fe(OH)3                1.447e-12   1.447e-12   -11.839   -11.839     0.000 
   Fe(OH)4-               1.297e-14   1.028e-14   -13.887   -13.988    -0.101 
   FeOH+2                 1.417e-15   5.596e-16   -14.849   -15.252    -0.404 
   FeSiO(OH)3+2           2.959e-17   1.169e-17   -16.529   -16.932    -0.404 
   FeCl2+                 1.033e-18   8.187e-19   -17.986   -18.087    -0.101 
   FeCl+2                 6.286e-19   2.482e-19   -18.202   -18.605    -0.404 
   FeSO4+                 5.448e-19   4.318e-19   -18.264   -18.365    -0.101 
   Fe+3                   9.006e-20   1.113e-20   -19.045   -19.953    -0.908 
   FeCl3                  6.045e-20   6.045e-20   -19.219   -19.219     0.000 
   Fe(SO4)2-              4.217e-20   3.343e-20   -19.375   -19.476    -0.101 
   FeHSO4+2               3.641e-25   1.438e-25   -24.439   -24.842    -0.404 
   Fe2(OH)2+4             3.467e-28   8.429e-30   -27.460   -29.074    -1.614 
   Fe3(OH)4+5             8.457e-37   2.541e-39   -36.073   -38.595    -2.522 
H(0)             1.692e-12 
   H2                     8.462e-13   8.462e-13   -12.073   -12.073     0.000 
K                3.895e-03 
   K+                     3.799e-03   3.012e-03    -2.420    -2.521    -0.101 
   KSO4-                  9.517e-05   7.544e-05    -4.022    -4.122    -0.101 
   KOH                    8.132e-11   8.132e-11   -10.090   -10.090     0.000 
Mg               1.984e-02 
   Mg+2                   1.487e-02   5.873e-03    -1.828    -2.231    -0.404 
   MgSO4                  4.871e-03   4.871e-03    -2.312    -2.312     0.000 
   MgHCO3+                9.605e-05   7.614e-05    -4.018    -4.118    -0.101 
   MgCO3                  2.343e-06   2.343e-06    -5.630    -5.630     0.000 
   MgOH+                  2.095e-07   1.660e-07    -6.679    -6.780    -0.101 
   MgSiO(OH)3+            4.907e-08   3.890e-08    -7.309    -7.410    -0.101 
   MgSiO2(OH)2            2.320e-10   2.320e-10    -9.634    -9.634     0.000 
Na               9.086e-01 
   Na+                    8.923e-01   7.073e-01    -0.049    -0.150    -0.101 
   NaSO4-                 1.582e-02   1.254e-02    -1.801    -1.902    -0.101 
   NaHCO3                 4.407e-04   4.407e-04    -3.356    -3.356     0.000 
   NaCO3-                 6.945e-06   5.505e-06    -5.158    -5.259    -0.101 
   NaOH                   3.639e-08   3.639e-08    -7.439    -7.439     0.000 
O(0)             0.000e+00 
   O2                     0.000e+00   0.000e+00   -68.081   -68.081     0.000 
S(-2)            8.240e-12 
   HS-                    4.198e-12   3.328e-12   -11.377   -11.478    -0.101 
   H2S                    4.042e-12   4.042e-12   -11.393   -11.393     0.000 
   S-2                    6.781e-24   2.678e-24   -23.169   -23.572    -0.404 
S(2)             1.617e-16 
   S2O3-2                 8.084e-17   3.192e-17   -16.092   -16.496    -0.404 
S(4)             8.114e-15 
   HSO3-                  4.112e-15   3.260e-15   -14.386   -14.487    -0.101 
   SO3-2                  4.001e-15   1.580e-15   -14.398   -14.801    -0.404 
S(6)             3.541e-02 
   NaSO4-                 1.582e-02   1.254e-02    -1.801    -1.902    -0.101 
   SO4-2                  8.960e-03   3.538e-03    -2.048    -2.451    -0.404 
   CaSO4                  5.593e-03   5.593e-03    -2.252    -2.252     0.000 
   MgSO4                  4.871e-03   4.871e-03    -2.312    -2.312     0.000 
   KSO4-                  9.517e-05   7.544e-05    -4.022    -4.122    -0.101 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   FeSO4                  1.938e-05   1.938e-05    -4.713    -4.713     0.000 
   HSO4-                  5.393e-08   4.275e-08    -7.268    -7.369    -0.101 
   FeHSO4+                1.999e-11   1.584e-11   -10.699   -10.800    -0.101 
   FeSO4+                 5.448e-19   4.318e-19   -18.264   -18.365    -0.101 
   Fe(SO4)2-              4.217e-20   3.343e-20   -19.375   -19.476    -0.101 
   FeHSO4+2               3.641e-25   1.438e-25   -24.439   -24.842    -0.404 
Si               1.684e-04 
   Si(OH)4                1.681e-04   1.681e-04    -3.775    -3.775     0.000 
   SiO(OH)3-              2.642e-07   2.094e-07    -6.578    -6.679    -0.101 
   MgSiO(OH)3+            4.907e-08   3.890e-08    -7.309    -7.410    -0.101 
   CaSiO(OH)3+            3.318e-08   2.630e-08    -7.479    -7.580    -0.101 
   MgSiO2(OH)2            2.320e-10   2.320e-10    -9.634    -9.634     0.000 
   CaSiO2(OH)2            2.486e-11   2.486e-11   -10.604   -10.604     0.000 
   SiO2(OH)2-2            1.996e-13   7.883e-14   -12.700   -13.103    -0.404 
   FeSiO(OH)3+2           2.959e-17   1.169e-17   -16.529   -16.932    -0.404 
Sr               2.140e-04 
   Sr+2                   1.671e-04   6.597e-05    -3.777    -4.181    -0.404 
   SrSO4                  4.551e-05   4.551e-05    -4.342    -4.342     0.000 
   SrHCO3+                1.410e-06   1.118e-06    -5.851    -5.952    -0.101 
   SrCO3                  1.761e-08   1.761e-08    -7.754    -7.754     0.000 
   SrOH+                  3.323e-11   2.634e-11   -10.478   -10.579    -0.101 
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------------------------------Saturation indices------------------------------- 
 
 Phase               SI log IAP  log KT 
 
 Anhydrite        -0.19   -4.55   -4.36  CaSO4 
 Aragonite        -0.14    1.85    1.99  CaCO3 
 Brucite          -5.29   11.55   16.84  Mg(OH)2 
 Calcite           0.00    1.85    1.85  CaCO3 
 Celestite        -0.00   -6.63   -6.63  SrSO4 
 CH4(g)          -14.98  -17.84   -2.86  CH4 
 CO2(g)           -2.03   -9.85   -7.82  CO2 
 Dolomite(dis)    -0.55    3.57    4.12  CaMg(CO3)2 
 Dolomite(ord)     0.00    3.57    3.57  CaMg(CO3)2 
 Fe(cr)          -13.49    0.33   13.82  Fe 
 Fe(OH)3(am)      -4.28    0.72    5.00  Fe(OH)3 
 Fe(OH)3(mic)     -2.28    0.72    3.00  Fe(OH)3 
 FeCO3(pr)        -0.44   -0.56   -0.12  FeCO3 
 Goethite          1.73    0.73   -1.00  FeOOH 
 Graphite         -5.93  -27.75  -21.82  C 
 Gypsum            0.00   -4.58   -4.58  CaSO4:2H2O 
 H2(g)            -8.97  -12.07   -3.11  H2 
 H2S(g)          -10.37  -18.38   -8.01  H2S 
 Hematite          0.36    1.48    1.12  Fe2O3 
 Magnesite        -0.32    1.72    2.04  MgCO3 
 Magnetite         0.75   10.77   10.02  Fe3O4 
 Melanterite      -4.85   -7.06   -2.21  FeSO4:7H2O 
 O2(g)           -65.19  -68.08   -2.89  O2 
 Portlandite     -11.12   11.68   22.80  Ca(OH)2 
 Pyrite           -0.00  -18.50  -18.50  FeS2 
 Quartz           -0.00   -3.75   -3.75  SiO2 
 S(rhomb)         -7.27   -9.42   -2.14  S 
 Siderite         -0.00   -0.56   -0.56  FeCO3 
 SiO2(am)         -1.03   -3.75   -2.71  SiO2 
 Strontianite     -1.29   -0.23    1.06  SrCO3 
 Troilite         -3.77   -9.08   -5.31  FeS 
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