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level are affected by various sources in the host rock, the backfill and the buffer. Hydrogen sulphide is effectively 
immobilised by Fe to form insoluble iron sulphide minerals. Thus, dissolved sulphide levels in reducing environment and 
also in Olkiluoto groundwaters are generally low. In zones favourable for sulphate reducing bacteria (SRB), however, 
temporarily more elevated sulphide concentrations are possible. The sulphate reduction and subsequent iron sulphide 
precipitation process depends on geochemical conditions, microbial activity and mass transfer of the reactants and is thus 
highly system-specific. 

The overall objective of the work presented in this report is to provide a thorough background for the sulphide 
concentrations and sulphide fluxes in the near field and the far field used in the performance assessment 2012. 

The knowledge of the system-dependent processes affecting sulphide fluxes is incomplete and therefore we have 
adopted a simplified bounding analysis for the different subsystems host rock, backfill and buffer. The aim is to constrain 
sulphide fluxes from the groundwater and backfill porewater to the buffer and canister in the deposition hole. A further 
goal is to estimate sulphide fluxes potentially generated by the sulphate inventories in the buffer and backfill. 

Sulphide concentrations in Olkiluoto groundwaters are evaluated within the geochemical and hydrological framework 
from extensive hydrogeochemical data. Sulphide concentrations are low, in the range of <0.01-0.6 mg/L and controlled by 
insoluble FeS (mackinawite) or pyrite. In a few samples originating from a depth of 300 m, higher sulphide concentrations 
up to several mg/L have been measured, which however are also constrained by FeS. Monitoring data indicates a 
relatively rapid decrease of the abnormally high sulphide concentrations which are interpreted as artificially-induced 
mixing of waters in the drillhole leading to enhanced SRB activity.  

A simplified coupled hydro-chemical model based on thermodynamic equilibrium is applied for estimating the 
sulphide concentrations at repository level during the operational, temperate and glacial period. The results support 
qualitative indications that sulphide levels will be low, constrained by iron sulphide also in the near and far future. Due to 
the neglecting of microbially-induced reactions, this model does not account for potential short-term transient conditions. 

Overall, the combined data from site (fracture minerals, isotopes, groundwaters) and hydrogeochemical modelling 
suggest that sulphide levels in the host rock at the repository level will be thermodynamically controlled by iron sulphides 
also in future and levels remain within reasonable bounds (i.e. well below 1mg/L). 

The sulphate inventory in the backfill material is a potential sulphide source which has been considered by a 
pessimistic scenario with a low density SRB active border area at the deposition tunnel wall. Applying a step-wise 
analysis, the importance of iron sulphide precipitation in constraining sulphide levels below 0.5 mg/L is shown. Reactive 
transport modelling results support findings from thermodynamic, mass balance and natural analogue considerations. In 
particular, they indicate the availability of Fe to bind sulphide in the backfill system. They also highlight the sensitivity of 
the sulphide fluxes to hydraulic conditions and to the reactivity of the organic carbon. 

Sulphide fluxes generated in the buffer are small because of the small sulphur inventory and the restriction of 
microbial activity in this high-density material. 

Overall, the analysis indicates that, irrespective of the sulphur source, sulphide concentrations will be constrained by 
iron sulphide equilibrium to concentrations well below 2 mg/L at the repository level. There is uncertainty concerning the 
possibility of transient temporarily limited conditions with somewhat higher sulphide levels resulting from limited iron 
availability, in particular the host rock. The duration of such conditions are however expected to be short.  
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Sulfidi voi aiheuttaa kuparikanisterin korroosiota KBS-3 loppusijoituskonseptissa. Loppusijoitustason sulfidivirtoihin 
vaikuttavat kallioperän, loppusijoitustunnelin täytön ja puskurin eri lähteet. Rauta estää tehokkaasti vetysulfidin 
liikkumisen muodostamalla liukenemattomia rautasulfidimineraaleja. Täten liuenneen sulfidin pitoisuudet pelkistävissä 
olosuhteissa kuten myös Olkiluodon pohjavedessä on yleensä alhainen. Ohimenevästi voi esiintyä korkeampia 
sulfidipitoisuuksia vyöhykkeissä, joissa on suotuisat olosuhteet sulfaattia pelkistäville bakteereille (SRB). Sulfaatin 
pelkistys ja rautasulfidien saostuminen riippuvat geokemiallisista olosuhteista, mikrobien aktiivisuudesta sekä reagoivien 
aineiden massavirrasta ja on näin ollen hyvin systeemiriippuvainen. 

Tämän työn tavoitteena on esittää toimintakykyanalyysissä käytettyjen sulfidivirtojen ja pitoisuuksien perustelut. 
Sulfidivirtoihin vaikuttavien systeemiriippuvaisten prosessien tietämys on puutteellinen. Tästä johtuen osasysteemit 

kallioperä, loppusijoitustunnelin täyttö ja puskuri on analysoitu yksinkertaistetulla rajaavalla analyysillä. Tavoitteena on 
ollut määritellä pohjaveden ja täyteaineen huokosveden sulfidivirrat loppusijoitusreiän puskuriin ja kanisteriin. Lisäksi 
tavoitteena on ollut arvioida täytön ja puskurin sulfaatista syntyvät sulfidivirrat. 

Olkiluodon pohjaveden sulfidipitoisuudet on arvioitu saatavilla olevan laajan hydrogeokemian aineiston avulla 
kallioperän geokemiallisten ja hydrologisten olosuhteiden määräämissä puitteissa. Sulfidipitoisuudet ovat alhaiset, < 0.01-
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FOREWORD 

TURVA-2012 is Posiva’s safety case in support of the Preliminary Safety Analysis 
Report (PSAR) and application for a construction licence for a repository for disposal of 
spent nuclear fuel at the Olkiluoto site in south-western Finland. This report is one main 
background document for the Performance Assessment for TURVA-2012. 

The report was reviewed at different stages by Annika Hagros (Saanio & Riekkola Oy). 

The final report review was carried out by Ignasi Puigdomenech (SKB, Sweden) and 
Eva-Lena Tullborg (Terralogica AB, Sweden). Their comments on the report are 
appreciated. 
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1 INTRODUCTION / BACKGROUND 

The disposal of spent nuclear fuel from Loviisa and Olkiluoto reactors shall take place 
in a geological repository at the Olkiluoto site, developed according to the KBS-3 
method. In the KBS-3 method, spent nuclear fuel encapsulated in water-tight and gas-
tight sealed metallic canisters with a mechanical load-bearing insert is emplaced deep 
underground in a geological repository constructed in the bedrock. The KBS-3V design 
is the reference design which is based on a multi-barrier principle in which copper-iron 
canisters containing spent nuclear fuel are emplaced vertically in individual deposition 
holes bored in the floors of the deposition tunnels. The canisters are to be surrounded by 
a swelling clay buffer material that separates them from the bedrock. Therein, the 
copper canister, a central safety barrier, is designed to contain the radionuclides as long 
as they could cause significant harm to the environment (Posiva 2013a, Design Basis 
Report). Copper metal is a chemically inert and stable material under anoxic conditions. 
These are thought to prevail once oxygen from residual air in the repository is depleted 
by microbial and inorganic redox processes (Posiva 2013b, Site Report). 

It has been shown that in the repository system the most relevant chemical corrodant 
under anoxic conditions is sulphide (King et al. 2001, 2012). Sulphide may react with 
the Cu surface producing an insoluble Cu sulphide layer: 

2Cu + HS- + H2O  Cu2S + H2 + OH- Equation 1-1 

Under the redox and chemical conditions in the repository, Cu2S is the 
thermodynamically stable form, as visualised in the Pourbaix diagram (Figure 1-1) 
(King & Wersin 2013). 
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Figure 1-1. Pourbaix diagram for the Cu-O-S-Cl-CO2 system calculated for, Cl =0.1 
M, CO3tot = 1 mM, SO4tot = 0.001 mM and Cu = 0.001 mM at 25 C with data from 
Puigdomenech & Taxén (2000), Figure from King & Wersin (2013). 

 

There are various sources of sulphides, both in the near-field and the geosphere (Figure 
1-2). Sulphide levels in Olkiluoto groundwaters are generally rather low, in the range of 
<0.01-0.1 mg/L. Locally increased concentrations may occur (up to several mg/L) in 
zones where microbial activity is high and high rates of sulphate reduction occur, as 
detailed in Chapter 2. Sulphide is also released from iron sulphides, occurring mainly as 
fracuture minerals in the form of pyrite, but the concentrations thereof are very low and 
not of concern. 

The bentonite buffer contains traces of sulphide, predominantly in the form of pyrite, 
which may be present in MX-80 and Milos bentonites (0.3 to 0.8 % according to 
Kiviranta & Kumpulainen 2011). This accessory mineral is very insoluble, hence only 
very low concentrations thereof are released to the porewater. There is also a sulphate 
inventory in MX-80 and Milos bentonites, mainly in the form of gypsum (0.4 and 
1.2 %, respectively according to Kiviranta & Kumpulainen 2011; Kumpulainen & 
Kiviranta 2010, Erratum 2013). Due to the high solubility of gypsum, sulphate is readily 
released and may diffuse into the rock. During this transport, no or only negligible 
sulphate reduction will occur because microbial activity in the compacted bentonite 
buffer is highly restricted. However, under favourable conditions in the rock close to the 
buffer/rock interface (e.g. EDZ with sufficient space and organic carbon availability) 
sulphate may be microbially reduced to sulphide and subsequently diffuse back into the 
buffer. Thus, the sulphate inventory in the buffer also needs to be considered as 
potential source for sulphide.  
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In the case of the backfill, which is made of compacted Friedland blocks and 
surrounding bentonite granules and pellets according to Posiva’s current design (Posiva 
2012a), similar sulphur-bearing processes as for the buffer are expected. However, the 
sulphate inventory in the backfill is much larger compared to that of the buffer, because 
of the much larger backfill mass per canister unit. Moreover, Friedland Clay contains 
higher amounts of organic carbon than the bentonite materials, which is a potential 
source for biodegradation processes. These are not expected to occur in the highly 
compacted Friedland blocks, but in the border area containing rather loosely filled 
pelletised bentonite material and mechanically disturbed rock material (EDZ) microbial 
processes cannot be ruled out. Of particular concern is the area overlying the deposition 
hole which is closest to the canister surface. 

 

 

Figure 1-2. Sketch of canister-buffer-backfill unit surrounded host rock showing the 
main potential sources of sulphide in the different compartments (not to scale). 
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Additional potential sources of sulphate in the near-field are the cementitious materials 
such as rock bolt grouts used in the deposition tunnel and the grouting of rock and end 
plug at the entrance of the deposition tunnel. All these introduce sources of sulphate 
which may eventually be reduced to sulphide. 

Not all of the generated sulphide in the near field and obviously even less of it in the 
geosphere will reach the canister. Hydrogen sulphide is a highly reactive compound and 
can be immobilised by chemical reactions. A key process in this regard is the reaction 
with iron leading to the precipitation of pyrite and/or of other iron sulphides, as 
evidenced in a wide range of natural systems and also at Olkiluoto. From a 
thermodynamic viewpoint, pyrite equilibrium will constrain concentrations of HS- and 
H2S to very low levels (<10-9 M) as shown in subsequent chapters. Such low 
concentrations are not of concern for canister corrosion, as has been shown in PA 
calculations (Posiva 2013c, Performance Assesment Report). However, thermodynamic 
equilibrium cannot be a priori assumed, even though this assumption may be reasonable 
when regarding very long time scales. 

In fact, the fate of sulphide in both the geosphere and in the near-field is accompanied 
by complex biogeochemical kinetically-driven processes and is affected by mass 
transfer constraints. Microbial sulphate reduction requires an electron donor, such as 
reactive organic carbon from the rock or the near field materials, 

SO4
2- + 2CH2O + H+  HS- + 2CO2 + 2H2O Equation 1-2 

where CH2O is a proxy for reactive and dissolvable organic carbon. Other potential 
electron donors for the microbial sulphate reduction reaction are methane, higher 
alkanes and hydrogen. The rates are highly system-specific and may differ by orders of 
magnitude (e.g. Raiswell & Canfield 2012), depending on the concentration and 
reactivity of the organic source, the geochemical conditions (e.g. pH) and the mass 
transfer (i.e. hydraulic constraints) of the reactants. 

Precipitation of iron sulphides will attenuate HS- concentrations: 

Fe2+ + HS-  FeS +H+ Equation 1-3 

It is often observed that meatastable poorly crystalline FeS precipitates (e.g. 
microcrystalline mackinawite) first, which is subsequently transformed to more 
insoluble compounds, such as pyrite: 

FeS + S0  FeS2 Equation 1-4 

FeS + H2S  FeS2 + H2 Equation 1-5  

where reactions Equation 1-6 refers to the polysulphide and Equation 1-7 to the 
hydrogen sulphide pathways, respectively (Rickard & Luther 2007). 

The precipitation reaction of iron sulphide is also highly system-specific and depends on 
geochemical conditions (e.g. pH), microbial activity (Canfield et al. 1998) and mass 
transfer of the reactants. In particular, the availability of dissolved Fe (Raiswell & 
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Canfield 2012) which is derived from the dissolution of Fe-bearing minerals (e.g. Fe 
oxyhydroxides, siderite, chlorite, biotite) may play an important role in reaction rates 
and resulting sulphide concentrations. 

A summary sketch of the pathway for sulphide with the most important “ingredients” is 
shown in Figure 1-3. This general scheme applies to both the rock and the near-field 
environment. 

This complex interplay of microbial, chemical and hydraulic processes affects the fluxes 
and concentrations of sulphide ultimately diffusing through the buffer and reaching the 
canister surface. The accurate prediction of these processes in the geosphere and near 
field is not possible because of uncertainties involved both in process understanding and 
process quantification. Therefore, the aim here is rather to conduct a bounding analysis 
on the different subsystems host rock, backfill and buffer in order to constrain sulphide 
concentrations at repository levels in the groundwaters and backfill porewaters 
contacting the deposition hole. Furthermore, sulphide fluxes potentially generated by 
the sulphate inventories in the buffer and backfill are estimated.  

The groundwater system at Olkiluoto will be influenced by the repository during the 
excavation/operation and later by climatic changes, in particularly by glaciation effects. 
The hydraulic evolution will affect groundwater chemistry and consequently dissolved 
sulphide concentrations. This is addressed by considering the hydrogeochemical and 
microbial processes at Olkiluoto that have been extensively investigated for the last 20 
years (Posiva 2013b, Site Report). The objective is to put the measured sulphide levels 
in the groundwaters into a site-specific biogeochemical framework. From the 
geochemical baseline conditions and the predicted hydrological evolution (Löfman & 
Karvonen 2012), a simplified hydrogeochemical model has been recently put forward 
  

 

Figure 1-3. Schematic illustration of “ingredients” involved in sulphate reduction and 
sulphide generation, highlighting the central role of sulphate reducing bacteria (SRB) 
and iron sulphide precipitation. The generalities of the process are expected to be 
similar in the geosphere and the near- field. 
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(Trinchero et al. 2013) to simulate the geochemical evolution of the Olkiluoto 
groundwater in time. This model has been adapted for the purpose of this work to 
simulate also the evolution of sulphide based on equilibrium with iron sulphides.  

The overall objective of the work presented in this report is to provide a thorough 
background for the sulphide concentrations and sulphide fluxes in the near field used in 
the performance assessessment 2012 (Posiva 2013c). This is done by presenting site-
specific data and assessing the hydraulic and geochemical processes which affect the 
sulphide fluxes in the geosphere, backfill and buffer.  

The report is organised as follows: In Chapter 2, the main geochemical and microbial 
processes acting in the groundwater system at Olkiluoto and affecting the sulphur cycle 
are described. Based on this information measured concentrations of iron and sulphide 
in the groundwater are presented and discussed. In Chapter 3, the hydrogeochemical 
modelling on the evolution of sulphide concentrations in the geosphere over time is 
presented. As stated above, the model is based on a hydrogeochemical flow-tube type 
model (Trinchero et al. 2013) coupled with a simple thermodynamic model for reactions 
affecting sulphide. Chapter 4 dwells on the production of sulphide in the backfill and 
corresponding expected porewater concentration. The problem is tackled with different 
model approaches, including chemical equilibrium considerations, simple mass 
transport calculations, as well as a preliminary reactive transport modelling study which 
includes realistic hydraulic boundary conditions and mineral reaction and 
biodegradation kinetics. The potential production of sulphide from the sulphate in the 
buffer is assessed in Chapter 5. This is done by mass balance considerations and simple 
geochemical calculations. Finally, in Chapter 6, the results are summarised and derived 
sulphide concentrations and fluxes are evaluated in terms of their relevance for canister 
corrosion. Remaining uncertainties are identified. 
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2 SULPHIDE IN THE OLKILUOTO GROUNDWATER SYSTEM 

2.1 Groundwater composition at Olkiluoto  

2.1.1 Water samples and databases 

Hydrogeochemical data on the chemical and isotopic compositions of groundwater 
samples form the basis for the hydrogeochemical model of Olkiluoto. The groundwater 
data include samples obtained from deep and shallow drillholes, from shallow 
overburden tubes and from the sea. Deep groundwaters have been sampled either from 
drillholes at the ground surface or in the ONKALO tunnel. The double packer technique 
with pressurised sampling equipment (PAVE) has been used to take samples from open 
deep drillholes. This also allows sampling of dissolved gases and microbes at in situ 
pressure. However, flow along open drillholes, caused either by natural hydraulic 
pressure gradients between transmissive fractures or by investigation activities, has 
resulted in disturbed hydrogeochemical conditions, especially in low pressure sampling 
sections during site investigations (Pitkänen et al. 2007a, Ahokas et al. 2013, Posiva 
2013b). The majority of deep drillholes has now been equipped with multi-packer 
systems, in order to stabilise flow conditions and to prevent flow along open drillholes 
between fractures and mixing in low pressure hydrogeological features. These drillholes 
have been sampled with a slim membrane pump from the packed-off sections (Öhberg 
2006). 

Pitkänen et al. (2007b) evaluated the quality of groundwater samples taken before the 
construction of the ONKALO started (June 2004). The evaluation of the data is based 
on analysing the observations of groundwater flow measurements at the sampling 
locations, together with observations during field work; and also the consistency of the 
chemical analysis results. An integrated and transparent evaluation method has been 
developed to classify samples according to their representativity and reliability. Samples 
are graded into four classes; quantitatively (class B1) and qualitatively (class B2) 
reliable samples representing natural, Baseline conditions, samples representing 
Temporary changes (class T), and clearly uncertain samples, excluded from 
interpretation (class E). Class T samples (referred to as monitoring samples later in this 
report) are either from sections sampled earlier (from the monitoring network) or have 
been evidently impacted by waters from near-surface portions of drillholes, due to the 
potential for considerable water flow along open drillholes. Class B2 samples may also 
include minor input of groundwaters from other levels. However, the salinity level is 
considered to be pretty reliable, but chemical reactions may have been activated, such as 
microbial reduction of SO4 due to mixing of groundwaters. The quality review of 
groundwater samples has since been extended and documented in annual monitoring 
reports of hydrogeochemistry (Posiva 2013b).  

2.1.2 Salinity 

It has been observed that changes in climate and the geological environment have had a 
significant effect on local palaeohydrogeological conditions, and have left clear imprints 
on the chemical and isotopic signatures of fracture groundwaters (Posiva 2013b, Site 
Report). As a consequence of these changes, the baseline groundwater compositions and 
the chemical data show a considerable variability with depth, notably in salinity, anion 
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compositions and the stable isotopic compositions of water, which indicate differences 
in the water sources infiltrating. 

The fracture groundwater salinity over the depth range 0-1000 m at Olkiluoto divides 
groundwater samples into three groups according to their total dissolved solids (TDS): 
fresh (TDS 1 g/L), brackish (1< TDS <10 g/L) and saline (10< TDS <100 g/L) (Davis 
1964). Fresh groundwater is found only at shallow depths, in the uppermost tens of 
metres (Figure 2-1 a). Brackish groundwater dominates at depths, varying from 30 m to 
400 m and saline groundwater below the depth of 400 m. Fresh and brackish 
groundwaters are further classified into three groups on the basis of characteristic anion 
contents (Figure 2-1 b,c,d), which also reflect the origin of salinity in each groundwater 
type. Chloride is normally the dominant anion in all bedrock groundwaters, but the 
near-surface groundwaters are also rich in dissolved carbonate (high DIC in 
Fresh/Brackish HCO3 type), the intermediate layer (100-300 m) is characterised by high 
SO4 concentrations (Brackish SO4-type) and the deepest layer solely by Cl (Brackish 
Cl-type), where SO4 is almost absent.  

In crystalline rocks high dissolved inorganic carbon (DIC) contents are typical of 
meteoric groundwaters which have infiltrated through organic soil layers (Banks and 
Frengstad 2006), whereas high SO4 contents indicate a marine origin in crystalline rocks 
without SO4 mineral phases. The DIC increases due to aerobic oxidation of organic 
matter releasing carbonic acid in infiltrating water which further dissolves silicates and 
calcite producing high carbonate contents in shallow groundwater. Stable isotopes of 
groundwater (2H and 18O) and tritium and radiocarbon results indicate that recent 
meteoric and Littorina Sea (8000 – 3000 years ago) water infiltration are the main 
sources for fresh/brackish HCO3 type and brackish SO4 type groundwaters (Posiva 
2013b; Section 7.3.3 – 7.3.4).  

Brackish Cl and saline type groundwaters dominate below 300 m depth. The highest 
salinity observed so far is 84 g/L in groundwater samples at 860 m depth, however, 
monitoring of electrical conductivity in drillhole water indicates over 100 g/L (brine, 
Davis 1964) salinity below 900 m depth (Posiva 2013b, Section 7.3, Ahokas et al. 
2013). Stable isotopes of groundwater and Br/Cl-ratios suggest completely different 
origin for water and salinity in these groundwater types compared to upper HCO3- and 
SO4-rich groundwaters. Helium gas contents and 36Cl/Cl ratio indicate extremely long, 
million year scale residence time for the deep groundwater system. It is considered that 
the host parent brine end-member is possibly an evaporitic residual fluid from the 
Palaeozoic period (Posiva 2013b; Section 7.3). 

Sodium and calcium are the dominant cations in all groundwaters and show similar 
trends to TDS and Cl (Figure 2-1 e, f). Potassium and magnesium (Figure 2-1 g, h) are 
enriched in SO4-rich groundwaters, supporting their similar major origin from sea water 
as for SO4 in the upper part of bedrock. All parameters in Figure 2-1 have pretty 
coherent trends with depth in brackish Cl-type and saline groundwaters whereas their 
contents in HCO3- and SO4-rich groundwater types show clear deviations from the deep 
trends and concentrations. Similarly, the data of Br/Cl, stable isotopes of water and 
gases show different trends between these groundwater type groups (Posiva 2013b; 
Chapter 7).  This demonstrates the  different  origin  of  the deep  brackish  Cl- type  and  
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Figure 2-1. (to be continued) a) TDS, b) Cl, c) DIC, d) SO4, e) Na, f) Ca, g) K and 
h) Mg concentrations as a function of depth at Olkiluoto. Note: logarithmic axis is used 
for TDS, Cl, Na and Ca whereas axis is linear for DIC, SO4, K and Mg. 
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Figure 2-1. (continued) a) TDS, b) Cl, c) DIC, d) SO4, e) Na, f) Ca, g) K and h) Mg 
concentrations as a function of depth at Olkiluoto. Note: logarithmic axis is used for 
TDS, Cl, Na and Ca whereas axis is linear for DIC, SO4, K and Mg. 
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saline groundwaters compared to shallower HCO3- and SO4-rich groundwater types, 
and that interaction between the deep and shallow aquifers is limited to a very narrow 
interface. Thus, above the interface, earlier groundwater types have been replaced by 
younger post glacial infiltrates, which has mainly caused the observed concentration 
changes at this interface, rather than chemical reactions with sinks and sources of 
elements. 

These data indicate that there is a hydrogeochemical discontinuum between deep and 
shallow groundwater types and the interface between the shallow and deep aquifers is at 
approximately 300 m depth. Tranport of solutes across this boundary is probably more 
diffusion than advection-controlled. 

2.1.3 Gases 

One typical feature in Olkiluoto groundwaters is the relatively high dissolved gas 
contents particularly in nitrogen, methane and other hydrocarbons in brackish Cl and 
saline groundwaters (Pitkänen & Partamies 2007, Posiva 2013b; Section 7.4.4). 
Nitrogen is the main gas species in HCO3- and SO4-rich groundwaters. Generally CH4 
contents increase with depth and it is the dominant gas species below 300 m depth in 
brackish Cl and saline groundwaters (Figure 2-2). Other short chain hydrocarbons also 
increase with depth as well as their relative abundance compared to CH4. Hydrogen 
contents are relatively low, although they increase with depth, but remain below 1 ml/L. 
Hydrogen is used as an energy source and electron donor not only in methanogenesis 
(Eq. 2-2), but in the production of acetate by acetogenes and several other reducing 
bacteria (cf. Section 2.1.4). Thus the hydrogen content is limited in groundwaters 
(Figure 2-2). However, evident uncertainties are related to sampling and analyses of 
hydrogen, which require further development of sampling technique (Pitkänen & 
Partamies 2007, Posiva 2013b). 

Methane and other hydrocarbons may be either of organic or inorganic origin. The 
thermogenic breakdown of organic precursors in deeply-buried organic sediments in 
sedimentary basins dominates in large natural gas deposits (Whiticar 1990). 
Thermogenesis also produces much higher hydrocarbons, thus the molecular ratio 
between CH4 and higher hydrocarbons (C1/C2+) is low. Microbial methanogenesis by 
archaebacteria proceeds in low temperature environments, either with fermentation from 
an organic precursor (Eq. 2-1) or through a carbonate reduction (Eq. 2-2) pathway. The 
production of higher hydrocarbons in methanogenesis is strongly limited, therefore the 
molecular ratio (C1/C2+) is very high. The carbon isotope ratio (13C) of microbial CH4 
is very light compared to precursor materials (organic carbon, CO2), because microbes 
favour light isotopes whereas in thermogenic CH4, 13C tends to approach the ratio of 
original organic matter (Whiticar 1990, 1999, Clark & Fritz 1997, Pitkänen & Partamies 
2007): 

CH3COOH → CH4 + CO2 Equation 2-1 

CO2 + 4H2 → CH4 + 2H2O Equation 2-2 
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Figure 2-2. a) Dissolved nitrogen and methane, and b) hydrogen, ethane and propane 
volume contents (in standard temperature and pressure, STP) in groundwater samples 
with depth at Olkiluoto. Data from Pitkänen & Partamies (2007), Pitkänen et al. 
(2007a), Pitkänen et al. (2008), Pitkänen et al. (2009), and Penttinen et al. (2010). 

An abiogenic source for crustal CH4 has also been suggested (e.g. Sherwood Lollar et 
al. 1993, 2002; Ward et al. 2004) at a number of Precambrian Shield sites. The 
abiogenic CH4 can be formed in the deep crustal environment from inorganic carbon 
sources (CO2, CO, graphite), for example, in hydrothermal systems during water-rock 
interactions or by the low grade metamorphism of graphite-carbonate bearing rocks 
with hydrogen (e.g. Eq. 2-2). Higher hydrocarbons are produced, for example, by 
polymerisation from the reduction of CO or CO2 and the molecular ratio (C1/C2+) is 
considered to be at a similar level to that of thermogenic hydrocarbons from organic 
precursors. 

The main hydrocarbon inventory in deep saline groundwaters at Olkiluoto (Figure 2-2b) 
has a relatively low molecular ratio indicating a thermal, non-bacterial end-member, 
which is interpreted to have an abiogenic origin (Pitkänen & Partamies 2007, Posiva 
2013b; Section 7.4.4). The molecular ratio (C1/C2+..) increases and the 13C value of 
CH4 becomes lighter with decreasing CH4 content as the depth decreases in the 
groundwater system, suggesting the formation and relative enrichment of microbial CH4 
in brackish Cl type groundwaters. Figure 2-3 provides insight into the mixing between 
microbially- or thermally-generated CH4 end-members. The fields of typical bacterial 
and thermal hydrocarbon gas end-member compositions are shown in the figure, as well 
as two calculated mixing curves between potential end-members (Pitkänen & Partamies 
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2007, Posiva 2013b). The area bounded by mixing curves covers most of the 
hydrocarbon data. Based on the calculated mixing contours, CH4 in saline groundwaters 
near the brackish-saline interface may be as high as 50% bacterial in origin and, 
therefore, in brackish Cl-type waters significantly more than this. Thermal CH4 
dominates in the most saline and CH4-rich samples. 

The formation of CH4 at higher temperatures indicates very long residence times for the 
bulk of the hydrocarbon gases, on at least the same time scale as the brine end-member. 
Abiogenic hydrocarbons may have formed in situ or at a much greater depth and then 
migrated to shallower depths more recently. Such slow migration may have resulted in 
the high concentrations of CH4 in the deep samples.  

The contents of hydrocarbon gases are very low in young HCO3- and SO4-rich 
groundwater types (Figure 2-2). Hydrocarbons are in principle thermodynamically 
instable in the presence of SO4 and microbial formation of CH4 is inhibited, because 
sulphate reduction is energetically favoured over methane production (see Section 
2.1.4). In such a system hydrocarbons may be used, for example, in microbial reduction 
of sulphate, iron and manganese if they are available (Boetius et al. 2000, Knittel and 
Boetius 2009, Beal et al. 2009, Kniemeyer et al. 2007).  

 

Figure 2-3. Molecular ratio of C1/C2+ vs. 13C(CH4) of brackish-Cl and saline 
groundwater samples at Olkiluoto (modified after Pitkänen & Partamies 2007). CH4 

and salinity generally decrease in samples upwards and from right to left. Mixing 
curves are calculated between the potential bacterial and thermal end-members and 
provide a conservative estimate of bacterial CH4 contributing to the samples (contours). 
The relative compositional effects of accumulation (migration of deep crustal CH4), 
depolymerisation and anaerobic oxidations of longer chain alkanes (C2+), and 
oxidation of CH4 compositions are also indicated. 
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2.1.4 pH and redox conditions 

Water-rock interactions and chemical reactions, such as carbon and sulphur cycling and 
silicate reactions, buffer the pH and redox conditions and stabilise the groundwater 
chemistry (Figure 2-4). Weathering processes with organic respiration, both in the 
overburden and in the shallow bedrock, during infiltration play a major role in 
determining the shallow groundwater composition. In Figure 2-4, the baseline 
groundwater conditions at Olkiluoto are illustrated, including indications of the main 
water-rock interactions and chemical reactions. The dissolution of calcite and silicates 
neutralises pH in groundwater over short flow paths and this provides a significant 
buffer against acid intrusion into the bedrock. The tendency to attain calcite equilibrium 
at an early stage of groundwater infiltration indicates that calcite controls pH and 
buffers it to slightly alkaline conditions. The general occurrence of calcite in fractures 
without any significant dissolution structures, even at shallow depths, and the age of 
these calcites (Sahlstedt et al. 2009, 2012a, b, Posiva 2013b) demonstrate that not even 
significant environmental and hydrogeological changes during glacial cycles in the past 
were able to destabilise hydrogeochemical conditions and the buffering capacity of 
calcite infills, and thus the slightly alkaline conditions are also likely to persist in the 
future.  
 
Redox conditions at Olkiluoto are anoxic except locally in the shallow infiltrating 
groundwater. The relatively high contents of dissolved ferrous iron (Fe2+) and 
observable sulphide (HS-) and CH4 are clear indicators of anaerobic conditions even at 
shallow depth (Figure 2-5). Scarce observations of iron oxyhydroxides on fracture 
surfaces at depths in excess of ten metres in the bedrock and the lack of corroded pyrites 
support the assumption of long-term reducing conditions in the deep groundwater. 
Instead, pyrite and other iron sulphides are common in water-conducting fractures 
throughout the investigated depth range (down to 1000 m), indicating a strong 
lithological buffer against oxic waters over geological time scales (Sahlstedt et al. 2009, 
2012a, b).  

Two natural metastable interfaces are present (Figure 2-4). The upper is located mostly 
in the overburden, where the conditions change from oxic to anoxic. The lower is 
located at a depth of approximately 250–350 m. In this zone, sulphate-rich groundwater 
is mixed with methane-rich (including also other short-chain hydrocarbons) brackish-Cl 
- saline groundwater to give rise, at least locally, to exceptionally high levels of 
dissolved sulphide as a microbially mediated reaction product (Figure 2-5). The content 
of ferrous iron tends to be lowest between 200 to 400 m depth, mainly in brackish Cl 
groundwaters, where the dissolved sulphide contents reach their maximum values.  
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Figure 2-4. Illustrative hydrogeochemical site model of baseline groundwater 
conditions with the main water-rock interactions at Olkiluoto. Colours indicate different 
water types and the gradations between them. The hydrogeologically most significant 
zones are represented. Blue arrows represent flow directions and diffusion (double 
headed) in low transimissive fractures. Text boxes contain the main sources and sinks 
affecting pH and redox conditions. Chemical reactions are most active in the infiltration 
zone at shallow depths, and at the interface between Na-Cl-SO4 and Na-Cl groundwater 
types. Note that the illustration depicts hydrogeochemical conditions in a variably 
conductive fracture system. However, according to Br and Cl measurements in matrix 
pore waters, the distribution of water types is similar in pore spaces, although salinity 
reaches 10 g/L in matrix pore water first at 600 m depth, compared with generally 
around 400 m in fracture groundwaters (Posiva 2013b).  

At the conditions of lower interface, between sulphidic and methanic redox 
environments (corresponding to brackish SO4- and brackish Cl-types), the instability of 
SO4 and CH4 in a common system has been considered to result in the formation of 
dissolved sulphide and carbonate as reaction products in microbial processes (Whiticar 
1999, Boetius et al. 2000). The distribution of SO4

2-, HS- and CH4 at Olkiluoto would 
suggest the microbial use of CH4 in SO4 reduction (see the following sections), although 
the details of the mechanism are still unclear (see Section 2.2). It is important to 
recognise, however, that advective mixing of SO4 and CH4 is similarly limited as 
mixing of their host groundwater types. The change to high SO4 contents from 
significant CH4 contents at this interface is mostly due to replacement of CH4-rich 
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groundwater by younger SO4-rich groundwater and not by microbial depletion of either 
reagent. This aspect will be discussed in more detail below. 

Deeper in the bedrock in saline groundwater, where younger SO4-rich groundwaters 
have not penetrated, ferrous iron also shows higher values than in the depth section 
above with the highest sulphide levels. High concentrations of methane and other 
hydrocarbons are capable of buffering the redox conditions and do not favour the 
diffusion of  any  oxidants,  including  SO4,  to greater  depths,  hence  preventing  sulphide  

 

 

Figure 2-5. a) SO4, b) CH4, c) Fe2+, and d) HS- concentrations as a function of depth at 
Olkiluoto (Posiva 2013b).  
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formation in the CH4-rich groundwater system. As a result, the ferrous iron is not 
limited by dissolved sulphide to low levels as in the above high sulphide section. The 
accumulation rate of CH4 and other hydrocarbons, either by migration from deeper 
depths or formation due to microbial activity has been interpreted to be very slow 
(Pitkänen & Partamies 2007, Delos et al. 2010). 

2.1.5 Microbial activity 

Investigations of microbial activity in Olkiluoto groundwaters have been carried out 
from both deep drill holes and from ONKALO. Nine different physiological microbe 
groups have been quantified at Olkiluoto; nitrate-, iron-, manganese- and sulphate-
reducing bacteria, aerobic methane-oxidising bacteria, autotrophic and heterotrophic 
acetate-producing bacteria, autotrophic and heterotrophic methane producing 
microorganisms (NRB, IRB, MRB, SRB, MOB, AA, HA, AM and HM, respectively, 
see Figure 2-6 and Figure 2-7; Haveman et al. 1999, Haveman & Pedersen 2002, 
Pedersen 2006, 2007, 2008, Pedersen 2010a). So far, microbiological observations have 
been limited to suspended microbes. 

Aerobic bacterial activity is restricted to the upper few metres, with anaerobic microbes 
dominant at greater depths. Microorganisms need nutrients, energy sources and electron 
acceptors for an active life (Madigan et al. 2008). In their metabolic processes, they 
oxidise and reduce groundwater constituents, thereby influencing concentrations of 
dissolved solids and gases, precipitation and dissolution processes, and pH. Organic 
carbon, methane and other hydrocarbons, reduced inorganic molecules, including 
hydrogen, are possible energy sources. During the microbial oxidation of these energy 
sources, microbes preferentially use electron acceptors in a particular order according to 
thermodynamic constraints (Figure 2-6): first oxygen, and thereafter nitrate, manganese, 
iron, sulphate, sulphur, and carbon dioxide are utilised (Pedersen et al. 2008, Posiva 
2013b). Simultaneously, fermentative processes may supply the metabolising 
microorganisms with, for example, hydrogen and short-chain organic 
acids/carbohydrates. As the solubility of oxygen in water is low, input is limited to 
unsaturated surface conditions, and because oxygen is the preferred electron acceptor of 
many bacteria that utilise organic compounds in shallow groundwater, anaerobic 
environments and processes usually dominate at depth (Pedersen et al. 2008). 
Microorganisms oxidise organic carbon, including methane and other hydrocarbons, to 
carbon dioxide; reduce dissolved nitrate to gaseous nitrogen; solid manganese and iron 
oxides are reduced to dissolved species; and sulphate is reduced to sulphide. In addition, 
the metabolic processes of some microorganisms produce organic carbon compounds 
such as acetate, from the inorganic gases, carbon dioxide and hydrogen, while other 
microorganisms produce methane from these gases.  
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Figure 2-6. Possible pathways for the flow of carbon in the groundwater, backfill and 
buffer environments. Organic carbon is respired (aerobic bacteria in the upper oval) to 
carbon dioxide with oxygen if present, or else fermentation and anaerobic respiration 
(bacteria in other green and red ovals) occurs with an array of different electron 
acceptors. Autotrophic processes (blue ovals) generate methane and acetate from 
carbon dioxide and hydrogen (Pedersen et al. 2012, Posiva 2013b). 

 

Generally, the microbiological observations correlate well with redox conditions 
(Figure 2-4 and Figure 2-5). Oxygen is only found in the very shallow oxic groundwater 
layer. The post-oxic (anoxic) layer is dominated by ferrous iron in the sequential model 
and this is also where IRB and MRB flourish. These two groups of microorganisms 
reduce solid ferric iron and manganese (IV) oxides to dissolved ferrous iron and 
manganese (II). There is a good agreement for sulphate and sulphide between the hydro-
geochemical and microbiological sequential depth models. Previous understanding 
based on data available for Posiva (2009) had suggested that microbial anaerobic 
oxidation of methane (AOM) with sulphate reduction; Boetius et al. 2000) may be 
active at the interface between the SO4-rich groundwater and the CH4-rich groundwater, 
reducing sulphate to sulphide with methane as oxidant. More recently, however, (Posiva 
2013b) the more dominant role of other DOC (dissolved organic carbon, e.g. ethane, 
propane etc., Kniemeyer et al. 2007), and/or hydrogen as sources of energy for 
microbial SRB has been recognised (see section below). Deeper in the system, methane 
dominates and the data on microbiology are very limited. Therefore, the microbiology 
model becomes hypothetical in the methanic zone.  
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Figure 2-7. Relative distribution of suspended micro-organisms (numbers) with depth 
in shallow and deep Olkiluoto groundwater and ONKALO groundwater. CHAB = 
cultivable aerobic heterotrophic bacteria, TNC = total number of cells, MOB = aerobic 
methane-oxidising bacteria, ATP = adenosine tri-phosphate, NRB = nitrate-reducing 
bacteria, IRB = iron-reducing bacteria, MRB = manganese-reducing bacteria, SRB = 
sulphate-reducing bacteria, AA = autotrophic acetogens, HA = heterotrophic 
acetogens, AM = autotrophic methanogens, and HM = heterotrophic methanogens, 
ANME = anaerobic methane-oxidising bacteria (Pedersen et al. 2012, Posiva 2013b). 

 

2.2 Sulphur cycles in the groundwater system 

There are various initial sources that may contribute to the dissolved sulphur species in 
the groundwater at Olkiluoto. At near ground surface conditions relatively abundant 
sulphide minerals and organic matter are potential sources, which are oxidised to 
sulphate. Soluble sulphate minerals are not known at Olkiluoto. Marine waters are rich 
in SO4 and the infiltration of water from the former Littorina Sea or current Baltic forms 
a significant source of sulphur in the groundwater system (Figure 2-1). Sulphate may 
microbially be reduced to sulphide, which is mostly insoluble with transition metals and 
precipitates as with iron to pyrite.  

Sulphur isotopic data of dissolved or solid sulphur compounds may indicate the origin 
of the sulphur source. Mineral and organic derived sulphate show mostly δ34S ratios 
which are near standard values or slightly positive, i.e. 0   ̶+10 ‰ CDT (Clark & Fritz 
1997, Posiva 2013b: Section 7.4.3). The local Baltic Sea water value for δ34S, of about 
+20 ‰ CDT, is quite similar to the ocean water value (e.g. +21 ‰ CDT in Clark & 
Fritz 1997), which has been relatively stable during the Quaternary. Generally, the 
fractionation of isotopes is small in hydrogeochemical processes and the isotopic 
composition of SO4 corresponds to the composition of the source phases. However, 
microbial SO4 reduction is a primary process, in which sulphur isotopes are strongly 
fractionated. Microbes favour light isotopes, due to their weaker bonding energy, thus 
residual sulphate is enriched in heavy isotopes, i.e. 34S. The sulphur enrichment factor 
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(34SSO4-HS) is variable in bacterial SO4 reduction, but more typically it is close to 20  ̶ 
25 ‰ CDT (Clark & Fritz 1997, Detmers et al. 2001, Krouse and Mayer 2001).  

The dissolution of iron sulphide minerals may be a significant source for sulphur and 
iron in aerobic conditions, i.e. in the unsaturated infiltration zone in the overburden 
(Breitner 2011) or in the very shallow bedrock. Such an open system for oxygen may 
result in relatively high SO4 concentrations. Dissolved SO4 may also be developed by 
aerobic decay of organic debris in the overburden. The isotopic data of SO4 show that 
SO4 contents up to 200 mg/L may be generated by these shallow processes in the 
unsaturated zone (Posiva 2013b, Section 7.4.3). Mineral sulphide oxidation below the 
groundwater table is unsubstantial as shown by fracture mineral studies (Posiva 2013b, 
Section 7.3.2), because the content of dissolved oxygen is limited and highly competed 
by various microbes, particularly in the decay of organic matter. Thus deep bedrock 
groundwater conditions are dominated by marine SO4, transported with Littorina sea 
water infiltration.  

In deep groundwaters microbes (SRB) may reduce sulphate to sulphide with anaerobic 
respiration of organic carbon. Organic carbon is also highly competed by microbes in 
near surface conditions and energetically other more favourable processes dominate 
over SO4 reduction (cf. Figure 2-6). For example the reduction of iron oxyhydroxides 
by anaerobic, microbial (IRB) organic carbon oxidation is a potential process and a 
probable source for dissolved iron operating under near-surface conditions (Figure 2-5). 
However, the brackish SO4 type groundwater has clearly higher 34S values, mostly 
from 22 ‰ to 28 ‰ CDT, than the present Baltic seawater, indicating that bacterial SO4 
reduction has occurred. The fairly stable level of δ34S in SO4-rich groundwaters, even at 
lower SO4 concentrations, suggests that the process is limited and that the elevated δ34S 
value may originate from some earlier episode. This also suggests that sulphate 
reduction in the SO4-rich groundwater body is probably at present limited, due to the 
lack of an organic substrate for SO4 reducing bacteria. Pitkänen et al. (1999) concluded 
that the main SO4 reduction episode occurred during Littorina sea water infiltration 
through organic-rich, seabed sediments.  

Ancient hydrothermal sulphidisation has produced most of the sulphide minerals in the 
bedrock. However, pyrite is also a common infilling mineral in water conductive 
fractures, where it alternates with low temperature calcite as a latest precipitate. This 
shows that, rather recently (geologically), pyrite has precipitated from circulating 
groundwaters due to microbial sulphate reduction. The influence of bacterial SO4 
reduction in the latest pyrite precipitates is also indicated by extreme variations in their 
δ34S values, from -50 ‰ to +78 ‰ CDT (Sahlstedt et al. 2009, 2012a, 2013). Partly, the 
obtained low δ34S signature in pyrites corresponds to values resulting from the 
microbial reduction of marine SO4, which currently dominates in SO4-rich, brackish 
HCO3 and brackish SO4 groundwater types (Posiva 2013b, Section 7.4.3). Partly, the 
values are very high indicating SO4 reduction from some limited residual SO4 after 
progressive reduction of dissolved SO4 in a closed system.  
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2.2.1 Microbial processes and organics involved in sulphide production 

Microbiological sulphide production depends on several different controlling 
parameters, such as availability of energy (organic compounds or hydrogen) and 
sulphate, and the presence of viable SRB.  

High concentrations of dissolved organic carbon (DOC) in HCO3-rich groundwaters are 
the most probable energy source for all microbial processes under near surface 
groundwater conditions (Figure 2-8). Brackish SO4-rich groundwaters exhibit mainly 
low DOC and low dissolved sulphide contents (Figure 2-5). Low DOC content in these 
samples suggests that microbial redox processes are very limited, which supports the 
significance of a high SO4 content in acting as an internal buffer against increasing/in-
diffusing DOC from shallow depths in stabilising brackish SO4 type groundwaters, i.e. 
the predominance of SO4 favours a short life time of DOC due to microbial activity. 
Also, recent data collected from drillholes in ONKALO down to depths below 300 m 
systematically show low DOC values (max. few mg/L or below detection limit) and 
generally indicate low DOC in deep groundwaters, as is expected (Posiva 2013b, 
Section 7.4).  

With the exception of shallow groundwater, the highest number of SRB, also supported 
by DNA activity, has been observed over the depth interval of 200 to 400 m (Figure 
2-7). This is where brackish sulphate groundwater may mix with methane-rich, brackish 
or saline Na-Ca-Cl groundwater and where a peak in sulphide concentration is observed 
(Figure 2-5). Thereof, it can be concluded that sulphate reduction activity is potentially 
significant in this depth interval at Olkiluoto. Microbial populations of different 
functional groups are also more abundant and diverse in groundwater that contain both 
methane and sulphate, but are low or below detection in many of the samples with low 
concentrations of either methane or sulphate (Pedersen et al. 2012, Posiva 2013b 
Section 7.4.2). 

The interface between SO4-rich to CH4-rich groundwaters, at a depth of approximately 
250–350 m, forms a metastable system, if waters are mixed, because sulphate and 
methane with other hydrocarbons represent different thermodynamic redox states. A 
consortium of microbes (methanogens and SRB) may activate the equilibration between 
these components, which may result in AOM (anaerobic oxidation of methane) 
processes with simultaneous reduction of sulphate. Hydrogen, which represents a still 
lower redox state than CH4, may activate microbial reactions if it migrates from great 
depths into the system or if it is formed due to corrosion of metals such as rock bolts.  

Many of the groundwater samples from this interface have moderate SO4 and CH4 
concentrations, but do not, however, show any systematic elevated sulphide 
concentrations. In reality, only a few samples with higher sulphide concentrations have 
been found (Figure 2-5, see Section 2.2.2).  

The AOM with reduction of any electron acceptor produces dissolved carbonate with a 
very negative δ13C values in DIC, because δ13C of methane is very low (Figure 2-3), 
particularly near the SO4  ̶ CH4 interface, where it is generally lighter than -45 ‰ PDB. 
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Figure 2-8. Measured dissolved organic carbon (DOC) contents with depth at 
Olkiluoto. Estimated DOC level without hydrocarbon gases in deep groundwaters, 
indicated by black line, is mostly based on ONKALO data. Few of these samples taken 
below 300 m depth are actually below the detection limit (indicated by thin circles). For 
further information see Posiva 2013b, Section 7.4. 

 

Correspondingly, higher hydrocarbons (ethane and propane), which are also usable 
energy sources for microbes show slightly heavier δ13C level, from -45 ‰ to -35 ‰ 
PDB in Olkiluoto groundwaters (Pitkänen & Partamies 2007). Since microbes tend to 
use lighter isotopes and carbonate contents are relatively low in these depths, such an 
isotopic signal should be observable, if AOM was a significant process. However, 
carbon isotope data of brackish SO4 and brackish Cl type groundwaters are similar, 
from -25 ‰ to -5 ‰ PDB, as in HCO3-rich groundwaters which are dominantly signed 
by organic matter and calcite derived δ13C(DIC) (Posiva 2013b, Section 7.4.3). A very 
light value has been measured only once from DIC at Olkiluoto (Pitkänen et al. 1999), 
in a sample from the lower part of the SO4-rich zone. Low values (δ13C slightly below -
30 ‰ PDB) have been measured occasionally in CO2 gas evacuated from groundwater 
samples (Pitkänen et al. 2004), representing the interface of brackish SO4 and brackish 
Cl groundwaters. These few observations indicate a potential CH4 or higher 
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hydrocarbon origin for some of the dissolved carbonate occurring at Olkiluoto. 
However, the mass transfer in the AOM process has probably been very low, because 
isotopic signatures are rare and only seen in samples with very low carbonate contents, 
which is very sensitive even to the minor oxidation of CH4 or other hydrocarbon gas.  

The latest low temperature fracture calcites do not either show direct methane-derived 
isotopic signature, which also suggests very limited use of methane through microbial 
AOM process (Sahlstedt et al. 2010, 2012a, b, 2013, Posiva 2013b, Section 7.3.2). If 
methane was significantly used as an energy source in SO4 reduction, it would lead to 
increased amounts of DIC and further to calcite oversaturation and precipitation in 
brackish and saline groundwaters which are in thermodynamic equilibrium with calcite. 
Marine stages to input SO4 in groundwater have probably repeated several times in the 
Baltic basin during Quaternary similarly as during Holocene and Eem interglacial. 
Recent 34S data from low temperature pyrites indicate periodical episodes of SO4 

entering the bedrock and microbial SO4 reduction (Sahlstedt et al. 2013). However, 
calcite associated with pyrite generally does not have very low δ13C values (< -20 ‰ 
PDB) that would indicate incorporation of a significant amounts of C from a CH4 
source, i.e. highly depleted in 13C. Therefore, no indications exist for CH4 being a 
significant electron source for microbial SO4 reduction. Generally, the δ13C values of 
latest calcite fillings more likely indicate a former existence of methanic redox regimes 
at depths below 50 m, hydrogeochemical conditions in which SO4 is excluded 
(Sahlstedt et al. 2010). This indicates that redox conditions have alternated between 
sulphide reduction and methane formation at low temperature conditions (Sahlstedt et 
al. 2010, Posiva 2013b, Section 7.3).  

Instead of AOM, it is suggested that there is some other energy source available in CH4-
rich groundwater, which activates SO4 reduction when SO4-rich groundwater is mixed 
with CH4-rich groundwater (Posiva 2013b, Section 7.4.5 and 11.4.3). For example, 
many SRB species are known to use short-chain hydrocarbons such as ethane, propane 
and butane, which have heavier carbon isotopic composition and smaller fractionation 
factor for the anaerobic oxidation (Kniemeyer et al. 2007). These gases are also 
enriched in CH4-rich groundwaters, but total concentration of the short-chain 
hydrocarbons is only a few percent, at most, of the CH4 content (Figure 2-2). This may 
be one explanation why the extent of microbial sulphide production is limited compared 
with the concentrations of SO4 and CH4 in mixtures of sulphidic and methanic water 
samples.  

Also, the first results from the SUlphate REduction experiment (SURE, first ONKALO 
lab tests) suggest that methane alone is not a sufficient energy source in sulphate 
reduction (Pedersen et al. 2013). The data indicated that methane was a source of 
electrons and energy for metabolic activity, possibly in combination with acetate 
formation and sulphate reduction, but clear evidence of such an AOM process was not 
obtained. Instead, IRB were evidently activated and dissolved iron increased by CH4 
addition. The future SURE experiments in ONKALO are expected to give detailed 
information on SO4 reduction, the energy sources used and potential AOM controlling 
factors. 
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Figure 2-9. The distribution of sulphate-reducing bacteria (SRB) versus depth in 
Olkiluoto groundwater samples. Data obtained with cultivation (SRB cells): 
1997−1999, green diamonds; 2005–2007, black circles; 2008, red squares; 2009, blue 
triangles, ONKALO, brown plus signs. Data obtained during 2007−2010 with DNA 
methodology (dsrB copies), black stars (Posiva 2013b, Pedersen et al. 2012). Note; 
activity below 500 m, the two samples with higher levels of SRB are due to artificial 
mixing of SO4 rich and CH4 rich groundwater in sampling sections (Penttinen et al. 
2010, Pitkänen et al. 2009). 

 

2.2.2 Dissolved iron and sulphide in the groundwater 

The ferrous iron content is relatively high in shallow groundwaters with a significant 
marine component, i.e. in brackish HCO3 and SO4 groundwaters (Figure 2-5). SRB lose 
competition for the DOC to MRB and IRB in HCO3-rich groundwaters during 
infiltration. The DOC is generally very low in the brackish SO4 type groundwaters 
(Figure 2-8), because the dominant amount of SO4 has been able to buffer organic 
energy sources low during infiltration trough sea floor sediments and later in the 
bedrock. Thus, microbial sulphide production remains minor and ferrous iron does not 
have a strict solubility limit in SO4-rich groundwater types. 
  
Sulphide and the number of SRB are enriched in places at the interface between SO4-
rich groundwater and CH4-rich groundwater (Figure 2-5 and Figure 2-9, Pedersen et al. 
2012, Posiva 2013b). Correspondingly, iron contents tend to decrease at this interface. 
 
Generally, sulphide concentrations in groundwaters are clearly below 1 mg/L (94 % in 
baseline database, 115 samples, Posiva 2013b, Section 7.2.1) and mostly below 
0.1 mg/L (78 %). There is evidence that the presence of elevated concentrations of 
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dissolved sulphides (> 1 mg/L) is due to occasional transient conditions caused by 
mixing between SO4- and CH4-rich groundwaters due to drilling and other field 
investigations. Under natural conditions, however, mixing is limited and thus the 
microbial processes mediating SO4 reduction would be minor. Typically, these high 
values of sulphide are associated with sampling sections with some degree of 
hydrologic perturbations (Posiva 2013b, Section 7.5). Most of them are outflow sections 
in open drillholes, where different types of drillhole water from other depths had been 
mixed with original fracture groundwater before packers were installed for sampling. 
For example, an anomalously high sulphide concentration (12.4 mg/L) has been 
observed in the first sample from the intersection of HZ001 in OL-KR13 (Figure 2-10). 
Mixing of SO4-rich groundwater, due to open drillhole conditions, with CH4-rich 
groundwater has been considered to be the reason for active microbial SO4 reduction in 
this sampling section. Elevated sulphide values are also related to a long-term pumping 
test, which has caused mixing of SO4-rich and CH4-rich groundwaters in the sampling 
section in OL-KR6 (Laine et al. 2013).  
 
Sulphide concentrations in the groundwaters have been observed to decrease during 
monitoring and continued to decrease more rapidly after multipackers were installed in 
drillholes to stabilise groundwater flow (e.g. Posiva 2013b, Figure 7-64). The decrease 
may result from lower activity in microbial sulphide production, iron sulphide 
precipitation or dilution. The role of iron sulphide precipitation in decreasing sulphide 
content, natural or from sampling instruments (steel), needs to be further studied. In a 
few cases, SO4 and CH4 contents have remained relatively high as in OL-KR13 (Figure 
2-10). The conditions should still be favourable for microbial AOM process with SO4 
reduction, if the process depends on the concentrations of these species. 13C values in 
DIC are typical of groundwaters in general at Olkiluoto and do not show any systematic 
decrease, which would be evident if significant carbonate input occurs through the 
AOM process, because source 13C in CH4 varies between -49 ‰ and -46 ‰ PDB 
(Posiva 2013b, Section 7.5). However, additional input of DIC with mixing confuses 
carbon isotope systematics in this case. 
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Figure 2-10. Monitoring results of Cl, SO4, HS-, δ34S in SO4, DIC, δ13C(DIC) CH4 and 
δ13C(CH4) from the intersection of HZ001 with deep drillhole section OL-KR13_T360 
(red line denotes start of the ONKALO)between 2001 and 2011. Gas samples were 
taken until a multipacker system was installed in the drillhole during 2006 (redrawn 
after Posiva 2013b). 
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Another example of artificial mixing and abrupt sulphide increase is from monitoring of 
HZ21 zone at Olkiluoto (Figure 2-11). Increase in SO4 and DIC contents (before start of 
the ONKALO) indicate some input from groundwaters from above the sampling 
sections in the drillholes OL-KR1 and OL-KR5; and once again these link to the open 
drillhole stage. These drillholes were open for several years before the sampling in 2003 
(Ahokas et al. 2013). Following the installation of multi-packers, the SO4 and DIC 
contents decreased to near the level typical of saline groundwater. The sulphide content 
(Fig 2-11f) in these sections increased as hydrogeological conditions started to stabilise, 
particularly in the OL-KR5 section. Sulphur isotopic ratio (δ34S(SO4) increased from 
+27 ‰ over +40 ‰ CDT at same time, which clearly indicates activation of SRB to 
reduce SO4. The δ13C(DIC) value in this section remained rather stable (at -17.6 ‰ 
PDB in recent sample, varying between -14.3‰ and -20.3‰ PDB over this period, 
Pitkänen et al. 2009). It does not show any significant depletion, although the carbon 
isotopic composition is a sensitive measure of the light isotopic signal if any carbonate 
input from CH4 oxidation were to occur, as the mass of DIC is low (1.7 mg/L ~ 0.14 
mmol/L initially). The 13C level should be about or less than -25 ‰ PDB in DIC if the 
mass of CH4 (δ13C: -43.3 ‰ PDB measured in 1995 from the same section), which 
corresponds to the increase in dissolved sulphide content (0.07 mmol/L) is oxidised and 
added into the DIC inventory (δ13C initial value -16 ‰ PDB is used). This scoping 
calculation indicates that the oxidation of some other organic-derived DOC (δ13C ~ -
25 ‰ PDB) is more likely to be the dominant energy source in microbial sulphate 
reduction than the AOM process or other short chain hydrocarbons (δ13C ~ -30 to -40 ‰ 
PDB in Olkiluoto, Pitkänen & Partamies 2007), which are directly usable for some of 
the SRB (Kniemeyer et al. 2007). Dissolved hydrogen is also a potential electron donor, 
however, its significance in saline groundwaters is uncertain. 
 
The contents of ferrous iron and dissolved sulphide show an inverse relationship in 
groundwater samples (Figure 2-12), supporting the significance of iron sulphide 
precipitation in limiting the concurrent occurrence of these species. The relationship is 
clear for both baseline data and monitoring data (see Posiva 2013b, Section 7.2) 
regardless of sulphide concentration, which shows the active role of iron sulphide 
phases in controlling the solubility. Variation in sulphide concentrations may result 
from a change in the iron sulphide phase controlling the solubility and/or availability of 
reactive iron, which is released rather slowly, at least from silicate phases (Pitkänen et 
al. 1999). 

Precipitated iron sulphide phases replace each other through an aging sequence 
(Schoonen & Barnes 1991). The reaction path in the conversion of amorphous FeS to 
FeS2 depends on pH. In alkaline solutions, the process proceeds via the formation of 
progressively more sulphur-rich, metastable Fe-S phases and ultimately stable pyrite: 
amorphous FeS → mackinawite → (greigite) → pyrite. The conversion of FeS(am) to 
crystalline mackinawite is fast and occurs within minutes to weeks, depending on 
conditions. A more extended description of this conversion process is presented in 
Appendix B. Greigite is not formed under very reducing conditions, and pyrite, once 
formed, will grow slowly from solution (Rickard & Luther 2007).  
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Figure 2-11. TDS, SO4, DIC, Na, Ca and sulphide results of the deep drillhole time series sampling for samples from HZ21 (red line 
denotes start of the ONKALO). The last number of the sample code denotes the drillhole length of the upper packer. Note that T denotes 
sampling from a multi-packered drillhole, other samples have been obtained with the PAVE system in open drillholes. The complete results 
of the hydrogeochemical sampled time series data are presented in Pitkänen et al. (2009) and Penttinen et al. (2010) 
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Figure 2-12. Dissolved sulphide contents vs. ferrous iron in a) baseline and b) 
monitoring data of the Olkiluoto site. 

 

Figure 2-13 shows calculated saturation indices for iron sulphide phases and siderite 
versus dissolved sulphide concentrations. The Eh is based on the SO4

2-/HS- redox 
couple in the calculations. The saturation index (SI) of a mineral describes the 
thermodynamic state of a solid phase in relation to solution composition. SI is zero if a 
phase is in thermodynamic equilibrium with water, i.e. an equal rate of dissolution and 
precipitation of a particular mineral. SI is greater than zero for over-saturation, and less 
than zero for under-saturation, indicating precipitation and dissolution, respectively. 
Slow reaction rates, as for mackinawite conversion to pyrite, tend to result in long-term 
oversaturation of pyrite before equilibrium between pyrite and water is reached.  

Groundwaters are undersaturated with respect to the Fe(II)-carbonate siderite, which 
indicates that siderite does not control iron cycle in groundwater. Groundwaters are 
strongly oversaturated with respect to pyrite. Hence, precipitation of pyrite seems to be 
kinetically hindered under these in-situ groundwater conditions and does not control 
iron or sulphide concentrations. 
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Figure 2-13. Calculated saturation indices (SI) of Fe sulphides: FeS(am) and 
mackinawite, pyrite and siderite (FeCO3) versus dissolved sulphide concentrations in 
groundwater samples from a) baseline and b) monitoring databases. Black vertical line 
indicates SI = 0. Colours and shapes of symbols indicate calculated mineral and 
groundwater type of a groundwater sample, respectively. 

 

Groundwater compositions seem to approach pyrite equilibrium (SI=0) as the dissolved 
sulphide concentration decreases to the detection limit level (varied 0.01−0.02 mg/L), 
which suggests that pyrite may be the solubility control for sulphide and iron in steady-
state conditions in the long term. At sulphide concentrations between the detection limit 
and 0.1 mg/L, mackinawite seems to be the major solubility control, though there is also 
a tendency towards an increased stability of pyrite (dynamic equilibrium) suggested by 
a decrease in oversaturation of pyrite. At sulphide concentrations above 0.1 mg/L, 
saturation indices lie between mackinawite and amorphous FeS. This may result from 
the time needed for of mackinawite to reach equilibrium, which means it cannot respond 
quickly enough to rapid biogeochemical dynamics of the system to produce dissolved 
sulphide. Saturation indices calculated from both baseline and monitoring databases 
show a rather uniform picture against the HS- content (Figure 2-13). In particular, the 
tendency that groundwaters to reach equilibrium with FeS(am) supports the 
interpretation that elevated sulphide concentrations (> 0.5 mg/L) are related to relative 
short transients, which may be caused by disturbances in sampled sections. In a steady-
state system, the trend of solubility control should be towards more stable FeS phases, 
i.e. mackinawite and pyrite. 
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The limited availability of iron, due to its slow release rate from the silicate phases, is 
probably a significant reason for elevated concentrations of sulphide and for a delay in 
near equilibrium state of FeS(am). The monitoring results indicate that sulphide 
concentrations decrease from anomalously high values once the groundwater conditions 
stabilise. The recovery towards the less artificially disturbed conditions thus seems to be 
quite rapid, within years to tens of years. Equilibrium shifts from metastable amorphous 
iron sulphide phases towards stable crystalline pyrite with time (Schoonen & Barnes 
1991), which essentially decreases the solubility of sulphide. 

2.2.3 Redox evolution and sulphide controlling factors 

Hydrochemical, isotopic and microbial results indicate that a sequential redox zonation 
has dominated hydrogeochemical system at Olkiluoto. Redox zones are characterised by 
the dominant redox species and are controlled by the mixing interfaces of redox 
processes, which in theory transfer the mixing system from instability between the 
zones towards thermodynamic equilibrium (Figure 2-14). In low temperature 
environments, these reactions are mediated by microbes, using DOC, methane and other 
hydrocarbons or hydrogen as an energy source in reducing oxygen, sulphate or 
carbonate.  

The hydrogeochemical system includes two natural metastable interfaces, where the 
majority of chemical processes are concentrated. At the upper interface, oxic waters 
from the surface (meteoric or sea water) infiltrate an organic-rich layer in the 
overburden. Organic matter is the dominant  energy  source  for  changing  conditions  to 

 

Figure 2-14. The sequential redox system in groundwaters with depth at Olkiluoto. 
Relative concentrations of redox-sensitive dissolved species and corresponding redox 
couples, correlated with Berner’s (1981) classification of redox environments, are also 
shown. Metastable interfaces with major hydrogeochemical activity are connected with 
the disappearance of O2 and the appearance of dissolved sulphide (Posiva 2013b, 
Chapter 7). 
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anaerobic. The change to anaerobic conditions takes place along very short flow paths 
and fracture mineralogy also suggest limited intrusion of aerobic waters to less than 10 
m depth during the history of the site. 

At the lower interface, between the sulphidic and methanic redox environments 
(corresponding to brackish SO4 and brackish Cl types), the instability of SO4 and CH4 

with other hydrocarbons seems to result in the formation of dissolved sulphide. 
Significant dissolved sulphide concentrations have been occasionally observed in 
samples collected near the interface between brackish SO4-type and CH4-rich brackish 
Cl-type and saline groundwaters. High concentrations tend to decrease in many cases 
after hydrogeological conditions have stabilised, due to the installation of permanent 
packers in the drillholes, which prevent mixing of groundwater types by open drillhole 
flow. This suggests that elevated sulphide concentrations are linked to 
hydrogeochemical changes caused by transient flow conditions and are not likely under 
steady state conditions due to limited advective mixing of the groundwater types and 
slow rates of diffusion to control fluxes across the boundary between the groundwater 
types. 

Sulphate reduction under low temperature hydrogeochemical conditions is a microbial 
process. The availability and continuous input of organic matter is limited under deep 
groundwater conditions, because surface-derived DOC is mainly all used at shallower 
depth and microbially-produced DOC by autotrophic bacteria (e.g. acetogens) is limited 
in its extent, due to the very low level of H2, although somewhat uncertain in saline 
groundwater. It has previously been suggested (Pitkänen et al. 1999, 2004), therefore, 
that at Olkiluoto CH4 could be an energy source and used by microbe consortia in AOM 
with sulphate reduction, a process that is also suggested by the depth distribution of 
methane and sulphur species (Figure 2-5). However, δ13C(DIC) results from monitored 
groundwater samples with elevated sulphide contents or from fracture calcites do not 
indicate significant anaerobic CH4 oxidation over the long term, although it is possible 
to a minor extent. Similarly, decreasing concentrations of dissolved sulphide in 
monitoring samples, regardless of their notable amounts of SO4 and CH4, do not support 
the role of CH4 as a significant electron donor. The results suggest rather that the 
oxidation of DOC, including other short chain hydrocarbons, as opposed to CH4, is the 
dominant energy source in microbial sulphate reduction. This may substantially limit 
the availability of potential electron donors for SO4 reduction compared to CH4 in deep 
bedrock. The SURE experiment in the ONKALO is expected to provide detailed 
information on SO4 reduction, the energy sources used and the factors that control the 
process and the solubility of dissolved sulphide (Aalto et al. 2009, Pedersen et al. 2013).  

Groundwater data and thermodynamic calculations show that sulphide and iron 
concentrations are strictly controlled by the low solubility of iron sulphide phases 
(Figure 2-12 and Figure 2-13). However, sulphide contents are able to increase due to 
relatively high rate of microbial SO4 reduction once the conditions have evolved to be 
favourable. According to the monitoring results, sulphide concentrations decrease from 
the initial, anomalously high values once groundwater conditions stabilise. The decrease 
may be due to one or more of several possible reasons: i) iron sulphide precipitation 
with simultaneous change to less soluble phases, ii) draining of energy source for 
microbial SO4 reduction, accordingly not CH4, iii) dilution of sulphide concentration 
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due to mixing of waters. It is possible that sampling instruments provide a source of 
iron for iron sulphide precipitation, although the continuing supply of dissolvable iron 
from the rock is thought to be the most important reason for decreasing sulphide 
concentrations. The high sulphide concentrations are probably due to a temporarily 
reduced availability of iron for iron sulphide precipitation. Easily reactive iron phases 
(e.g. iron oxyhydroxides) are lacking in the deep bedrock conditions at Olkiluoto. Iron 
silicate phases (biotite, chlorite) are common in fractures and rock matrix, but their 
dissolution kinetics to release iron in sulphide precipitation is slow, which may explain 
the delay of high sulphide concentrations in monitoring data. Nevertheless, more 
drillhole data and experimental results (SURE) are needed to clarify the evolution of 
dissolved sulphide and the role of iron in this cycle in future. 
 
Hydrogeochemical data and thermodynamic considerations indicate that sulphidic and 
methanic conditions will also dominate redox conditions in future. The high dissolved 
sulphide concentrations (> 1 mg/L) may occasionally occur due to hydrological 
transients mixing SO4-rich groundwaters in the deep saline groundwater system. 
However, the elevated concentrations are generally short-lived. Sulphide concentrations 
are controlled by iron sulphide phases, which will successively evolve towards more 
crystalline phases with lower solubility. This in combination with the kinetically 
constrained, potential availability of iron from silicate phases are expected decrease 
sulphide concentrations within a few years to tens of years. 
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3 MODELLING OF SULPHIDE CONCENTRATIONS IN 
GOUNDWATERS AT REPOSITORY LEVEL 

The available sulphide sources in the Olkiluoto site are sulphur in the groundwater and 
sulphur minerals precipitated in the fractures (see Chapter 2). The dominant sulphur 
mineral in the fracture fillings reported in previous studies for the Olkiluoto site is pyrite 
(Kärki & Paulamäki 2006, Posiva 2009, Andersson et al. 2007, Pastina & Hellä 2010, 
Posiva 2013b, and Chapter 2). However, given the technical difficulties in the accurate 
and unambiguous identification of non-crystalline phases, the presence of amorphous 
ferrous sulphide minerals can be assumed as a probable geochemical case in the 
modelling. Iron sulphide commonly occurs as various allotropic forms, such as 
mackinawite (FeS), greigite (Fe3S4) and amorphous FeS, all of which are metastable and 
classified as acid volatile sulphide (AVS), as well as stable pyrite (FeS2). The achieved 
saturation with respect to sulphide minerals will determine the redox potential and limit 
the HS- and Fe2+concentrations in the groundwater (Rimstidt and Vaughan, 2003). In the 
modelling study presented in this chapter we have assumed two different approaches 
related to the sulphide mineral controlling sulphide behavior in the site: pyrite or FeS(am) 
under equilibrium conditions.  

The hydrochemical evolution at the site can be described by two coupled processes (a) 
the evolving hydrogeological infiltration patterns of the site, which depends on a 
number of factors such as the physical heterogeneity of the medium and variations in 
climatic conditions and (b) the water-rock reactions (e.g. mineral dissolution and 
precipitation, cation exchange, surface complexation). 

The reliable prediction of the HS- and Fe2+ evolution in the geosphere must account for 
the mutual interplay between “hydrogeology” and “geochemistry”. To this end, the 
hydrochemical calculations summarized in this chapter and detailed in Trinchero et al. 
(2013) integrate the results of complex hydrogeological models (Löfman & Karvonen 
2012) with a number a geochemical reactions whose parameterization rely on previous 
site investigation studies (Andersson et al. 2007, Posiva 2009, Pitkänen et al. 2004, 
2008).  

Microbial SO4 reduction with anaerobic oxidation of potential energy sources is not 
explicitly included in calculations as the available information is not deemed sufficient 
(cf. Chapter 2) for a precise quantitative assessment of the evolution of microbial 
activity and microbially-mediated reactions in the geosphere during the different time 
periods of interest. However, the model considers fast thermodynamic equilibrium 
between SO4 and HS-, which implicitly assumes microbially-mediated reactions. 
Further, dissolved sulphide is constrained by equilibrium with iron sulphide phases. 
With regard to dissolved Fe, different cases are tested, including also kinetic dissolution 
of chlorite. The different conditions tested in the simulations are based on 
hydrogeochemical observations summarized in Chapter 2. Because the approach does 
not include kinetic biodegradation reactions explicitly, it cannot simulate transient 
conditions, which may lead to temporarily elevated sulphide concentrations as outlined 
in Chapter 2. However, the results are considered to represent reasonable sulphide 
concentration ranges during long term steady-state conditions in the geosphere. In this 
respect, the predicted sulphide concentrations for the different periods together with 
hydrogeochemical observations provide reasonable estimates for performance 
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assessment (Posiva 2013c). It is however evident that sulphate reduction coupled to 
biodegradation needs to be explicitly included in future hydrogeochemical modelling 
approaches. 

3.1 Numerical and Conceptual Model  

The hydrochemical evolution at Olkiluoto has been simulated using a number of 
reactive transport simulations that reproduce the hydrogeochemical environment for the 
defined climatic scenarios (operational, temperate and melting period). These 
simulations rely on different sources of information, namely i) hydrogeological 
modelling results (i.e. groundwater velocities and TDS concentrations) provided by the 
FEFTRA hydrogeological model (FEFTRA is a finite element program package for 
groundwater flow analyses) (Löfman et al., 2012) and ii) a conceptual hydrochemical 
model that is discussed in this section of the document.  

The evolution of the groundwater composition at repository depth is conceptualized as 
the result of three processes: water infiltration, mass exchange between fracture zones 
and the reactive rock matrix and water-fracture mineral interaction processes. 
Infiltration of altered meteoric water (or of glacial water for the melting period 
simulation and later of seawater) from the surface of the domain is assumed to be driven 
by advection of the selected end-member through the conductive bedrockzones. This 
process is reproduced using streamline simulations, which in turn depend on 
groundwater velocity fields taken from the FEFTRA hydrogeological model. In the 
FEFTRA model hydrogeological zones (interpreted well transmissive HZ- fracture 
zones in Posiva 2013b, Chapter 6) of the Olkiluoto site as well as the low conductive 
sparsely fractured rock between these zones are explicitly represented and the 
hydrogeological evolution of the site (i.e. groundwater head and TDS concentration) is 
computed over a whole temperate and glacial cycle (see Löfman et al., 2012 for further 
details). In the reactive transport simulations presented in this section, mass exchange 
between the fractures and the non-conductive matrix is implicitly accounted for by 
using a dual porosity representation of the fractured medium. Finally, water-rock 
interaction processes are integrated in the model using the related mathematic 
formalisms (i.e. algebraic equations and ordinary differential equations used to describe 
equilibrium and kinetic processes). 

By coupling the complex hydrological model of the site (Löfman et al., 2012) with the 
main site-specific geochemical processes, predictions of the evolution of HS- and Fe2+ 
concentrations at repository depth can be obtained over very large time frames. The 
model has been implemented using the methodology denoted as FASTREACT 
(FrAmework for Stochastic REACtive Transport, Trinchero et al., 2013), that couples a 
set of 1D reactive transport simulations with one or multiple random-walk particle 
tracking realizations. The conceptual model on which the study is based, assumes that 
the hydrochemical evolution of the groundwater at repository depth is the result of 
infiltration processes from the surface of the domain to the repository. The infiltration 
waters (i.e. boundary waters), in turn, undergo geochemical reactions with the rock and 
the minerals.  
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3.1.1 Overview of the modelling approach 

In the FASTREACT numerical framework, the solute concentration in the whole set of 
particle trajectories is reproduced using a set of PHREEQC (Parkhurst & Appelo 1999) 
one-dimensional reactive transport simulations where the longitudinal coordinate (e.g. 
the distance from the infiltration location) is interpreted in terms of travel time 
(Yabusaki et al. 1998, Kaluarachchi et al. 2000). This approach is similar to that 
described by Malmström et al. (2008). In other words, since each point of a trajectory 
can be described by its travel time, , the concentration of the entire set of trajectories 
can be back mapped by relating the spatial location of any given point to a 
corresponding cell of the reference simulation having the same travel time. An 
illustrative sketch of the methodology is shown in Figure 3-1. 

A sketch of the numerical approach used in the reactive transport calculations is shown 
in Figure 3-2. 

 

 

 

Figure 3-1. Illustrative sketch showing the use of FASTREACT.  
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Figure 3-2. Scheme of the methodology used for the evaluation of the groundwater 
composition at repository depth. 

 

The simulation time frame, spanning one glacial cycle, is divided into subsequent 
periods according to the conditions of the tunnel (open repository/closed repository) and 
the climatic conditions at the surface (temperate period, ice retreat and melting period). 

For each considered modelling period (Figure 3-3), a snapshot of the velocity field is 
taken from the hydrogeological model (Löfman & Karvonen. 2012). The velocity field 
is assumed to be constant (i.e. steady state flow regime) during each simulated period. 

 

Hydrogeological  results 
Snapshots  of the groundwater velocity field taken from the        
hydrogeological model by Löfman & Karvonen (2012)     

Particle tracking simulations 
The particles are injected at repository depth  and  

backtracked to the  surface. 

Statistical analysis of the particle trajectories 
The  particle trajectories are grouped according to their travel  

time. Each group is then used to parameterise the  
corresponding PHREEQC reactive transport simulation    

Evaluation of concentrations at repository depth 

The total travel time of a given trajector  y is used to relate the     
considered “pixel” of the repository (i.e. injection location of the  
considered particle) to the corresponding reference cell of the  

PHREEQC  simulation. 

v 

v 

 
Statistical representation (box‐and‐whiskers plots) and maps at         

repository depth. 
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Figure 3-3. Sketch of the sequence of operational and climatic periods modelled in the 
framework of the present study (the permafrost period has not been accounted for in the 
calculations and melting period refers to ice retreat stage). The arrows indicate the 
time at which each snapshot of the velocity field has been taken. The velocity field at 
t=t2 (i.e. gray arrow) has been analyzed but not used in the modelling work. 

 

For each considered modelling period and using the velocity field provided by the 
FEFTRA model, almost 4000 particles are injected at repository depth and backtracked 
to the surface. The simulations, which are performed using the random walk particle 
tracking code RW3D-MT (Fernàndez-Garcia et al. 2005), aim at delineating the 
infiltration paths and corresponding travel times. 

A statistical analysis of the particle travel times is carried out. The analysis focuses not 
only on the total travel time (i.e. travel time from the surface to the repository) but also 
on the travel time from the surface to the different water interfaces. 

In order to minimize the effect of the homogenization, the particle trajectories are 
grouped according to their travel time. Each group (i. e. nine groups for the operational 
period and four groups for the temperate period) is then used to parameterize the 
corresponding PHREEQC reactive transport simulation. 

The total travel time of a given trajectory (i.e. particle) is used to relate the considered 
“pixel” of the repository (i.e. injection location of the considered particle) to the 
corresponding reference cell of the PHREEQC simulation (see Figure 3-1), whereas the 
travel time to the different water interfaces is used to define the initial conditions (i.e. 
initial distribution of water types) of the different PHREEQC simulations. The 
equivalent travel time is defined on the basis of the first moment of the statistical 
distribution of travel time (i.e. expected value). 

Mass exchange between the conductive zones and the low-conductive matrix is 
accounted for by using a dual porosity representation of the fractured medium. The 
matrix is considered to be chemically inert and reactions take place in the mobile 
domain to mimic the interaction between the water and the fracture filling minerals.  

A more detailed description of the numerical and conceptual model setup can be found 
in Trinchero et al. (2013). 

 

 

OPERATIONAL
PERIOD

TEMPERATE
PERIOD

PERMAFROST MELTING
PERIOD

t0=2,020 AD t1=t0+90 y t2=t1+10,000 y t3 t4=t3+1,000 y

tvt=t1+1,000 y tvm=t3+100 ytvo
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3.1.2 Numerical model implementation 

During the open repository period, the hydrodynamic conditions of the site are strongly 
influenced by the operational schedule of the repository. The open tunnels affect the 
hydrogeological conditions of the island by generating high gradients and enhancing the 
radius of influence of the drawdown. This hydraulic perturbation is limited in time as 
the different repository panels are successively operated and closed. 

Hydrodynamic conditions assumed for the “Temperate Period” are much more 
homogeneous if compared with the operational period. The “Melting Period” has been 
modelled as a stage of the glacial cycle representative of the ice sheet retreat phase 
(Trinchero et al. 2013). 

The model accounts for the presence of different water types observed at different depth 
and the identification of the key geochemical processes summarized in Figure 3-4. The 
groundwater at Olkiluoto is stratified according to different physicochemical factors, 
e.g. salinity of water rises with depth (Trinchero et al. 2013). This water stratification in 
the model is implementated by five different hydrogeochemical zones at initial 
conditions: Brackish HCO3  ̶ Brackish SO4  ̶ Brackish Saline  ̶ Saline and Highly Saline 
(see Trinchero et al. 2013, Section 3.2.1). The chemical composition of representative 
water samples of each zone is listed in Table 3-5.  

The parameterization of key water-rock interaction processes implemented in the model 
is based on Kärki & Paulamäki 2006, Posiva 2009, Andersson et al 2007, Pastina & 
Hellä 2010 and references therein. Mineral dissolution and/or precipitation have been 
simulated under equilibrium and/or kinetic assumptions. When computing the relative 
amount of mineral (i.e. moles of mineral per liter of water) and the related specific 
surface, a porosity value of 0.5 has been used. The same value was used in previous 
studies (Anderson et al 2007). All calculations have been performed at 15 ºC. 

The relative abundance of minerals within the fracture filling coverage and their specific 
surface areas were taken from Luukkonen (2006) and Andersson et al. (2007). 

The fracture silicate minerals considered potentially reactive in water-rock interaction 
were albite, K-feldspar, illite and chlorite. Amorphous silica, siderite and kaolinite were 
considered as a potential new precipitating phases in all calculations (Table 3-1).  

The main clay mineral phases identified in the facture fillings are kaolinite, illite, 
smectite and chlorite (Pastina & Hellä 2010). These minerals with large specific surface 
area could potentially behave like active solid exchangers for mono- and divalent 
cations. Ion exchange processes can be described by reversible chemical reactions that 
take place between ions held near a mineral surface and ions in groundwaters in contact 
with the mineral. The key role of the exchange reactions is related to their ability to 
control uptake/release processes in aquifers exposed to intrusion of meteoric, marine or 
glacial waters. Kaolinite is the most abundant reported clay mineral (Andersson et al. 
2007) but its reactivity, in terms of exchange reactions, is only relevant under acidic 
conditions.  For  this reason we assume an illite-like phase  (0.08 mol sites per kg water) 
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Figure 3-4. The geochemical conceptual model used in the reactive transport 
simulations to assess the hydrogeochemical evolution during the operational, temperate 
and ice-sheet retreat period, as well as for assessing sulphide evolution. Reference 
waters in the figure refer to groundwater types which are used as initial waters in the 
model; for the operational and temperate phase brackish carbonate-rich water, 
brackish-sulphate rich water, brackish-saline water, saline water and highly saline 
water, and for the glacial melt period brackish-sulphate rich water and low saline 
water with the composition according to the temperate phase simulations (at 10,000 
years). The chemical concentrations of the reference waters are in equilibrium with 
calcite and either pyrite (base case) or FeS(am) (variant case). The meteoric water has 
been equilibrated with calcite and Fe(OH)3(am) and used together with marine water as 
infitrating water for the operational and temperate phase. Glacial meltwater has been 
used as infiltrating water for the glacial melt period. Minerals and processes 
considered only in the assessment of sulphide evolution are in red whereas others with 
black are generally included in simulations of sulphide evolution and by Trinchero et 
al. (2013)  
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Table 3-1. Summary of model parameters for minerals and related processes. (1) Taken 
from Andersson et al. (2007), (2) Sverdrup (1990), (3) Köhler et al (2003), (4) Lowson 
et al. (1995). 

 
Assumptions

Initial 
amount 
(mol/L) 

Reactive 
surface area

(m2/L) 
Reference 

Reference 
kinetic law 

Calcite 
Fracture filling 

mineral 
Equilibrium 

Dissol./Precip.
6.065 

 
(1) 

 

Pyrite/FeS(am) 
Fracture filling 

mineral 
Equilibrium 

Dissol./Precip.
1.170 

 
(1) 

 

K-feldspar 
Fracture filling 

mineral 
Kinetic 

dissolution 
0.239 0.260 (1) (2) 

Illite 
Fracture filling 

mineral 

Kinetic 
dissolution 

Cation 
exchange 

0.144 0.482 (1) (3) 

Albite 
Fracture filling 

mineral 
Kinetic 

dissolution 
0.289 0.292 (1) (2) 

Chlorite 
Fracture filling 

mineral 
Kinetic 

dissolution 
1.9 8.545 (1) (4) 

Siderite 
Able to 

precipitate 
Equilibrium 
precipitation 

0 
 

Geochemical 
assumption  

Fe(OH)3 (am) 
Able to 

precipitate 
Equilibrium 
precipitation 

0 
 

Geochemical 
assumption  

SiO2(am) 
Able to 

precipitate 
Equilibrium 

Dissol./Precip.
0 

 
Geochemical 
assumption  

 

to be the main solid exchanger and the model of Bradbury and Baeyens (2000) has been 
used to describe the reactions involved at the interface mineral/groundwater in all 
simulations. The authors proposed a cation exchange model in illite describing three 
types of sites. The most abundant sites (around 80 % of total cation exchange sites) are 
the so-called “planar sites”, which can adsorb both monovalent and divalent cations. 
The second and third type of sites called Type II and Frayed edge sites, whose density is 
much lower (20 % and 0.25 % of the total sites, respectively), have not been included in 
our model. The cation exchange reactions and related Gaines-Thomas selectivity 
coefficients are listed in Table 3-2.  

Hydrogeochemical calculations have been performed with PHREEQC-2 v2.18.5314 
(Parkhurst and Appelo 1999). The PHREEQC.dat database provided with the software 
has been used in calculations in this report unless otherwise stated. When phases or 
species were not included in the PHREEQC database they were added in the PHREEQC 
input file. The geochemical reactions used in the numerical model are listed in Table 
3-2. 
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Table 3-2. Summary of geochemical reactions used in the numerical model. (1) 
PHREEQC database, (2) THERMOCHIMIE database (Giffaut et al. 2014). 

Mineral Reaction Log K Source 

Pyrite FeS2 + 2 H+ + 2 e- = Fe2+ + 2 HS- -18.479 (1) 

Mackinawite FeS + H+ = Fe2+ + HS- -3.915 (1) 

Pure FeS(am) FeS + H+ = Fe2+ + HS- -2.95 (2) 

Calcite CaCO3 = CO3
2- + Ca2+ -8.48 (1) 

Siderite FeCO3 = Fe2+ + CO3
2-  -10.89 (1) 

Albite NaAlSi3O8 +8 H2O = Na+ + Al(OH)4
- + 3 H4SiO4 -18.002 (1) 

SiO2(am)  SiO2 + 2 H2O = H4SiO4 -2.71 (1) 

Chlorite 

(Mg2.964 Fe1.712 Fe0.215 Al1.116 Ca0.011)(Si2.633  
Al 1.367)O10(OH)8 = 0.011 Ca2+ + 2.964Mg2+ + 0.215 Fe3+ 
+ 1.712Fe2+ +2.483 Al3+ - 17.468H+ +2.633 H4SiO4 + 
7.468 H2O 

61.23 
(2) 

Lowson et 
al.(2005) 

K-feldspar KAlSi3O8 + 8 H2O = K+ + Al(OH)4
- + 3 H4SiO4 -20.573 (1) 

Illite X- + Na+ = NaX 0.0 
Badbury & 
Baeyens 
(2000) 

Illite X- + K+ = KX 1.1 
Badbury & 
Baeyens 
(2000) 

Illite 2X- + Ca2+ = CaX2 1.13 
Brouwer et 
al. (1983) 

Illite 2X- + Mg2+ = MgX2 1.13 
Brouwer et 
al. (1983) 

 

3.1.3 Geochemical base and variant cases 

As discussed in Chapter 2, Fe sulphide phases have been identified to control the 
solubility of sulphide, and Fe sulphides are one of key fracture-filling minerals. The 
dominating sulphide mineral reported for the fracture systems is pyrite but because of 
uncertainties associated with mineralogical determinations of amorphous mineral phases 
and the frequently observed slow formation of pyrite we consider also equilibrium with 
FeS(am) as variant case (cf. Section 2.2.1 and Appendix A. Microbial SO4 reduction is an 
obvious source for dissolved sulphide in the hydrogeochemical system. However, due to 
uncertainites in microbial processes, used energy sources (electron donors) and other 
nutrients to control formation of dissolved sulphides, the simulations of sulphide 
evolution in the geosphere do not explicitly include microbial SO4 reduction and 
biodegradation reactions as a source for dissolved sulphide. These calculations 
generally include two different geochemical cases, which control sulphide concentration 
considering equilibrium with either pyrite or FeS(am). Pyrite is considered to control iron 
sulphide concentrations in stagnant, steady state systems over long term periods 
whereas FeS(am) is dominant in dynamic hydrologic systems. In simulations, however, 
the solubility of FeS(am) is calculated with two different equilibrium constants due to 
variation between databases (see Appendix B). The larger value (logK = -2.95) from 
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Davison (1991) for amorphous iron sulphide whereas the lower one (logK = -3.92) is 
from the original PHREEQC database (Parkhurst & Appelo 1999), which corresponds 
relatively well to those constants reported for mackinawite in different sources 
(Appendix B). Three different geochemical constraints have been applied in the 
calculations in order to evaluate the impact of different Fe2+ sources on sulphide 
concentrations in the geosphere: i) Fe2+ concentrations in groundwaters; ii) an additional 
source of iron provided by kinetic dissolution of chlorite and iii) additional iron inputs 
due to dissolution of an Fe-bearing calcite solid solution, (Fe Ca)CO3.  

All these geochemical considerations can be combined to produce the six geochemical 
variant cases summarized in Table 3-3. For practical purposes, the nomenclature of the 
different cases included in this table will be used for the description of results. The 
larger equilibrium constant of FeS(am) is applied only to the variant case without 
additional Fe sources. 

 

Table 3-3. The six geochemical simulation cases to calculate sulphide and iron 
evolution in groundwater. Geochemical “Base Case” includes background Fe in 
groundwaters with pyrite (Py) equilibrium. All the others are called variant cases: 
background Fe in groundwaters with amorphous ironsulphide (FeS(am)) equilibrium and 
additional Fe from kinetic dissolution of chlorite (Chl) or Fe-bearing calcite (SS) with 
pyrite or FeS(am) equilibrium.  

 
Fe sources 

Sulphide sources Fe in groundwaters 
Additional Fe from kinetic 

dissolution of Chlorite 
Additional Fe from Fe-

bearing Calcite (SS) 

Pyrite equilibrium Py Chl+Py SS + Py 

FeS (am) 
equilibrium 

FeS(am)* Chl+ FeS(am) SS + FeS(am) 

*  calculated both with PHREEQC (mackinawite) and Davison (1991) (pure FeS(am))equilibrium constants.  
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With the aim to assess the influence of Fe release by chlorite, the kinetic dissolution 
reaction for chlorite has been included in the geochemical calculations (Figure 3-4). 
Chlorite is a common component of fracture-fillings, where they are exposed to 
chemical processes resulting in chemical weathering. Calculations have been performed 
with the Chlorite_Cca-2 mineral from the THERMOCHIMIE database and the 
dissolution rate reported by Lowson et al (2005): 

log R=[-9.79 . + 13+16.79/ . ]  Equation 3-1 

where R is the dissolution rate in molm-2s-1 and  refers to the activity of the subscribed 
aqueous species. Kinetic rates are generally related to the specific surface of mineral 
available for reaction. Due to the uncertainties associated with the distribution and grain 
size of chlorite in the fracture coating, we assumed a specific surface area of 4070 
m2m-3 of mineral based on the findings of Sidborn et al. (2010). This means for our 
particular geochemical case, 8.144 m2 L-1 of water in the fracture with a homogenous 
distribution. This assumption is valid for a size fraction ranging from 75 to 125 µm, 
which corresponds to Fe-Mg clay particles observed in fracture filling studies (Sahlstedt 
et al. 2009, 2012a,b). The evaluation of Fe2+ inputs into the groundwaters by dissolution 
of Fe-bearing calcite has required the inclusion of a new mineral phase denominated (Fe 
Ca)CO3. To this end we assume a mineral phase as a calcite containing 0.1wt% Fe, in 
agreement with experimental data obtained from calcite fracture fillings in the Olkiluoto 
site (Sahlstedt et al. 2009, 2012a, 2012b). This working hypothesis is supported by the 
fact that solid solutions of different carbonate minerals and Fe(II) coprecipitated calcite 
are common in the geosphere (Reeder 1983). Specifically the variant case that considers 
Fe-bearing calcite, thermodynamic calculations have been performed by using a solid 
solution (SS) ((Fe Ca)CO3) with a log K equal to -8.48 (by assuming the same log K 
reported for calcite in the PHREEQC database) and a dissolution reaction producing the 
release of 2x10-3 moles of Fe2+ per mole of dissolved mineral (Sahlstedt et al. 2012a) 
according to the following reaction: 

Fe0.002Ca0.998CO3 = 0.002Fe2+ + 0.998Ca2+ + CO3
2- Equation 3-2 

 

3.1.4 Chemical composition of infiltrating and initial waters 

The chemical composition of the infiltrating waters and composition of the groundwater 
samples to define the initial groundaters has been provided by Posiva (Pitkänen et al., 
2007). Different infiltrating and groundwaters have been considered for simulations 
depending on the different geochemical cases which are specified as a base case and 
variant cases to simulate iron and sulphide mass transfer in the groundwater system (see 
Section 3.1.3). Prior to reactive transport calculations, the infiltrating Meteoric Water 
(PVP-4A_2) has been equilibrated with Fe(OH)3(am) and calcite. Equilibrating the 
original water with the minerals included in the model is done in order to avoid 
numerical problems that could cause coverging problems during calculations. 
Hydrogeochemical information indicates that calcite equilibrium dominates in 
groundwaters and calcite and ferric precipitates occur in overburden layer and shallow 
bedrock fractures (Posiva 2013b). The resulting water, tabulated in Table 3-4 with all 
other infiltrating waters, is referred to as “Altered Meteoric Water”. Equilibration 
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results in minor calcite precipitation and decrease in pH, and the subsequent Eh 
increase. The remaining infiltrating waters have been used without prior modifications.  

Following a similar approach, the chemical composition of the groundwater samples 
defining the initial groundwater system in the bedrock has been modified by 
equilibrating them with calcite, an illite-like exchanger and pyrite or FeS(am). The results 
are listed in Table 3-5 and Table 3-6. Hydrogeochemical data indicate that Eh 
measurements match with the redox level of the SO4/HS- couple (Posiva 2013b, Section 
7.4) and that iron sulphide phases control sulphide concentrations in initial groundwater 
conditions (Figure 2-12 and 2-13). Equilibration with iron sulphide phases adjusts Eh in 
addition to Fe2+ and HS- concentrations.  

The final composition of fracture waters used for the simulations of the Fe-bearing 
calcite case is presented in Table 3-8 and Table 3-9. 

Table 3-4. Chemical composition of the infiltrating waters: meteoric water, Baltic 
seawater and glacial meltwater (Trinchero et al. 2013, Table 4-2, Baltic sea water and 
glacial meltwater after Pastina & Hellä 2010). DIC= Dissolved inorganic carbon. 

 Meteoric water 

Altered Meteoric 
Water after 

equilibrium with 
Fe(OH)3(am) and 

calcite 

Baltic  
seawater  

Glacial Meltwater  

Sample PVP4_2    

Ionic Strength 0.01  0.997 0.0324 

pH 7.3 7.2 7.7 5.8 

Eh (mV)  48 789 919 

Total Concentrations (mol/L) 
Total Concentrations

(mmol/L) 

Cl 1.69x10-3 1.69x10-3 8.53x10-2  

SO4 4.99x10-4 4.99x10-4 4.68x10-3 5.2x10-4 

DIC 5.80x10-3 5.69x10-3 1.29x10-3 2.6x10-3 

SiO2 3.56x10-4 3.56x10-4 9.65x10-6 1.7x10-4 

PO4 2.11x10-7 2.11x10-7  3.1x10-6 

F 3.16x10-5 3.16x10-5 1.42x10-5  

Br 1.25x10-6 1.25x10-6 1.29x10-4 1.2x10-5 

Al 9.64x10-8 9.64x10-8  3.7x10-6 

Na 1.07x10-3 1.07x10-3 7.70x10-2 6.5x10-3 

K 1.71x10-4 1.71x10-4 1.69x10-3 3.8x10-3 

Ca 2.30x10-3 2.20x10-3 2.00x10-3 3.2x10-3 

Mg 6.49x10-4 6.49x10-4 9.00x10-3 4.1x10-3 

Fe 9.51x10-5 9.51x10-5  1.8x10-6 

Mn 2.28x10-5 2.28x10-5   
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Table 3-5. Chemical composition of the groundwater samples to define the initial water 
composition in the model (units mol/L unless otherwise indicated) (Pitkänen et al. 1996, 
2007, from Trinchero et al. 2013, Table 4-3). 

 Brackish 
HCO3 

Brackish SO4 Brackish 
Saline Water 

Saline water Highly Saline 
water 

Sample KR4_81_1 KR6_135_8 KR20_465_1 KR10_498_1 KR12_741_1 

TDS (mg/L) 1122 7225 10544 22099 49483 

Ionic Strength 0.02 0.15 0.22 0.48 1.13 

pH 7.4 7.6 7.4 8 8.2 

Total Concentrations (mol/L) 

Cl 9.90x10-3 1.13x10-1 1.81x10-1 3.81x10-1 8.63x10-1 

SO4 9.58x10-4 4.79x10-3 2.10x10-4 1.00x10-5 5.00 x10-5 

DIC 4.87x10-3 1.86x10-3 5.50x10-4 1.10x10-4 4.00 x10-5 

SiO2 2.00x10-4 3.92x10-4 3.60x10-4 2.80x10-4 2.10 x10-4 

PO4 3.87x10-6 - - 1.05x10-7 2.63 x10-6 

F 3.16x10-5 1.58x10-5 5.26x10-5 6.32x10-5 6.32 x10-5 

Br 1.75x10-5 1.65x10-4 5.51x10-4 1.19x10-3 2.55 x10-3 

Al 1.48x10-6 - - 3.70x10-7 2.22 x10-6 

Na 1.31x10-2 7.70x10-2 1.15x10-1 2.10x10-1 3.61 x10-1 

K 2.48x10-4 4.87x10-4 2.80x10-4 3.60x10-4 4.90 x10-4 

Ca 1.34x10-3 1.63x10-2 3.24x10-2 8.91x10-2 2.55 x10-1 

Mg 7.40x10-4 7.41x10-3 2.60x10-3 1.60x10-3 1.50 x10-3 

Fe 1.15x10-5 6.45x10-6 2.50x10-6 2.00x10-6 3.80 x10-7 

Mn 3.46x10-6 2.18x10-5 5.83x10-6 7.28x10-6 9.28 x10-6 
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Table 3-6. Chemical composition of the initial groundwaters for the Operational and 
Temperate Periods. Equilibrium reactions were performed assuming calcite and pyrite 
dissolution/precipitation and an illite-like phase as solid exchanger in equilibrium with 
groundwaters at 15 C (cf. Figure 3-4). 

  Brackish HCO3 
 

After 
equilibrium 

Brackish SO4

 
After 

equilibrium 

Brackish Saline 
Water 
After 

equilibrium 

Saline water
 

After 
equilibrium 

Highly Saline 
water 
After 

equilibrium 

pH 7.5 7.2 7.5 7.9 8.1 

Eh (mV) -176 -156 -184 -226 -238 

Total Concentrations (mol/L) 

Cl 1.11x10-2 1.14x10-1 1.84x10-1 3.90x10-1 8.71x10-1 

SO4 9.59 x10-4 4.79x10-3 2.10x10-4 1.00x10-5 5.00x10-5 

DIC 4.95x10-3 1.76x10-3 5.55x10-4 1.06x10-4 3.92x10-5 

SiO2 4.27x10-4 3.92x10-4 3.60x10-4 2.80x10-4 2.10x10-4 

PO4 3.87x10-6  - 4.02x10-8 9.51x10-9 

F 3.16x10-5 1.58x10-5 5.26x10-5 6.32x10-5 6.32x10-5 

Br 1.75x10-5 1.65x10-4 5.51x10-4 1.19x10-3 2.55x10-3 

Al 1.48x10-6 - - 2.97x10-7 2.22x10-6 

Na 1.31x10-2 7.70x10-2 1.15x10-1 2.10x10-1 3.61x10-1 

K 2.50x10-4 4.87x10-4 2.80x10-4 3.60x10-4 4.90x10-4 

Ca 1.40x10-3 1.62x10-2 3.24x10-2 8.91x10-2 2.55x10-1 

Mg 7.40x10-4 7.41x10-3 2.60x10-3 1.60x10-3 1.50x10-3 

Fe 7.18x10-6 6.45x10-6 2.50x10-6 2.00x10-6 3.81x10-7 

Mn 3.46x10-6 2.18x10-5 5.80x10-6 7.28x10-6 9.30x10-6 

HS- 1.02x10-11 7.43x10-11 4.06x10-11 1.12x10-10 3.43x10-11 

Fe2+ 7.18x10-6 5.45x10-6 2.28x10-6 1.77x10-6 3.21x10-7 
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Table 3-7. Equilibrated initial waters calculated for the Temperate Period. Equilibrium 
reactions were performed assuming calcite and and FeS(am) dissolution/precipitation 
and an illite-like phase as solid exchanger in equilibrium with groundwaters at 15 C. 
Concentration obtained from calculations with the equilibrium constant reported by 
Davison (1991) for pure FeS(am) (see Section 3.1.3). 

  Brackish 
HCO3 
After 

equilibrium 

Brackish 
SO4 
After 

Equilibrium 

Brackish 
Saline Water 

After 
equilibrium 

Saline 
Water 
After 

equilibrium 

Highly Saline 
Water 
After 

equilibrium 

pH 7.5 7.2 7.5 7.9 8.1 

Eh (mV) -213 -194 -219 -258 -267 

Total Concentrations (mol/L) 

Cl 1.11x10-2 1.13x10-1 1.84x10-1 3.90x10-1 8.71x10-1 

SO4 9.60x10-4 4.79x10-3 2.14x10-4 1.25x10-5 5.29x10-5 

DIC 4.95x10-3 1.75x10-3 5.51x10-4 1.04x10-4 3.67x10-5 

SiO2 4.27x10-4 3.92x10-4 3.60x10-4 2.80x10-4 2.10x10-4 

PO4 3.87x10-6 - - 3.90x10-8 8.75x10-9 

F 3.16x10-5 1.58x10-5 5.26x10-5 6.32x10-5 6.32x10-5 

Br 1.75x10-5 1.65x10-4 5.51x10-4 1.19x10-3 2.55x10-3 

Al 1.48x10-6 - - 3.07x10-7 2.22x10-6 

Na 1.31x10-2 7.70x10-2 1.15x10-1 2.10x10-1 3.61x10-1 

K 2.50x10-4 4.87x10-4 2.80x10-4 3.60x10-4 4.90x10-4 

Ca 1.40x10-3 1.62x10-2 3.24x10-2 8.91x10-2 2.54x10-1 

Mg 7.40x10-4 7.41x10-3 2.60x10-3 1.60x10-3 1.50x10-3 

Fe 7.18x10-6 1.08x10-5 6.50x10-6 4.49x10-6 3.34x10-6 

Mn 3.46x10-6 2.18x10-5 5.83x10-6 7.28x10-6 9.28x10-6 

HS- 1.39x10-6 2.89x10-6 3.11x10-6 2.28x10-6 2.84x10-6 

Fe2+ 5.13x10-6 9.29x10-6 5.90x10-6 3.97x10-6 2.82x10-6 

HS-(*) 1.28x10-5 1.16x10-5 1.09x10-5 9.59x10-6 8.10x10-6 

Fe2+(*) 5.12x10-6 2.08x10-5 1.52x10-5 9.59x10-6 7.40x10-6 
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Table 3-8. Equilibrated initial waters calculated for the Temperate Period. Equilibrium 
reactions were performed assuming (FeCa)CO3 (SS) and pyrite dissolution/ 
precipitation and an illite-like phase as solid exchanger in equilibrium with 
groundwaters at 15 C. 

 Brackish 
HCO3 

After equilibrium 
with (SS+Py) 

Brackish 
SO4 

After equilibrium 
with (SS+Py) 

Brackish Saline 
water 

After equilibrium 
with (SS+Py) 

pH 7.5 7.2 7.4 

Eh (mV) -174 -153 -182 

Total Concentration (mol/L) 

Cl 1.10x10-2 1.13x10-1 1.84x10-1 

SO4 9.59x10-4 4.79x10-3 2.10x10-4 

DIC 4.93x10-3 1.74x10-3 5.52x10-4 

SiO2 4.27x10-4 3.92x10-4 3.60x10-4 

PO4 3.87x10-6 - - 

F 3.16x10-5 1.58x10-5 5.26x10-5 

Br 1.75x10-5 1.65x10-4 5.51x10-4 

Al 1.48x10-6 - - 

Na 1.31x10-2 7.70x10-2 1.15x10-1 

K 2.50x10-4 4.87x10-4 2.80x10-4 

Ca 1.38x10-3 1.62x10-2 3.24x10-2 

Mg 7.40x10-4 7.41x10-3 2.60x10-3 

Fe 7.79x10-6 6.22x10-6 2.50x10-6 

Mn 3.46x10-6 2.18x10-5 5.83x10-6 

HS- 9.60x10-12 1.27x10-11 4.00x10-11 

Fe2+ 5.59x10-6 5.34x10-6 2.28x10-6 
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Table 3-9. Equilibrated initial waters calculated for the Temperate Period. Equilibrium 
reactions were performed assuming (FeCa)CO3 (SS) and mackinawite 
dissolution/precipitation and an illite-like phase as solid exchanger in equilibrium with 
groundwaters at 15 C. 

 Brackish 
HCO3 

After equilibrium 
with (SS+FeS(am)) 

Brackish 
SO4 

After equilibrium with 
(SS+FeS(am)) 

Brackish Saline water 
 

After equilibrium with 
(SS+FeS(am)) 

pH 7.5 7.2 7.4 

Eh (mV) -211 -192 -217 

Total Concentration(mol/L) 

Cl 1.10x10-2 1.13x10-1 1.84x10-1 

SO4 9.60x10-4 4.80x10-3 2.14x10-4 

DIC 4.92x10-3 1.74x10-3 5.47x10-4 

SiO2 4.27x10-4 3.92x10-4 3.60x10-4 

PO4 3.87x10-6 - - 

F 3.16x10-5 1.58x10-5 5.26x10-5 

Br 1.75x10-5 1.65x10-4 5.51x10-4 

Al 1.48x10-6 - - 

Na 1.31x10-2 7.70x10-2 1.15x10-1 

K 2.50x10-4 4.87x10-4 2.80x10-4 

Ca 1.38x10-3 1.62x10-2 3.24x10-2 

Mg 7.40x10-4 7.41x10-3 2.60x10-3 

Fe 7.79x10-6 1.10x10-5 6.76x10-6 

Mn 3.46x10-6 2.18x10-5 5.83x10-6 

HS- 1.38x10-6 3.08x10-6 3.26x10-6 

Fe2+ 5.59x10-6 9.46x10-6 6.74x10-6 

 

3.2 Results 

3.2.1 Operational and Temperate Period 

The computed evolution of HS- and Fe2+ concentrations at repository depth have been 
statistically evaluated by using descriptive statistics for the six geochemical cases 
described in Table 3-3. The first two cases, representing the base case and its variant 
case (results presented in Figure 3-5 to Figure 3-7) assuming no additional sources of 
Fe2+ in the geosphere have been previously reported in Trinchero et al. (2013). They are 
included in this report as reference cases. The results obtained in both cases show that 
groundwater pH at repository depth is fairly constant (around 7.5) during the Temperate 
Period while a larger variability (7.3 - 9.1) is observed during the operational stage 
(Appendix 1 Tables A1.1, A1.3, A.1.7, A1.8, A1.11, A1.12). This variability is a 
consequence of high hydraulic gradients produced by open tunnels during the 
operational period, which enhance the radius of the hydraulic perturbation and trigger 
preferential flow from the surface. Reducing conditions are obtained over the whole 
simulation period as a consequence of mineral control (either pyrite of FeS(am)) and the 
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buffering effect of the matrix during the Temperate Period when groundwater velocities 
are low. All the statistical results for these two cases are included in Appendix A. 

 

Figure 3-5. Box-and whisker plots showing the statistical distribution of HS- and Fe2+ 
for the base case with pyrite equilibrium (Table 3-3). The statistical measures are the 
median, the 10th and 90th percentile (box) and the maximum and the minimum values 
(“whiskers”). 

Figure 3-6. Box-and whisker plots showing the statistical distribution of HS- and Fe2+ 
for the variant of the base case with mackinawite equilibrium (Table 3-3)(log K=-3.915 
for mackinawite). The statistical measures are the median, the 10th and 90th percentile 
(box) and the maximum and the minimum values (“whiskers”). 
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The computed results for the operational and temperate periods predict very low 
concentrations of HS- over time at repository depth for the case with equilbrium control 
by pyrite (Figure 3-5). Fe2+ concentrations are in the expected range of concentration 
taken into account the geochemical constraints of this geochemical case. The computed 
variations throughout the simulation time are not significant.  

The slight changes observed in the long-term evolution of HS- and Fe2+ (since 5ky) are 
the consequence of an increasing fraction of brackish SO4 water at repository depth 
(Trinchero et al. 2013). The wide range of HS- and Fe2+concentrations computed for the 
operational period (Figure 3-5 and Figure 3-6) is related to the hydrological variability 
of this period In fact, the open tunnels affect the hydrogeological conditions of the 
island by generating high gradients and enhancing the radius of influence of the 
drawdown. This hydraulic perturbation is expected to be limited in time as the different 
repository panels are successively operated and closed. 

Evidently higher HS- and Fe2+concentrations are computed if mackinawite is assumed to 
be in equilibrium because the solubility of pyrite is around four orders of magnitude 
lower than mackinawite (Figure 3-6). The computed HS- concentrations (about 0.003 
mM) for this variant case are in the range of HS- concentrations measured in most 
natural groundwaters in Olkiluoto and which is suggested to be mackinawite controlled 
range (corresponds to 0.1 mg/L, cf Section 2.2.2). Fe2+ concentrations show slightly 
higher levels than that described for the base case and very stable concentrations are 
predicted over time (Figure 3-6).  

In Figure 3-7 (a and b) the spatial distribution of HS- and Fe2+ concentrations at 
repository depth are plotted for the base case with pyrite and its variant case with 
mackinawite under equilibrium conditions. The main differences observed at repository 
depth comparing the results at 1 ky and 10 ky are determined by the influence of the 
brackish SO4 type groundwater that affects part of the repository after 5 ky (Trinchero et 
al., 2013). This change does not have any significant impact on calculated HS- and Fe2+ 
concentrations that remain in the same order of magnitude, though a slightly lower HS- 
observed compared to results obtained at 1ky. 

Dissolved sulphide concentrations obtained from simulations in which the Davison 
equilibrium constant (logK= -2.95, Figure 3-8) are applied, are about three times higher 
than those for the variant case mackinawite (Figure 3-6). The level (0.01 mM ~ 0.3 
mg//L) corresponds roughly to the upper limit in groundwater data, which is considered 
to represent natural steady state conditions at Olkiluoto (cf. Section 2.2.2). However, 
higher concentrations (0.03 ̶ 0.3 mM ~ 1 ̶ 10 mg/L) observed in transient groundwater 
conditions at Olkiluoto were not reached even in modelling results for the operational 
stage, which reflects the missing process of microbial reduction of SO4 in the 
simulations. Calculated iron concentrations are relatively high (0.01 ̶ 0.02 mM ~ 0.6 ̶ 1.1 
mg/L) and they represent the upper level of measured groundwater data.  

 



58 

 

 

  

Figure 3-7. Spatial distribution of HS- and Fe2+ at repository depth at 1ky and 10ky for 
the base case. with a) pyrite equilibrium; and its variant case with b) mackinawite 
equilibrium( log K= -3.915) (Table 3-3). 
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Figure 3-8. Box-and whisker plots showing the statistical distribution of HS- and Fe2+ 
for the variant of the base case with pure FeS(am) equilibrium (Table 3-3) (log K=-2.95 
for pure FeS(am)). The statistical measures are the median, the 10th and 90th percentile 
(box) and the maximum and the minimum values (“whiskers”). 

 

The addition of kinetic chlorite dissolution increases computed Fe2+ concentrations and 
subsequently decreases HS- contents in simulated groundwaters at repository depth with 
respect to the cases without additional source of Fe2+ (Figure 3-9 and Figure 3-10). 

 

 

Figure 3-9. Box-and whisker plots showing the statistical distribution of HS- and Fe2+ 
for the variant case with kinetic dissolution of Chlorite and pyrite equilibrium (Table 3-
3). The statistical measures are the median, the 10th and 90th percentile (box) and the 
maximum and the minimum values (“whiskers”). 
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Figure 3-10. Box-and whisker plots showing the statistical distribution of HS- and Fe2+ 
for the variant case with kinetic dissolution of chlorite and mackinawite equilibrium 
(Table 3-3)(log K=-3.915 for mackinawite ). The statistical measures are the median, 
the 10th and 90th percentile (box) and the maximum and the minimum values 
(“whiskers”). 

 

The calculated spatial distribution of HS- and Fe2+ over time reveals the inverse 
correlation of these two species (Figure 3-11), i.e. higher computed HS- concentrations 
are reflected by lower Fe2+ concentrations. The predicted pH at repository depth for 
these variant cases ranges from 7.6 – 7.8 and Eh values are around -190 mV or -230 mV 
with pyrite and mackinawite equilibrium, respectively (see Appendix A, Tables A.19, 
A1.21, A.1.23, A.1.25). The input of Fe2+ from kinetic chlorite dissolution (or other iron 
silicates) is considered a probable geochemical process that may promote the decrease 
of HS- concentrations in groundwater. However, the models for the case applying 
chlorite kinetic dissolution mostly overestimate Fe2+ concentrations (0.02  ̶ 0.1 mM ~ 1  ̶ 
6 mg/L) (compared to natural deep groundwaters at Olkiluoto (Figure 2-5) whereas 
predicted sulphide concentrations represent mostly contents below detection limit 
(3*10-7  ̶ 6*10-7 M). The missing biogenic sulphide production process is probably the 
most significant limitation in this reactive transport model, also though Fe2+ 
concentrations may be controlled by other processes, which are also not included in the 
model, e.g. cation exchange with Fe2+.  
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Figure 3-11. Spatial distribution of HS- and Fe2+ at repository depth at 1ky and 10ky 
for the variant cases (Table 3-7). Kinetic dissolution of Chlorite with a) pyrite 
equilibrium and b) mackinawite equilibrium,( log K= -3.915 for mackinawite). 

 

A detailed analysis of the evolution of HS- and Fe2+ concentrations during the first 100 
years for the variant case with kinetic dissolution of chlorite and mackinawite 
equilibrium was performed in one of the repository positions of 3926 streamlines in 
total, which are the final points of particle trajectories used in reactive transport 
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simulations (Trinchero et al. 2013). The results indicate that main changes occur within 
a relatively short time frame. The kinetic dissolution of chlorite increases the Fe2+ 
concentrations in the waters, consequently, FeS(am) precipitates and decreases HS- 
concentrations by one order of magnitude in the waters within two years. The system 
quickly reaches a steady state and the concentrations remain without significant changes 
during the whole temperate period (Figure 3-7). 

 

 

Figure 3-12. An example of temporal evolution of HS- concentrations at the end of a 
single streamline for the variant case with kinetic dissolution of chlorite and 
mackinawite equilibrium,( log K= -3.915 for mackinawite); a) a 10 year close up for b) 
the first 120 years. (The statistical distribution for all the 3926 deposition holes is 
shown in Figure 3-7) 

 

 

Figure 3-13. An example of temporal evolution of Fe2+ concentrations at the end of a 
single streamline for the variant case with kinetic dissolution of chlorite and 
mackinawite equilibrium, ( log K= -3.915 for mackinawite) ; a) a 10 year close up for 
b) the first 120 years. (The statistical distribution for all the 3926 deposition holes is 
shown in Figure 3-7). 
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The calculation results obtained for the two last variant cases with iron-bearing calcite 
and either pyrite or mackinawite equlibrium (Table 3-3) display a very similar behavior 
to those described for the base case and its variant with pyrite and mackinawite 
equilibrium, respectively (Figure 3-14, Figure 3-15 and Figure 3-16). The impact of Fe 
release from Fe-bearing calcite seems to induce very minor change in the final 
concentrations of Fe2+ and HS- compared to the base case and its variant case (Figure 
3-5, Figure 3-6 and Figure 3-7) at repository depth over time. 

 

 

Figure 3-14. Box-and whisker plots showing the statistical distribution of HS- and Fe2+ 

for the variant case with iron-bearing calcite and pyrite equilibrium (Table 3-3). The 
statistical measures are the median, the 10th and 90th percentile (box) and the maximum 
and the minimum values (“whiskers”). 

 

Figure 3-15. Box-and whisker plots showing the statistical distribution of HS- and Fe2+ 
for the variant case with iron-bearing calcite and mackinawite equilibrium, (log K= -
3.915 for mackinawite). The statistical measures are the median, the 5th and 95th 
percentile (box) and the maximum and the minimum values (“whiskers”). 
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Figure 3-16. Spatial distribution of HS- and Fe2+ at repository depth at 1ky and 10ky 
for the variant cases with a) iron-bearing calcite and pyrite and b) iron-bearing calcite 
and mackinawite equilibrium (log K= -3.915 for mackinawite). (Table 3-3) 
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3.2.2 The Melting Period during ice retreat 

Since the permafrost period has not been considered in these simulations, the initial 
conditions of the successive simulation period (i.e. melting period) are uncertain. In 
order to cope with this addional source of uncertainty, two simulation cases 
representative of two opposite situations have been defined and simulated (Trinchero et 
al., 2013). In the first approach (i.e. Single Porosity Model), the glacial water infiltrates 
through the transmissive zones and no interaction with the surrounding matrix is 
considered. This conceptual model is considered to be somewhat unrealistic since 
matrix diffusion has been shown to be an important process deeper in bedrock at the 
Olkiluoto site (Posiva 2013b, Chapter 6 and 7). The second approach incorporates the 
effect of the matrix using a dual porosity formulation. A more detailed description of 
these models is found in Trinchero et al. (2013). Three different geochemical cases have 
been defined: the base case that assumes equilibrium conditions with pyrite and variant 
cases where FeS(am) with two different solubility constants (mackinawite and pure 
FeS(am)), under equilibrium conditions, is assumed to be the main iron sulphide mineral 
controlling redox conditions.  

Glacial water has an evident impact on the evolution of the groundwater composition at 
repository depth in the single porosity model whereas the dual porosity simulations do 
not show major changes with respect to the temperate period. More specifically, in 
some positions of the repository (5 % of glacial waters after 1 ky and 25 % after 2 ky) 
high pH values (around 10) have been computed in the single porosity model as a 
consequence of calcite and silicate dissolution (Trinchero et al., 2013). The average pH 
for the ensemble of calculated values at repository depth for the single porosity 
approach is 8.6 (Appendix A). As a consequence of their mutual interdependence, redox 
conditions are affected by the increase in pH and a decrease in the Eh values is 
observed. The average values of Eh for the same set of data are around -250 mV for the 
Base Case and -300 mV for its variant case. The differences observed between the two 
calculated cases are mainly controlled by the different sulphide minerals assumed to be 
in equilibrium with the groundwaters.  

In the single porosity simulations a progressively larger fraction of glacial water is 
obtained at repository depth (Trinchero et al., 2013). If pyrite is assumed to be in 
equilibrium with the groundwaters, the decrease of Eh will trigger an increase in the HS- 

concentration (Figure 3-17) compared to temperate period simulations (Figure 3-5). 
This increase is observed once higher fractions of glacial water reaches repository 
depths, i.e. by 2 ky. Yet, the computed ranges of HS- concentration observed as a 
consequence this process are very low (3·10-11 - 4·10-10 M). In contrast, if 
mackinawite is assumed under equilibrium conditions, HS- concentrations will be less 
than 3·10-7 M (Figure 3-18), which is one order of magnitude lower than in the 
corresponding simulation for the temperate period (Figure 3-6). This is due to the high 
pH values computed at repository depth for the single porosity model (between 8.5 and 
10, Trinchero et al., 2013), where the buffering effect of the matrix is neglected. The 
solubility of mackinawite is dependent on pH and Eh; at higher pH and lower Eh the 
stability of mackinawite increases and this results in lower HS- and Fe2+concentrations 
(Figure 3-14b and Figure 3-15b) (see Appendix B). 

The computed results for the dual porosity models are very similar to those observed for 
the temperate period (cf. Figure 3-5 and Figure 3-6), with the only difference of being 
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remarkably homogeneous. This homogeneity is the result of the mutual interplay of the 
buffering effect of the matrix which provides a fairly constant release of “old water” and 
thus buffers the changes triggered by the infiltration of glacial water and the very low 
groundwater flow velocities after the ice margin is no longer situated above the 
repository (see details in Trinchero et al. 2013). 

Figure 3-17. Box-and whisker plots showing the statistical distribution of HS- and Fe2+ 
for the Melting Period related to ice retreat, for the base case (Table 3-3). The 
statistical measures are the median, the 10th and 90th percentile (box) and the maximum 
and the minimum values (“whiskers”). 

 

 

Figure 3-18. Box-and whisker plots showing the statistical distribution of HS- and Fe2+ 
for the Melting Period related to ice retreat for the variant of the base case with 
mackinawite equilibrium (log K= -3.915 for mackinawite) (Table 3-3). The statistical 
measures are the median, the 10th and 90th percentile (box) and the maximum and the 
minimum values (“whiskers”). 
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Similar calculations were implemented with the equilibrium constant taken from 
Davison (1991) for pure FeS(am) (log K= -2.95 for pure FeS(am)) (Figure 3-19). The 
single porosity model simulates slightly lower HS- and Fe2+ concentrations at 
repository level for the melting period than for the temperate period (cf. Figure 3-5) 
whereas dual porosity results show similar contents for both periods. The average HS- 
concentrations for the melting period range between 10-6 and 10-5 M, one order of 
magnitude higher than concentrations calculated with the equilibrium constant for 
mackinawite (Figure 3-18). 

Figure 3-19. Box-and whisker plots showing the statistical distribution of HS- and Fe2+ 
for the Melting Period related to ice retreat for the variant case with FeS(am) (Table 3-7) 
using solubility constant log K=-2.95 by Davison (1991). The statistical measures are 
the median, the 10th and 90th percentile (box) and the maximum and the minimum values 
(“whiskers”).  
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3.3 Concluding remarks 

The temporal evolution of HS- and Fe2+concentrations at repository depth for the 
Olkiluoto repository site has been modelled with reactive transport calculations for six 
geochemical modelling cases (Table 3-3, details of simulations in Trinchero et al. 
2013), in which the concentrations are separately controlled by the solubility of three 
iron sulphide phases. These are pyrite, mackinawite and an amorphous FeS phase 
(FeS(am)) with widely different solubility constants which is reflected in the variation 
of published data (Appendix B; Table 1). The highest one from Davison (1991) used in 
our calculations is currently recommended for amorphous iron sulphide and the other 
one included in PHREEQC database corresponds to the solubility of mackinawite, 
which has been observed to control HS- and Fe2+concentrations in significant part of 
groundwater data in Olkiluoto (Figure 2-13). Microbial SO4 reduction coupled with 
organic carbon degradation as a sulphide source is not included in calculations due to 
uncertainties controlling the entire biogechemical process (Chapter 2 and Posiva 
2013b). Kinetic chlorite dissolution and (equilibrium) dissolution of Fe-bearing calcite 
are used as additional iron sources in some of the calculated cases to assess the 
influence of additional Fe sources on sulphide concentrations.  

Discrete simulations resulted in rather uniform HS- and Fe2+ concentrations at repository 
depth due to the used single controlling iron sulphide phase in each geochemical case, 
whereas literature review and hydrogeochemical data indicate transition between 
controlling iron sulphide phases with variation in hydrogeological conditions. However, 
the whole range of calculated results without additional Fe sources indicates similar 
variations in HS- and Fe2+concentrations (Figures 3-2, 3-3, 3-4) as observed in the 
groundwater data which is interpreted to represent steady state conditions (Section 
2.2.2). The highest calculated concentrations are around 0.3 mg/L for HS- and 1 mg/L 
for Fe2+ while measured HS- rises up to 0.6 mg/L and Fe2+ up to 1 mg/L in natural 
waters at steady-state conditions. The lowest calculated values, which are based on 
pyrite equilibrium, are below the detection limit of HS-  measurements and 0.1 mg/L for 
Fe2+. 

The omission of the microbial SO4 reduction process is an evident limitation in the 
model. Hydrogeochemical data indicate that the process is significantly activated by 
sudden mixing of different groundwater types. Thus elevated sulphide concentrations 
are expected along with hydrological transient conditions (see Chapter 2 and Posiva 
2013b). Metastable iron sulphide phases with higher solubility constants control HS- 

solubility at first at transient conditions. Sulphide concentrations may notably increase 
from those calculated (> 1 mg/L), particularly due to the temporary lack of reactive iron 
sources in the Olkiluoto bedrock. This may result in slightly lower than calculated iron 
concentrations (< 0.1 mg/L) as is also observed in the hydrogeochemical data. 

Iron gradually released from fracture infillings (chlorite and/or other iron silicates) may, 
however, precipitate and decrease elevated sulphide concentrations produced by SRB 
activity. Furthermore, slow iron sulphide precipitation may lead to slow decrease of 
dissolve sulphide under stabilised hydrogeological conditions as suggested from 
hydrogeochemical monitoring data (Section 2.2.2 and Posiva 2013b). Chlorite is a very 
common fracture mineral in Olkiluoto bedrock and forms potential iron source to limit 
sulphide concentrations. Calculation results of mackinawite as a controlling phase with 
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and without chlorite suggest that kinetic dissolution of chlorite is able to decrease 
dissolved sulphide clearly within few years (Figure 3-13). The calculation results 
support that the continuing supply of dissolved iron from the rock leading to iron 
sulphide precipitation has capacity to decrease abrupt rises of sulphide concentrations 
with a few years of delay to the range predicted by modelling cases in equilibrium with 
iron sulphide phases. 

For the Melting Period two simulation cases representative of two extreme flow 
situations have been defined and simulated: single and double porosity models. In the 
single porosity approach if pyrite is assumed to be the controlling sulphide mineral, the 
increase of pH will trigger an increase in the HS- concentration. This increase is 
observed once the evolved glacial water reaches repository depth. The computed ranges 
of HS- concentration observed as a consequence of this process are very low (10-12-10-11 
M). In contrast, if a solubility control by FeS(am) is assumed, high pH conditions will 
promote a decrease in the HS- concentrations over time. Also for this case, if the 
Davison solubility constant is used for pure FeS(am), the average HS- concentration 
increases around one order of magnitude with respect to results obtained with the 
equilibrium constant included in the PHREEQC database for mackinawite. 

The variability of the results for the dual porosity model for the melting period is very 
limited and the temporal changes are smoothened. This is a direct consequence of the 
matrix effect, which provides a fairly constant release of “old water” and thus buffers 
the changes triggered by the infiltration of glacial water. 
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4 ASSESSMENT OF SULPHIDE PRODUCTION AND SULPHIDE 
CONCENTRATIONS IN THE BACKFILL 

The general objective of this chapter is to derive estimates of sulphide production rates 
and sulphide concentrations in the backfill as basis for the performance assessment 2012 
(Posiva 2013c). An important prerequisite for sulphide production is microbial activity 
which a priori is not obvious in the clay-rich backfill environment. Sulphide production 
and sulphide concentrations will be affected by complex coupling of hydraulic, 
geochemical and microbial processes whose quantification is a difficult task. The 
approach adopted here is based on a bounding analysis performed in a step-wise 
manner. Thus, rather than predicting the fate of sulphide in a complex coupled model, 
the scope is to provide reasonable bounds for fluxes and dissolved concentrations of 
sulphide occurring at the backfill/rock and backfill/buffer boundary. The relevant 
processes are explored by applying a step-wise modelling methodology with increasing 
geochemical complexity: 

First we describe the initial mineralogical and geochemical properties of the backfill and 
the biogeochemical processes that may occur (Sections 4.1 and 4.2). Based on this, we 
define a conceptual model for assessing microbial sulphate reduction and sulphide 
production in the backfill. The modelling includes three parts: 

1. Estimation of sulphate fluxes and maximum sulphide fluxes reaching the buffer. A 
highly simplified geochemical system without iron is considered (Section 4.3). The 
concept of water exchange cycles and hydraulic data obtained from discrete fracture 
network modelling of Hartley et al. (2013) are applied. 

The outcome of this analysis indicates high sulphide fluxes to the buffer which are 
however unrealistic because important geochemical constraints are neglected, such as 
the reactivity of sulphide towards iron(II). The analysis of 1) is however illustrative 
because it highlights the relevance of geochemical processes in constraining the 
mobility of sulphide. This has also been the incentive to carry out the next two parts: 

2. Estimation of sulphide concentration ranges based on thermodynamic equilibrium 
with iron sulphides and analogue data from claystones (Section 4.4). 

3. Coupled reactive transport calulations including kinetics of microbial degradation 
and mineral dissolution/precipitation (Section 4.5). Due to time constraints, this last 
step could not be accomplished for the performance assessment 2012. Nevertheless, 
we deem it useful to present the results in this report because they support 
conclusions drawn from the the first two modelling parts. 

Finally, other processes potentially affecting sulphide fluxes not considered in this 
modelling analysis are discussed. This includes corrosion of iron components and 
dissolution of pyrite as accessory mineral. 
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4.1 Design and material properties of backfill 

The deposition tunnel is backfilled with three different materials (Figure 4-1). The main 
part consists of highly compacted Friedland clay blocks. These blocks lie on a layer of 
Milos bentonite granules. The remaining outer space is then filled by loose Milos 
bentonite pellets. The petrophysical parameters of these materials are presented in the 
design concept of Keto (2011) and are given in Table 4-11. Note that in this design the 
average overbreakage of the tunnel cross-section (theoretical value of 14 m2) is taken to 
be 17.5 %. 

The mineral compositions differ somewhat between the Friedland blocks and the 
surrounding bentonite materials. The Friedland Clay contains less smectite, more illite 
and more quartz. For the purpose of this study, it is important to note that the fractions 
of sulphur minerals (gypsum and pyrite) are similar as in the surrounding bentonite 
materials, but their organic carbon contents differ considerably. Thus, the Milos 
bentonite has a very low organic C content. Also, there are marked differences in iron 
minerals, where Friedland Clay has significant amounts of siderite, but no detectable 
iron oxide minerals. The opposite is true for Milos bentonite. 

Note that the inventory of the backfill is in line with the design specifications (Posiva 
2012a) which define that the organic carbon content should be lower than 1 % and the 
total sulphur content also lower than 1 %.  

 

 

Figure 4-1. Design for the backfill, dimensions in mm (Keto 2011). 

                                                 

1  These are preliminary values which slightly differ from the "final" concept presented in the Backfill Production Line report 
(Posiva 2012a). Therein, the considered average overbreakage of the tunnel is 18% instead of 17.5% as used here. 



73 

 

 

Table 4-1. Material properties for the backfill materials (Kumpulainen & Kiviranta 
2010; Erratum 2013). Potentially important compounds affecting sulphur fluxes marked 
in bold. 

 

 

4.2 Porewater chemistry and redox processes 

4.2.1 Porewater model 

The emplaced clay backfill materials will be saturated with groundwater induced by the 
large hydraulic gradient. During this saturation process, homogenisation between the 
materials due to swelling will occur, thus the blocks will expand and reduce the space 
filled by the lower density bentonite pellets and granules. According to preliminary tests 
(Schatz & Martikainen 2013) homogenisation is expected to be extensive, but some 
density gradients towards the tunnel wall may remain after the saturation is completed 
(Posiva 2012a). However, from a hydraulic viewpoint, sufficiently high swelling 
pressures will develop and diffusion will be the dominant transport process after 
saturation. 

Friedland clay 1 Milos (DepCAN)2 Milos (DepCan)2 averaged

blocks granules (floor) pellets (walls/roof) backfill

System parameters

Porosity ε (-) 0.27 0.55 0.65 0.38

Dry density ρdry (kg/dm3) 2.03 1.25 0.95 1.72

Cation exchange capacity (eq/kg) 0.31 0.82 0.82 2.10

Volume fraction/ tunnel-m (m3) 11.36 1.27 3.83 16.46

Mineral composition (wt. %)

Montmorillonite (Smectite) 38.4 72.1 72.1 48.8

Kaolinite 8.5 5.9

Illite 20.3 4.6 4.6 15.4

Muscovite 4.3 4.7 4.7 4.4

Quartz 23.1 0.7 0.7 16.2

Plagioclase 0.9 1.5 1.5 1.1

Calcite 7.2 7.2 2.2
Dolomite 1.1 1.1 0.3

Gypsum 2 1.6 1.6 1.9

Siderite 1.6 1.1

Pyrite 0.8 0.9 0.9 0.8

Tridymite 2.8 2.8 0.9

Goethite 1 1 0.3

Hematite 0.5 0.5 0.2

Magnetite 1 1 0.3

Anatase 0.5 0.5 0.2

Organic carbon 0.27 0.02 0.02 0.2

Sum 98.67 99.12 99.12 99.9

Calc. sulphur contents (wt. %)

gypsum (SO4) inventory as S 0.37 0.30 0.30 0.35

pyrite inventory as S 0.43 0.48 0.48 0.44

Stot (wt. %) 0.80 0.78 0.78 0.79
1 reference material used in self-sealing tests 
2 reference material used in ABM test (Äspö)
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The porewater composition will be constrained by transport of solutes from the 
groundwater, reactions between cations and the clay interface (cation exchange, surface 
complexation) and dissolution and precipitation of accessory minerals (e.g. gypsum, 
calcite). In view of the rather long saturation times in most tunnel sections (several 
hundreds of years and more, Posiva 2013c), it is expected that the porewater 
composition reaches a homogeneous composition throughout the backfill upon 
saturation even if the homogenisation of the materials is not complete. The porewater 
composition has been described by a thermodynamic model, in which the groundwater 
equilibrates with the averaged backfill clay (Wersin et al 2013a). The material 
parameters thereof (Table 4-1) have been calculated by assuming complete mixing of 
the three materials according to their proportions presented above. 

The chemical equilibrium model is based on the multiporosity anion exclusion concept 
proposed for compacted saturated bentonite (Wersin et al. 2004). As illustrated in 
Figure 4-2, the porosity is filled with three water types: interlayer water devoid of 
anions, diffuse double layer water influenced by the charged external surfaces and 
"free" water. The procedure for estimating the distribution of these different porosities, 
which depends on compaction degree, ionic strength and the assumed geometric 
configuration of the particle stacking is detailed in Wersin et al. (2013b). It needs to be 
emphasized that there are still large uncertainties regarding the porosity structure of 
compacted swelling clays (Tournassat & Appelo 2011) which need to be considered in 
the estimation of porosity distribution (Wersin et al. 2013b). Further features of the 
geochemical model are cation exchange reactions at interlayer sites, surface 
protonation/deprotonation at external sites (edge sites), and dissolution/precipitation of 
accessory minerals (calcite, quartz, gypsum, siderite) (Wieland et al. 1994; Wersin et al. 
2004). For siderite, a ten times lower solubility as predicted from the thermodynamic 
database is assumed, based on the experience gained from the geochemistry of clay 
formations (e.g. Gaucher et al. 2009).  

 

Figure 4-2. Multi porosity concept of bentonite, anion are excluded from interlayer 
(Wersin et al. 2004). 
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The geochemical conditions at the site (Chapter 2) will evolve and be affected by 
climatic changes. The evolving groundwater compositions have been approximated by 
the concept of reference groundwaters which apply to specific time windows (Hellä et 
al. 2014). To account for the uncertainty in groundwater chemistry so-called bounding 
waters were defined. To support the selection of the reference and bounding 
groundwaters for the safety case, the composition and origin of the groundwater in the 
repository during the different phases of the evolution of the repository and the site was 
determined by means of numerical groundwater flow and solute transport modeling (see 
Löfman & Karvonen 2012, Hellä et al. 2014). The resulting groundwater composition 
was determined based on the mixing fractions provided by this modeling. The results of 
the reactive transport modeling discussed in Chapter 3 also support the selection of the 
reference and bounding groundwaters in Hellä et al. (2014). As detailed in Hellä et al. 
(2014), from these groundwaters two reference and four bounding backfill porewaters 
were defined, which should represent the expected range of groundwater compositions 
including uncertainties in ionic strength, alkalinity, Na, Ca and pH. For the purpose of 
this study, the two reference porewaters (saline, brackish) and two bounding porewaters 
(dilute/carbonate-rich, glacial melt) were taken into consideration. The remaining 
bounding waters (brine, high alkaline) are considered to be very unlikely to occur and 
moreover do not lead to more pessimistic sulphide fluxes in the backfill. 

The results obtained from the chemical equilibrium model for the two reference and two 
bounding groundwaters are presented in Table 4-2 and for the corresponding backfill 
porewaters in Table 4-3. The pH is buffered at near-neutral to slightly alkaline values 
via buffering reactions. 

With regard to the thermodynamic model there is considerable conceptual uncertainty 
related to the porosity structure and the physico-chemical description of interlayer 
water. This has been accounted for in calculations presented in Section 4.3 by 
considering two limiting model variants: (i) assuming the total porosity to take part in 
geochemical reactions, (ii) excluding the interlayer water from geochemical reactions.  
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Table 4-2. Reference and bounding groundwaters at 25 C assuming calcite and quartz 
equilibrium (in mmol/L) (Wersin et al. 2013b). 

 

 

Saline 
water, 

based on 
KR20/465/1

Brackish SO4 

water, 
based on 
KR6/135/8

Dilute, 
carbonate 
rich water, 
based on 
KR4/81/1

Brine 
water, 

based on 
KR4/861/1

Glacial 
melt 

water, 
based on 
Grimsel 
water

log p(CO2) -2.74 -2.28 -2.11 -3.91 -5.72

pH 7.21 7.12 7.49 7.18 9.69

Eh (mV) -222 -198 -224 -296 -204

Alkalinity
(meq L-1) 0.60 1.53 4.26 0.041 0.43

Strength 
(meq L-1)

215 144 18.94 1299 1.21

Na 116 77.12 13.15 424 0.69

K 0.28 0.47 0.25 0.560 0.0050

Mg 2.63 7.45 0.74 4.52 0.00062

Ca 32.75 16.19 1.19 392 0.13

Cl 182 114 9.91 1214 0.16

SO4
2- 0.21 4.82 0.96 - 0.061

S-2 0.0057 6.04E-04 3.00E-04 - -

HCO3
- 0.77 1.74 4.52 0.103 0.19

Sr 0.16 0.093 0.0057 1.841 0.0020

Si 0.17 0.18 0.18 0.121 0.32

Mn 0.01 0.02 0.00 0.040 -

Fe 0.0023 0.0057 0.0081 0.036 3.00E-06

F 0.051 0.016 0.032 0.084 0.36

Br 0.56 0.17 0.018 4.363 -

B 0.12 0.057 0.027 0.083 -

SI Calcite 0.0 0.0 0.0 0.0 0.0

SI Quartz 0.0 0.0 0.0 0.0 0.0

SI Siderite -1.88 -1.18 -0.23 -2.45 -3.89

SI FeS(am) -1.59 -2.26 -2.01 - -30.34

Reference groundwaters Bounding groundwaters
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Table 4-3. Reference (saline and brackish) and bounding (dilute carbonate-rich, brine, 
glacial melt) backfill porewater compositions at 25 C (mmol/L) Wersin et al. (2013a). 

 

 

Saline water, 
based on 
KR20/465/1

Brackish 
SO4 water, 
based on 
KR6/135/8

Dilute, 
carbonate 
rich water, 
based on 
KR4/81/1

Brine 
water, 

based on 
KR4/861/1

Glacial 
melt 

water, 
based on 
Grimsel 
water

log p(CO2) -3.47 -2.70 -2.40 -4.61 -5.48

pH 7.60 7.21 7.28 7.46 8.75

Eh (mV) -234 -201 -201 -270 -297

Alkalinity
(meq L-1) 0.23 0.73 1.53 0.10 0.08

Strength 
(meq L-1)

362 245 86.4 2953 46.6

Na 204 110 29.4 568 5.93

K 3.27 0.67 0.62 0.83 0.04

Mg 26.5 16.0 6.77 6.58 0.06

Ca 36.5 35.3 13.5 644 14.5

Cl 288 176 12.63 1862 0.22

SO4
2- 22.3 18.5 28.2 4.47 17.3

S-2 5.6E-03 6.2E-04 3.1E-04 - -

HCO3
- 0.364 0.865 1.686 0.069 0.044

Sr 0.170 0.167 0.025 2.848 0.106

Si 0.175 0.173 0.179 0.074 0.204

Mn 0.007 0.033 0.005 0.062 0.000

Fe 0.020 0.018 0.007 0.470 0.008

F 0.069 0.025 0.040 0.128 0.470

Br 0.868 0.265 0.023 6.692 -

B 0.164 0.089 0.038 0.127 -

SI Calcite 0.00 0.00 0.00 0.00 0.00

SI Quartz 0.00 0.00 0.00 0.00 0.00

SI Siderite -1.00 -1.00 -1.00 -1.00 -1.00

SI FeS(am) -0.32 -1.73 -2.50 - -

SI Gypsum 0.00 0.00 0.00 0.00 0.00

CEC (eq L-1) 2.12 2.12 2.12 2.12 2.12

NaX (f) 0.51 0.35 0.18 0.50 0.04

CaX2 (f) 0.29 0.47 0.56 0.49 0.95

MgX2 (f) 0.17 0.17 0.25 0.01 0.00

KX (f) 0.03 0.01 0.01 0.00 0.00

Reference porewaters Bounding porewaters
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4.2.2 Redox processes 

Redox conditions in the backfill will be oxic initially. The emplaced material will 
contain a considerable inventory of molecular oxygen in the partly air-filled pores. This 
O2 will be depleted by transport processes into the rock and, more importantly, by 
oxidation of iron minerals (pyrite, siderite), or possibly by microbial degradation of 
organics in the backfill or at the backfill/rock interface (groundwater or rock surface). 
So far, there are no experimental data on the degradability of the organic carbon in the 
backfill materials (see discussion in Section 4.4.4). The timescales for O2 depletion will 
be short, as indicated from bounding assessments (Grandia et al. 2006; Posiva 2013c, 
Appendix C). Taking well-established reaction rates of pyrite oxidation for a saturated 
and an unsaturated backfill case, depletion times of a few years or less for the whole 
backfill volume have been estimated (Posiva 2013c, Appendix C). This is explained by 
the significant inventory of pyrite ( 1 %) in the backfill (Table 4-1). Further reaction 
processes, such as oxidation of siderite or microbial degradation, which were not 
considered in the bounding assessment, further enhance O2 consumption rates. 

Upon O2 depletion, conditions in the backfill will become and remain reducing. Two 
different redox pathways under reducing conditions can be envisioned: 

In the first case, the backfill is well homogenised after re-saturation. Redox conditions 
will be controlled by the reactive iron minerals in the backfill on one hand and by redox 
conditions of the surrounding groundwater on the other. Under these conditions, 
microbial activity will be restricted because of the high swelling pressure, the limited 
water activity and low pore size throughout the backfill. Because of their significant 
inventory, siderite, iron oxides (goethite, magnetite, and hematite) and pyrite will 
effectively buffer redox conditions. Dissolved Fe(II) will be controlled by this phase 
assemblage. Sulphide concentrations will be very low and constrained by pyrite 
equilibrium unless sulphide concentrations in the groundwater are much higher which 
would establish a diffusive flux into the backfill, leading ultimately to constant sulphide 
levels throughout. This is assumed for the reference backfill porewaters (Table 4-3) in 
which sulphide concentrations are assumed to be the same as those of the surrounding 
groundwaters (Table 4-2). As shown in Chapter 2, sulphide in these groundwaters is 
constrained by iron sulphides. 

In the second case, microbial activity occurs in the backfill/rock interface area. This 
would require a low density area with a low swelling pressure (< 1MPa) (Stroes-
Gascoyne et al. 2010) which might arise in case of limited homogenisation. Microbial 
activity could also occur in the adjacent excavated damaged zone (EDZ) or inside the 
fractures intersecting the EDZ. The main electron acceptor in the anaerobic degradation 
reaction process is sulphate provided by the large gypsum inventory in the backfill 
(Table 4-1). Sulphate reduction rates will depend on a number of factors including the 
diffusive flux of sulphate, the compaction degree (and thus swelling pressure) of this 
zone and the availability of organic matter and other reductants which serve as energy 
source for SRB. An example of reported rates of sulphide production by SRB as 
function of bentonite density and swelling is given in the experimental study of Masurat 
et al. (2010) and Pedersen (2010b) In these tests, dormant SRB in MX-80 bentonite, in 
which copper plates were placed, were supplied with an unlimited source of organic 
carbon and marked with radioactive 35SO4. The copper sulphide production rates, which 
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were determined by electronic autoradiography, show a clear dependence on density 
and swelling pressure (Figure 4-3). 

A further possibility, not further considered here, is that microbial activity occurs also 
inside the backfill. This is deemed to be unlikely because of the high density and high 
EMDD (Effective Montmorillonite Dry Density) of the backfill blocks and the resulting 
large swelling pressure upon saturation. This is supported by recent experimental data 
(Kumpulainen & Kiviranta 2011). Moreover, in terms of generated sulphide fluxes, this 
scenario is less conservative relative to that considering sulphide production at the 
backfill boundaries. 

The dissolved sulphide concentrations in the sulphate reduction zone may be quite 
variable as indicated from experimental studies in disturbed clays (discussed further in 
Section 4.3.4). A key aspect is the interaction with iron species which leads to 
immobilization via iron sulphide precipitation. This can be described by the two 
schematic reaction pathways:  

2CH2O + SO4
2- + 2H+  H2S + 2CO2 + 2H2O Equation 4-1 

Fe2+ + H2S  FeS + 2H+ Equation 4-2 

where CH2O represents a proxy for organic matter in the backfill. This illustrates that 
sulphide concentrations depend on sulphate reduction rates, the availability of Fe(II) and 
the solubility of iron sulphide. Iron sulphides show a wide range of solubilities, as 
discussed in Section 4.3.4. Mackinawite, an iron monosulphide, is frequently formed 
from the microbial sulphate reduction process in low temperature environments 
(Schoonen & Barnes 1991). Pyrite, the most stable iron sulphide precipitates via an FeS 
precursor, which may be a dissolved complex or more commonly via a solid complex 
(e.g. FeSam, mackinawite, greigite) (Rickard & Morse 2005). For example, this 
transformation may occur via the so-called the polysulphide reaction pathway: 

FeS + S(0)  FeS2 Equation 4-3 

The precipitation of pyrite is kinetically controlled and depends on a number of factors 
as outlined in Section 4.3. 

In summary, the second case is more complex to resolve and the sulphide production 
rates and resulting sulphide concentrations depend on a number of variables. A key 
process however which limits sulphide concentration - under the premise of the 
availability of dissolved Fe - is precipitation as iron sulphide. Freshly precipitated FeS 
often occurs in the form of mackinawite which may further react to form pyrite. 
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Figure 4-3. Rates of Cu2S production from microbial SO4 reduction in MX-80 as 
function of density and swelling pressure (from Masurat et al. 2010). 

4.3 Analysis of sulphate and sulphide fluxes without considering Fe 

4.3.1 Model concept 

The scope of this analysis is to assess maximum sulphide production rates that arise 
from the sulphate inventory of the backfill. The conceptual background thereof is 
summarized as follows: Gypsum, the main sulphate inventory in the backfill, is depleted 
via dissolution and out-diffusion of sulphate. Under conditions of a well-homogenised 
backfill material with a high swelling pressure, microbial activity will be restricted and 
there will be no sink and no significant retardation of sulphate diffusion to the rock. The 
fate of sulphate leaving the backfill will be different depending on the hydraulic-
chemical conditions in the rock zone around the deposition hole: 1) Sulphate may be 
rapidly transported away in fractures if groundwater flow is sufficient, 2) It may 
accumulate and a SO4 plume may develop if diffusive flux in the backfill is fast 
compared to the advective flux in the rock, or 3) It may be reduced to sulphide in 
adjacent fractures or the EDZ by SRB, which would then further generate a 
backdiffusion of sulphide into the backfill and diffusion into the buffer close to the 
backfill/buffer interface, besides being transported into the rock. In case homogenisation 
is incomplete, a low density zone of the pelletised bentonite material might persist in 
which SRB activity could occur. This case is similar to that of 3) in that sulphate 
diffusing into this boundary layer is reduced and sulphide is generated. In terms of risk 
for the canister the most unfavourable situation arises when the low density boundary 
layer is in direct contact with buffer and the transport distance to the copper canister is 
short. 

The rate of sulphide production depends on a number of factors, including in particular 
the rate of diffusive sulphate flux from the backfill to the boundary layer, the density 

0,1 1 10

Swelling pressure (MPa)

1

10

100

1000

10000

100000

fm
o

l 
C

u
2S

/m
m

2  d
a

y

Line = 50 mm per 1 000 000 years

Groundwater

Sterile groundwater

Sterile groundwater 120 °C

1500 kg/m
3

1800 kg/m
3

2000 kg/m
3



81 

 

 

and thus the viability of SRB in the boundary layer or the adjacent fractures and the 
availability of reactive organic carbon or other oxidants. 

From a mass balance viewpoint, the amount of sulphate in the backfill is substantial 
(1.6 % gypsum) and sufficient to completely corrode the canister lid, in case all 
sulphate is reduced and all sulphide produced diffuses to the canister. Thus, with a 
tunnel cross-section of 16.46 m2, a representative tunnel length for one deposition hole 
of 9.0 m, the backfill material with a dry density of 1720 kg/m3 contains 2.8104 mol of 
sulphate which, reduced to an equivalent amount of sulphide, can potentially corrode 
5.6104 mol of Cu as Cu2S. This compares to about 1.0105 mol for the total Cu in a 
canister2 and to about 6000 mol for the Cu lid3. This simple mass balance underlines the 
need for a more in depth analysis of the fate of the sulphate inventory in the backfill. 

The fate of sulphate in the backfill and its potential reduction to sulphide is assessed 
here by a bounding analysis. The objective is to estimate maximum sulphide fluxes into 
the buffer and thus affect the canister based on simplified assumptions. An important 
assumption thereby is that sulphide behaves conservatively, thus no reaction with iron 
species occur. Also no constraint on microbial activity and the availability of electron 
donors is put. The analysis includes two steps presented in Sections 4.3.2 and 4.3.3, 
respectively:  

a) First the depletion times of the sulphate (gypsum) inventory in the backfill are 
estimated by geochemical modelling using the concept of water exchange cycles 
and hydraulic data obtained from discrete fracture network modelling. In this 
analysis, no microbial sulphate reduction is considered. 

b) In a second step, maximum sulphate reduction and sulphide production rates are 
estimated with two approaches: (i) the analytical shrinking core concept and (ii) a 
diffusion-reaction model applying the PHREEQC code. Thereby microbial 
reduction is assumed to occur instantaneously at backfill/rock and backfill/buffer 
boundary. Subsequently, fractions of sulphide fluxes to the rock and to the buffer 
are estimated based on the concept of water exchange cycles. 

4.3.2  Modelling timescales of gypsum depletion without microbial 
activity 

The aim in this model step is to estimate timescales of gypsum depletion in the backfill 
without any microbial sulphate reduction. This is done on the basis of the water 
exchange cycle concept (e.g. Curti & Wersin 2002): The backfill is equilibrated with the 
surrounding groundwater in a series of batches. The equilibration is performed with the 
thermodynamic bentonite model (cf. Section 4.2.1). At each equilibration cycle, some 
gypsum dissolves.The calculation is carried out for n cycles until all gypsum has been 
dissolved.  

                                                 

2  For example, the mass of copper in an OL1-2 canister is 7300 kg, see Table 6-3 of the Description of the Disposal System. The 
atomic mass of copper is 0.063 kg/mol, giving 1.2 × 105 moles  

3  Simplifying the geometry of the lid to a simple disc, the volume is  × 1.05 × 1.05 × 0.05 / 4 m3 = 0.043 m3. The density of 
copper is 8960 kg m-3, giving a mass of 385 kg. The atomic mass of copper is 0.063 kg/mol, giving 1.2 × 105 moles, giving 6.1 
× 104 moles. 
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Within this model approach, timescales of gypsum depletion can be derived considering 
the duration of one exchange cycle. This latter is estimated as outlined below. 

Estimate of one water exchange cycle between backfill and rock 

Two conceptualisations can be used for estimating the duration of the water exchange 
cycle for the deposition tunnel: a measure of how long it takes a solution in pore spaces 
in the backfill to exchange with external groundwater. 

1. Groundwater flows into a deposition tunnel either from fractures intersecting the 
tunnel or from the central tunnel and mixes with the porewater in the backfill. The 
mixed groundwater/porewater flows out of the tunnel into intersecting fractures or 
to the central tunnel. Thus, advection dominates solute exchange. 

2. Groundwater flows in transmissive fractures flows predominantly around the 
deposition tunnel. Solutes are exchanged between the backfill porewater and the 
groundwater via diffusion. 

The two conceptualisations are illustrated in Figure 4-4A and Figure 4-4B. They 
represent somewhat stylised examples from a spectrum of possibilities. In both cases, 
for simplicity, the tunnel – including any EDZ - is treated as a homogenous porous 
medium.  
 
In respect to Case A, it is unlikely in reality that advection will displace porewater in the 
bulk of the backfill. It may, however, displace porewater in the EDZ and in any lower-
density crown space at the top of the tunnel. In this simplified conceptualisation, the 
representation of the tunnel as a homoegeneous porous medium that includes these 
possible more conductive regions means that advection-dominated solute exchange has 
been retained. A more sophisticated approach would be to consider exchange of solutes 
between the low-conductivity backfill and the higher-conductivity EDZ and crown 
space, where most of the advective in the tunnel is likely to occur (even though the EDZ 
was modelled as a discontinuous structure in the groundwater flow modelling central 
case). However, it is the simpler approach that is adopted in the following. 

In respect to Case B, the rate of exchange with fractures will depend to some extent on 
fracture orientation with respect to the tunnel axis. This dependency is, however, 
disregarded here for simplicity. Its affects are likely to be small compared with other 
model uncertainties. 
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A  B 

 

Figure 4-4. Two conceptualisations of water exchange concept between backfill and 
rock. A: exchange dominated by advective transport in surrounding fractures, B: 
exchange dominated by diffusive transport in fracture. Note that the figure illustrates a 
single fracture intersecting a small section of deposition tunnel. The quantities QIF and 
QOF, however, are the flows due to all intersecting fractures. 

 

In both cases, using the duration of the water exchange cycle as a measure of how long 
it takes a solution in pore spaces in the backfill to exchange with external groundwater 
implies uniform (i.e. well mixed) solute concentrations the pore water. It is 
acknowledged, however, that the assumption that the pore water is well mixed is likely 
to break down if the fractures are widely spaced, such that local losses of solutes to the 
fractures are not rapidly compensated by mixing by diffusion in the tunnel. 

In the first conceptualisation, the inflow from the central tunnel is given by: 

. Equation 4-4 

QC thus contributes to the total inflow flow to the deposition tunnel if QOF > QIF. If QOF 
< QIF, then the central tunnel provide an exit route for mixed groundwater porewater. 
Thus, the total inflow to the deposition tunnel is: 

. Equation 4-5 

Thus, 

 Equation 4-6 

 

QIF: inflow from fractures 
intersecting the deposition 
tunnels 
 

QOF: outflow to fractures 
intersecting the deposition 
tunnels 
 

QC: inflow from central tunnels 
 

Diffusive solute exchange 
between backfill pore water 
and flowing groundwater 
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The duration of the water exchange cycle, T1, is then equal to the porewater volume in 
the deposition tunnel divided by the total inflow to the deposition tunnel, i.e.: 

 Equation 4-7 

where  is the tunnel average porosity and V is the tunnel volume. T1 has been 
calculated from ConnectFlow groundwater flow modelling results for the TURVA-2012 
groundwater flow central case (see Section 6.9 of Hartley et al. 2013. Results for all 
deposition tunnels in the repository are shown in Figure 4-5. 

 

 Figure 4-5. Conceptualisation of water exchange dominated by advection.  
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The mean value of T1 is 13 600 years. 

In the second conceptualisation, the rate of diffusive exchange between the backfill 
porewater and the groundwater is given by an effective flowrate, QT: 





N

i
TDFiiwT ULeDQ

1
, /4  	 Equation 4-8 

where the summation is carried out over all N fractures intersecting the tunnel and: 

Dw is the diffusivity in water (0.0216 m2 a-1); L is the half circumference of the tunnel 
(6.5 m); ei is the transport aperture of the ith fracture; and Ui,TDF is the flow rate per unit 
width in the fracture: 

f

f
TDF

a
U


 	 Equation 4-9  

Here f  is the gross flow rate through the fracture and af is the area of the fracture 

plane intersecting the tunnel. These are obtained from groundwater flow modelling. 

The duration of the water exchange cycle in this second conceptualisation, T2, is then 
equal to the porewater volume in the deposition tunnel divided by the effective flow 
rate, i.e.: 

. Equation 4-10 

Results for all deposition tunnels in the repository are shown in Figure 4-6. 
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Figure 4-6. Conceptualisation of water exchange dominated by diffusion.  

 

The mean value of T2 is 212 000 years - more than an order of magnitude longer than 
T1. 

Figure 4-7 shows a histogram of the ratio of T2 to T1 calculated for each deposition 
tunnel. The ratio is always greater than 1. 
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Figure 4-7. Histogram of the ratio of T2 to T1 calculated for each deposition tunnel.  

 

It thus appears that, assuming the tunnel properties used in groundwater flow modelling, 
exchange of solutes between the backfill and groundwater are dominated by advective 
transport within and across the tunnels (including the tunnel EDZ) rather than diffusion 
from the tunnels into groundwater flowing around them, assuming solutes are well 
mixed within the tunnels and their EDZs. 

Calculation of gypsum depletion timescales  

Due the presence of gypsum, the initial sulphate concentration in the backfill porewater 
is higher than in the surrounding groundwater. Under saturated conditions, an outwards 
diffusive sulphate flux will be established which will decrease the dissolving gypsum 
inventory in the backfill. The time for gypsum depletion has been assessed by the 
concept of water exchange cycles. As indicated in the previous section, it is thereby 
assumed that the solute flux into the rock is limited by the water exchange between 
backfill and groundwater and thus diffusion is fast compared to the water exchange rate. 
At each cycle, the selected groundwaters (i.e., saline water (KR20/465/1), brackish 
water (KR6/135/8) replace the porewater reacted in the previous cycle and equilibrate 
instantaneously with the bentonite. The evolution of the mineral inventory focussing on 
gypsum and the porewater chemistry is recorded during a number of exchange cycles. 
The equilibrium model is the same as applied for the derivation of backfill reference 
porewaters (Section 4.2). The calculations were carried out with the PHREEQC code 
(Parkhurst and Appelo, 1999) using thermodynamic data specified in the 
Andra/Thermochimie database v.7b (Andra 2009). A uniform temperature of 25°C is 
assumed for all cases. The initial groundwater compositions (Hellä et al. 2014) are first 
equilibrated with quartz and calcite at 25°C before equilibration with the backfill (Table 
4-2). 
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The thermodynamic bentonite model is outlined in Sections 4.1 and 4.2.1 and detailed 
in Wersin et al. (2013b). As stated above, there is considerable conceptual uncertainty 
related to the porosity structure and the physico-chemical description of interlayer 
water. This has been accounted for by considering two limiting model variants: (i) 
assuming the total porosity to take part in geochemical reactions, (ii) excluding the 
interlayer water from geochemical reactions. The mineralogical characteristics are given 
in Table 4-1. The model includes cation exchange reactions at interlayer sites and 
surface complexation reactions for protonation/deprotonation at external sites. The 
dissolution-precipitation of reactive accessory minerals is also accounted for: this 
includes calcite, quartz, kaolinite, gypsum and siderite. For siderite, a ten times lower 
solubility as predicted from the database is assumed, based on the experience gained 
from the geochemistry in the Opalinus clay and Callovo-Oxfordian formations, which 
contain notable contents of ferrous carbonate (e.g. Gaucher et al. 2009). The redox 
potential is assumed to be controlled by the sulphate/sulphide couple whose activities 
are determined by those in the corresponding groundwaters. 

Selected results from the geochemical modelling for brackish water equilibrated with 
the backfill for both model variants described in the above section are illustrated in 
Figure 4-8. This shows that gypsum is completely dissolved after 90 exchange cycles in 
the ‘total porosity’ case and 38 exchange cycles in the ‘external’ porosity case. The 
concentrations of major solutes remain rather constant and little affected (except for 
sulphate) by this depletion process. This is because of the buffering reactions within the 
clay, namely cation exchange, surface protonation/deprotonation and calcite 
dissolution/precipitation. When equilibration with the saline water is assessed then 
gypsum depletion occurs after 69 cycles (‘total porosity’ case) and 30 cycles (‘external 
porosity’ case). The shorter depletion time compared to the brackish conditions is 
explained by the lower sulphate concentrations in the saline water leading to more 
dissolution of gypsum. 



89 

 

 

 

Figure 4-8. Gypsum depletion in the backfill vs. water exchange cycles for brackish 
case. 

 

As shown in the previous section, the duration of an exchange cycle has been estimated 
based on the discrete fracture network model carried out for TURVA-2012 (Hartley et 
al. 2013). The flow distribution around deposition tunnels is influenced by various 
uncertainties, including in particular the hydraulic properties of a possibly thermally 
damaged zone around deposition tunnels. Two limiting cases, one in which water 
exchange is advection-controlled and the other where it is diffusion-controlled, have 
been defined. The mean exchange cycle duration has been calculated to be 13,600 and 
212,000 years for the advective and diffusion case, respectively (see above).  

Given these results, six different test cases have been defined which account for the 
difference in hydraulics around the backfill, variation in groundwater composition and 
uncertainty in describing interlayer water in the model. The resulting gypsum depletion 
rates for each test case are shown in Table 4-4. In spite of the large differences, this 
illustrates that gypsum depletion times are predicted to be very long, thus more than 
100,000 years. 
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Table 4-4. Timescales for gypsum depletion in the deposition tunnel backfill for the 
different test cases.  

 

 

The calculated very long gypsum depletion times highlight that sulphate reaching the 
outer boundary of the backfill is transported slowly to water flowing through 
intersecting fractures. The sulphate transport is limited because the rock is rather 
impermeable for most tunnel sections. This leads to an accumulation of sulphate at the 
margins of the backfill and to a "sulphate front" which also causes a reduction of the 
sulphate concentration gradient between the interior of the backfill and the rock/backfill 
interface. Thus, in reality the diffusion of sulphate out of the backfill and the transport 
around it are coupled in such a low permeability system and the sulphate fluxes over 
time will decrease, resulting in even longer gypsum depletion times. For a few sections 
which are transected by a high flow fracture, advective transport may be faster than 
diffusion through the backfill, thus leading to much shorter gypsum residence times.  

In the next step we include microbial sulphate reduction at the backfill/rock boundary 
area, represented by a low density poorly homogenized boundary layer, where a 
sulphate sink may develop. This situation is considered in the following section. 

4.3.3 Modelling maximum sulphide fluxes to the buffer 

As an extreme bounding case, it is assumed that SRB reside in a boundary layer at the 
backfill/buffer interface that these bacteria instantly reduce out-diffusing sulphate to 
sulphide. Thus, no constraint with regard to supply of electron donors (e.g. reactive 
organic carbon) or limitation by iron sulphide precipitation is made. This case has been 
implemented in two model represenations: (i) a simplified analytical, radial “shrinking 
core” model and (ii) 1-D linear diffusion-reaction model using PHREEQC.  

Shrinking core model: 

The approach with a "shrinking core" model of gypsum depletion has been applied 
which is schematically illustrated in Figure 4-9.  

test case

duration
exchange 
cycle (a)

groundwater
type mode variant

gypsum
depletion 

time (a)
Sal_long_tot 212000 saline total porosity 1.46E+07
Sal_long_ext 212000 saline ext.porosity 6.57E+06
Brack_long_tot 212000 brackish total porosity 1.91E+07
Brack_long_ext 212000 brackish ext.porosity 8.06E+06
Sal_short_tot 13600 saline total porosity 9.38E+05
Sal_short_ext 13600 saline ext.porosity 4.22E+05
Brack_short_tot 13600 brackish total porosity 1.22E+06
Brack_short_ext 13600 brackish ext.porosity 5.17E+05
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Figure 4-9. Shrinking core model (see text). 

 

Gypsum is assumed to maintain a constant sulphate concentration C0 in a core region of 
the tunnel backfill where this mineral is present. The core region initially occupies the 
entire tunnel volume, but gradually shrinks as the gypsum dissolves. This leaves behind 
an annular region adjacent to the tunnel wall that is depleted of gypsum. Sulphate from 
the core diffuses across the depleted region to the tunnel wall, where it is assumed to be 
reduced instantaneously to sulphide by bacteria, such that the remaining sulphate 
concentration C1 is that of the groundwater. Shrinkage of the core gradually reduces the 
concentration gradient across the depleted region, so the sulphate flux also decreases 
with time.  

It is assumed that the time scale for diffusion across the depleted region is small 
compared with the rate of shrinkage of the core, so, in calculating diffusion, a pseudo-
steady state sulphate concentration distribution may be assumed across the depleted 
region. This distribution is the steady-state solution to the diffusion equation in 
cylindrical polar coordinates, with fixed concentration boundary conditions, C0 and C1, 
at the inner edge of the depleted region (or outer edge of the core) and at the tunnel 
wall: 
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The sulphate mass transfer across the region, per unit tunnel length, is: 
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This mass transfer is maintained by gypsum dissolution. If a cubic metre of backfill 
with 1.9 wt% gypsum can supply M moles of sulphate before it is depleted, then: 
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i 2  Equation 4-13 

From Eq. 4-13 and Eq. 4-14: 
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The radius of the core region is obtained by integrating Eq. 4-15: 
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 Equation 4-17 

The radius can be obtained for any given time through an iterative solution of Eq. 4-17 
(i.e. Eq. 4-17 is written in the form ri = f(ri,t) and a trial value of ri is substituted in the 
right-hand side to obtain an updated value of ri, which is then again substituted into the 
equation to obtain the next updated value, and so on, until ri converges on the exact 
solution). Results are presented in Figure 4-10. Complete depletion of the gypsum 
occurs in time T given by: 
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  Equation 4-18 

To obtain the flux at the tunnel wall, Eq. 4-18 is differentiated with respect to time: 
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From Eq. 4-14: 
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The flux at the tunnel wall is, G, is obtained by dividing F by the tunnel circumference: 
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Results are presented in Figure 4-11. 

 

Figure 4-10. Core radius as a function of time according to the shrinking core model.

 

Figure 4-11. Sulphate flux to the tunnel wall as a function of time according to the 
shrinking core model. 
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Model parameters are given in Table 4-5. 

The parameter M for the shrinking core model represents the gypsum concentration in 
relation to the bulk volume of the wet backfill material. 

The gypsum is completely depleted in about 7,000 years in the case of saline water, and 
8,500 years for brackish water (Eq. 4-18). The sulphate flux decreases with time as the 
core shrinks. It is in the order of 0.01 mmol cm-2 a-1 after 500 years and about an order 
of magnitude smaller after 5,000 years. 

1-D diffusion-reaction model: 

The flux of sulphate is simulated with linear one-dimensional diffusion-reaction model 
(Curti & Wersin 2002; Wersin 2003) integrated in the code PHREEQC, Version 2. 
Transport of a species through the backfill is described by: 
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 Equation 4-22 

where C (mol/kg porewater) is the species concentration, t is the time (s), x is the 
distance (m), Dp the pore diffusion coefficient (m2/s) and q the concentration in the solid 
phase (mol/kg of porewater). The transport part is solved by PHREEQC by an explicit 
finite difference scheme. The chemical interaction term ∂q/∂t is computed separately for 
each time step and corresponds to the change in concentration of the solid phase. 

The chemical model is the same as that applied for the water exchange cycle concept. 
Diffusion through the bentonite backfill is simulated in the following way: A bentonite 
tube (resembling the backfill) is divided into 40 cells, each 6.25 cm m in length. Due 
axisymmetric symmetry, diffusion from the centre of the backfill with a diffusion length 
of 2.5 m is assumed. An illustration of the model setup in the backfill is given in Figure 
4-12.  

 

Table 4-5. Parameter values for the shrinking core model. 

Parameter Saline water Brackish water 

M 190 mol m-3 

De 5 × 10-11 m2 s-1 

a2 16.46 m2 

C1 0.21 mol m-3 4.79 × 10-5 mol m-3 

C0 22.27 mol m-3 18.5 mol m-3 
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Figure 4-12. One-dimensional diffusion model to represent the evolution of the backfill 
porewater in time (see text). 

 

At the starting point of the tube, constant (no flux) boundary conditions, i.e. constant 
concentrations corresponding to the different groundwaters mentioned above, are 
imposed: 

C(xstart,t) = C0 Equation 4-23 

where C0 is the (constant) groundwater concentration of a given component. At the end 
of the tube, closed conditions are assumed.  

0
),(


dx

txC end
 Equation 4-24 

A uniform effective diffusion coefficient De of 510-11m2/s is assumed for all species 
with: 

pe DD 
 

Equation 4-25
 

The initial conditions in the backfill tube are set by the chemical composition of the 
particular porewaters, and by the initial exchange ion and mineral inventories. At t = 0 
the aqueous species start to diffuse through the cells while reacting with the accessory 
minerals and the clay surface sites (interlayer and edge sites). Note that the 
electrochemical effects related to the permanent layer charge and the interlayer structure 
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(e.g. ion specific diffusivities) is not accounted for in the modelling. Moreover, a linear 
instead of cylindrical geometry is assumed in view of the difficulty to implement this in 
PHREEQC. 

The presence of SRB at the boundary is simulated by assuming a zero-concentration 
sulphate boundary condition. This is done by taking a sulphate concentration at the 
groundwater/backfill interface which is three orders of magnitude lower than that in the 
groundwater. 

The calculated gypsum and sulphate concentrations of the diffusion-reaction 
calculations carried out with saline water interacting with the backfill are shown for the 
innermost cell with the greatest distance (2.5 m) from the backfill/host rock boundary 
(Figure 4-13a). As can be seen, in the presence of saline water, the gypsum in the 
backfill is depleted in approximately 16’000 years. Sulphate depicts an analogous 
behaviour, showing a more rapid decrease once gypsum is being depleted. The 
dissolution of gypsum is accompanied by the displacement of exchanged Na by Ca 
(Figure 4-13b) resulting from the increased Ca concentration: 

CaSO4 + 2NaX+  CaX2 + 2Na+ Equation 4-26 

The changes in calcite content due to dissolution or precipitation are very small 
compared to the initial inventory (not shown). The relatively small pH variation (7.5 – 
7.65) indicates that the system is well buffered.  

The calculations for the saline groundwater case yield similar relationships as for the 
brackish one (Figure 4-14). The depletion time for gypsum is slightly increased, thus 
occurring after about 22’000 years. The reason for this difference lies in the different 
calcium concentration in the two systems. The lower concentration gradient for Ca in 
the saline slows down gypsum dissolution. 
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Figure 4-13. Gypsum and sulphate concentration (upper) and CaX2, NaX and Ca 
(lower) calculated for the interaction of brackish water with the backfill in the 
innermost cell. 
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Figure 4-14. Gypsum and sulphate concentration (upper) and CaX2, NaX and Ca 
(lower) calculated for the interaction of saline water with the backfill in the innermost 
cell. 

 

The calculated gypsum depletion times from the geochemical model are longer (by a 
factor of 2-3) than those obtained from the analytical shrinking core model. This 
difference can be, to minor part, be attributed to the linear versus cylindrical geometry 
assumed. Scoping calculations (not shown) indicate however that this leads only to 
minor discrepancies. The main difference arises from the treatment of the gypsum as 
one component in the shrinking core model vs. two components (Ca and SO4) in the 
geochemical model. In fact, the low concentration gradients in Ca affect gypsum 
dissolution and sulphate concentrations and lead to a delay of gypsum depletion.  
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Comparison of sulphate reduction rates 

Reduction rates of sulphate can also be calculated from the geochemical model Therein 
the sulphate flux is assumed to be instantaneously reduced in the last cell of 6.25 cm 
thickness. For the brackish water case, the calculated sulphate reduction rates are about 
0.004 mmol cm-2 a-1 initially, steadily decreasing to about 3·10-4 mmol cm-2 a-1 at the 
onset of gypsum depletion. These rates are about a factor of three lower than those 
derived from the shrinking core model. 

The calculated sulphate reduction rates derived from the sulphate flux modelling are 
compared with selected sulphate reduction rates from the literature (Table 4-6).  

Canfield (1989a) compiled sulphate reduction rates over the entire range of marine 
sedimentation rates and sedimentary environments. It was shown, that, consistent with 
the findings of Jørgensen (1982), sulphate reduction and oxic respiration oxidize equal 
amounts of organic carbon in nearshore sediments. Sulphate reduction rates found in the 
sediments of the Black Sea (euxinic and marine environments) lie in the same range as 
those calculated by the shrinking core model. The compilation of Holmer & Storkholm 
(2001) in lake sediments revealed somewhat higher sulphate rates, in the range of 0.027 
– 0.19 mmol cm-2 a-1.  

 

Table 4-6. Comparison of sulphate reduction rates 

Details 
Sulphate reduction rates 

[mmol cm-2 a-1] 
Remarks Authors 

Saline/Brackish water 
interacting with backfill 

0.01 - 0.001 
radial diffusion calculated 

with 
 shrinking core model 

this work 

Saline/Brackish water 
interacting with backfill 

0.004 - 3·10-4 
1D diffusion-reaction model 

with PHREEQC 
this work 

Black Sea (marine) 0.05 – 0.141 
Literature compilation of 

range of sulphate reduction 
rates of marine sediments 

Canfield (1989a) 

Black Sea (euxinic) 0.0062 – 0.027 
Literature compilation of 

range of sulphate reduction 
rates of marine sediments 

Canfield (1989a) 

Lacustrine sediments 0.027 – 0.19 
Literature compilation of 

range lacustrine sediments 
Holmer & 

Storkholm (2001)

MX-80 bentonite 
compacted to different 
densities 

mean CuS production rates:
5.5e-5 (clay density 1.5 

g/cm3) 
1.1e-5 (clay density 1.8 

g/cm3) 
1.2e-6 (clay density 2.0 

g/cm3) 

The activity of SRB in MX-80 
bentonite saturated with 

groundwater was 
investigated 

Masurat et al. 
(2010) 
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The study of Masurat et al. (2010) has been summarized in Section 4.1. The observed 
mean copper sulphide production rates at different densities (see Table 4-6) are about a 
factor of 1,000 smaller than sulphate reduction rates calculated by the shrinking core 
model. The bentonite density shows a negative correlation with decreasing (copper) 
sulphide production rates. 

The derived rates from our modelling are thus somewhat lower than those reported for 
marine sediments of the Black Sea but much higher than those indicated for bentonite in 
the study of Masurat et al. (2010). It should be pointed out though that those 
experiments were designed for determining Cu corrosion rates and not for deriving 
sulphide production rates. Notwithstanding this uncertainty, it appears that sulphate 
reduction rates in SRB containing bentonite are considerably lower than derived from 
our simple model for the backfill clay. 

Fluxes of sulphide to rock and to buffer 

The previous sections have discussed the generation of sulphide by the reduction of 
sulphate at the backfill/rock interface. This section looks at the subsequent fate of this 
sulphide and, in particular, how much is likely to migrate into the rock and how much 
will diffuse down into the buffer and potentially react with the canister. 

Once produced, the timescale for radial diffusive mixing of sulphide in the backfill is of 
the order εtA/Det (about 5,000 years), where A is the tunnel cross sectional area (16.46 
m2; see Table 4-1), Det is the effective diffusion coefficient of anions in the backfill 
(7.39·10-12 m2/s) and εt is the porosity accessible to diffusing anions (0.07), see Posiva 
2013d). Although this is not particularly short compared with the timescale over which 
gypsum is depleted (around 20,000 years according to the 1-D diffusion reaction 
model), the simplifying assumption is now made that the sulphide generated at the 
backfill/rock interface is, at any time, uniformly distributed through the backfill, with a 
concentration Cs.  

For modelling purposes, the backfill/buffer system around the deposition hole is 
simplified into two compartments, as illustrated in Figure 4-15. One compartment 
comprises the backfill, where, at any time, a uniform sulphide concentration Cs is 
assumed. The second compartment comprises the upper part of the deposition hole, 
where the sulphide concentration decreases linearly from Cs at the backfill/buffer 
interface to zero at the level of the top of the canister, where all sulphide is assumed to 
be consumed by corrosion.  
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Figure 4-15. The modelled system. S is the distance between the deposition holes. 

 

The concentration Cs is, in practice, determined by a balance between the rate of 
sulphide generation and the rate of diffusive loss to the deposition hole, FDV, and the 
rate of loss to the rock, FR. However, in the present section, we do not look at the 
absolute values of concentration and of the fluxes in the system, but rather the relative 
fluxes to the host rock and to the canister via the buffer.  

The rate of diffusive loss to the canister surface via the buffer in the deposition hole is  

eSDV DC
L

r
F

2
  Equation 4-27 

where L is the vertical distance from the top of the canister to the top of the deposition 
hole (2.5 m), r is the deposition hole radius (0.875 m), De is the effective diffusion 
coefficient of anions in the backfill (7.39·10-12 m2/s) (Posiva 2013d) and Cs is the 
sulphide concentration in the backfill.  

The rate of loss to the rock, FR, is estimated based on the concept of water exchange 
cycles. One exchange cycle is the average time, T, it takes for an amount of sulphide 
equal to the amount present in backfill pores at any given time to migrate into the rock. 
Thus: 

1T

SAC
F S

R


  Equation 4-28 

where ε is the total porosity of the backfill (0.38) and S is the distance between 
deposition holes (9 m). T1 varies widely between deposition tunnels. This variation was 
evaluated for the groundwater flow modelling central case, using two conceptualisations 
(see Section 4.3.2) - A: exchange dominated by advective transport in surrounding 
fractures, B: exchange dominated by diffusive transport in fracture. It is shown in 
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Section 4.3.2 that, assuming the tunnel properties used in groundwater flow modelling, 
exchange of solutes between the backfill and groundwater are dominated by advective 
transport within and across the tunnels (including the tunnel EDZ) rather than diffusion 
from the tunnels into groundwater flowing around them, assuming solutes are well 
mixed within the tunnels and their EDZs. Thus, the range of values for T in 
conceptualisation A is considered in the following. 

Conceptualisation A (T = T1) gives a mean value of T of 13,600 years. Using this value, 
it is found that about 95 % of the sulphide migrates into the surrounding rock and 5 % 
diffuses into the deposition hole to be consumed by canister corrosion. The same 
conceptualisation gives an upper value for T of 32,500 years, whereby it is found that 
89 % of the sulphide goes into the rock and 11 % diffuses into the deposition hole.  

As stated in the introductory section, the gypsum inventory in the backfill with a section 
length of 9 m is 2.7×104 mol. Thus, potentially the same amount of sulphide would be 
present if all the gypsum dissolves and the sulphate is reduced by SRB. On the other 
hand, only about 6,000 moles of copper are in the canister lid. Using the values 
calculated above, (10 - 12 % diffusion of sulphide into the deposition holes), thus 
sufficient sulphide would be available for inducing corrosion failure. However, this 
implicitly assumes that all of the reduced sulphate is dissolved as sulphide, which is not 
realistic. Namely, this would imply an unlimited source of organic carbon supply for 
SRB and neglects any binding of sulphide by other processes. In fact, immobilisation of 
sulphides by FeS and FeS2 precipitation will occur and effectively reduce the flux of 
dissolved sulphide. This is discussed in the next section. 

4.4 Control of sulphide levels by iron sulphides 

4.4.1 The thermodynamic view 

Thermodynamic data for iron sulphides 

As pointed out in Section 4.3.1, sulphide in natural anaerobic waters is controlled by 
iron sulphides. The iron sulphides observed in low temperature environments show a 
large range of solubilities, with amorphous FeS, FeSam, being the most soluble phase 
and pyrite the least soluble one. The solubility constant for various iron sulphides has 
been critically reviewed by Davison (1991) who reappraised the solubility for FeSam 
(Davison et al. 1999). The solubility of mackinawite and its temperature dependence 
was determined by Benning et al. (2000). The difference between the solubility constant 
of FeSam and mackinawite is about a factor of ten. Thus, for the reaction: 

FeS + H+  Fe2+ + HS- Equation 4-29 

The logK0 constant of FeSam proposed by Davison (1991) is -2.95 whereas that of 
mackinawite is -3.60 (Davison 1991) and -3.83 (Benning et al. 2000). More recently, 
Rickard (2006) reported the solubility for synthetic nanoparticulate mackinawite with a 
logK of -3.55. The older study of Berner (1967) proposed lower solubilities for FeSam 

and mackinawite (Table 4-7). In their comprehensive review, Rickard & Luther (2007) 
discuss the thermodynamic data of iron sulphides and highlight the relevance of 
dissolved FeS complexes influencing solubility measurements. 
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Greigite (Fe3S4) is also a common phase, often occurring together with mackinawite. Its 
solubility is rather poorly known and has ben re-calculated by Rickard & Luther (2007) 
based on data from Berner (1967). Both mackinawite and greigite are common 
intermediate phases during the formation of pyrite (see below). 

The solubility for pyrite is very low and thus virtually impossible to measure 
experimentally. Davison (1991) and Hummel et al. (2002) proposed a solubility 
constant based on Gf data from the components. Thus, for the reaction: 

FeS2 + 2H+ +2e- = Fe2+ + 2HS- Equation 4-30 

The corresponding logK0 is -15.79 proposed by Davison (1991) and -18.50 proposed by 
Hummel et al. (2002). Notwithstanding these differences, this illustrates the very low 
solubility of pyrite over a wide range of conditions. 

Other iron sulphide minerals, including for example troilite (FeS), pyrrhotite (Fe1-xS) 
and marcasite (FeS2) are usually formed at higher temperature and much less common 
in low temperature environments. They are not considered further here. 

The solubility constants for FeSam, mackinawite, greigite and pyrite are given in Table 
4-7. Therein, also the solubility constants applied in the thermodynamic database 
THERMOCHIMIE V7b (Andra 2009), and PHREEQC/MINTEQ (Phreeqc version 
2.18, minteq.dat 3568, 2009-07-13) are shown. From this compilation it becomes clear 
that the THERMOCHIMIE data rely on the (well-established) study of Davison (1991) 
whilst the source for the PHREEQC/MINTEQ data is based on older work from Berner 
(1967) and Robie & Waldbaum (1968). 

 

Table 4-7. (Apparent) solubility constants logK0 for some iron sulphides. 

 
 

mineral phase logK0 Reference Database Comments

FeSam 
a -2.95 Davison 1991 Thermochimie

-3.00 Davison et al. 1999 at 20C

-3.92 Berner 1967 Minteq, Phreeqc

mackinawite a -3.60 Davison 1991 Thermochimie

-3.83 Benning et al. 2000 at 25 °C

-3.48 Rickard 2006 at 23 °C, nanoparticles

-4.65 Berner 1967 Minteq, Phreeqc

greigite b -12.84 Rickard & Luther 2007 recalculated from Berner 1967

pyrite c -15.79 Davison 1991 Thermochimie based on compilation Bard et al. 1985

-18.50 Hummel et al. 2002 Nagra/PSI

-18.48 Robie & Waldbaum 1968 Minteq, Phreeqc
a FeS + H+ = Fe2+ + HS-

b Fe3S4 + 3H+ = 3Fe2+ + 3HS- + S0

c FeS2 + 2H+ + 2e- = Fe2+ + HS-
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Thermodynamic calculations for porewaters: 

Sulphide levels are calculated for the saline and brackish reference backfill porewaters 
and the dilute carbonate-rich bounding water (Table 4-3) with aid of PHREEQC and the 
THERMOCHIMIE database. As presented above, the underlying solubility data are 
taken from well accepted data of Davison and co-workers in the THERMOCHIMIE 
database. Moreover, these data lead to higher sulphide levels compared to those of other 
databases, such as PHREEQC or MINTEQ, thus representing a conservative selection. 
In the calculations, redox conditions were assumed to be constrained by the 
sulphate/sulphide equilibrium. Further, Fe(II) was assumed to be constrained by Fe 
carbonate with a solubility ten times lower than that given for siderite. This choice 
follows from observations in iron carbonate-containing natural clays (Gaucher et al. 
2009), and the fact that lower iron levels lead to higher and more pessimistic sulphide 
levels under the solubility constraint of iron sulphide. 

The results for the three porewaters are presented in Table 4-8 where sulphide levels at 
equilibrium with FeSam, mackinawite and pyrite are shown. Note that the concentrations 
of Fe(II) and sulphide differ from those presented in Table 4-3, the latter of which are 
reflect measured groundwater concentrations. 

Obviously, sulphide solubilities are highest when controlled by freshly precipitated 
FeSam and decrease by a factor of about five when constrained by mackinawite. 
Solubility control by pyrite leads to much lower sulphide concentrations, 4-5 orders of 
magnitude lower than for FeSam. 

 

Table 4-8. Solubility of sulphide in equilibrium with different iron sulphides for the 
backfill porewaters at 25 C as calculated from THERMOCHIMIE database. Fe(II) is 
assumed to be controlled by Fe carbonate with SIsiderite -1. 

 

 

  

mineral water-type corresponding pH pCO2 Fe(II) S(-II) S(-II)

groundwater mol/L mol/L mg/L

FeS(am) saline KR20/465/1 7.6 -3.47 2.01E-05 1.16E-05 0.37
brackish SO4 KR6/135/8 7.21 -2.70 2.00E-05 3.32E-05 1.06

dil./carbonate KR4/81/1 7.28 -2.40 8.41E-06 6.84E-05 2.19

glacial melt Grimsel 8.75 -5.48 7.79E-06 1.21E-06 0.04

mackinawite saline KR20/465/1 7.6 -3.47 1.94E-05 2.59E-06 0.08
brackish SO4 KR6/135/8 7.21 -2.70 1.84E-05 7.42E-06 0.24

dil./carbonate KR4/81/1 7.28 -2.40 7.12E-06 1.53E-05 0.49

glacial melt Grimsel 8.75 -5.48 7.74E-06 2.70E-07 0.009

pyrite saline KR20/465/1 7.6 -3.47 1.92E-05 8.33E-10 2.67E-05
brackish SO4 KR6/135/8 7.21 -2.70 1.80E-05 8.68E-10 2.78E-05

dil./carbonate KR4/81/1 7.28 -2.40 6.74E-06 1.21E-09 3.87E-05
glacial melt Grimsel 8.75 -5.48 7.73E-06 1.23E-09 3.93E-05
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Influence of geochemical conditions: 

As illustrated in Table 4-8, sulphide concentrations vary considerably depending on 
solution composition. The difference can be explained by two reasons. First, there is a 
clear negative pH dependence because of the deprotonation reaction of H2S with a pK 
of ≈ 7, thus to compensate for the decreasing HS- activity, the total S(-II) concentration 
in equilibrium with iron sulphide must increase. Second, pCO2 affects Fe(II) 
concentrations in equilibrium with siderite. At high pCO2, Fe(II) tend to decrease for 
calcite saturated systems. This is exemplified by comparison of the brackish and dilute-
carbonate-rich backfill porewaters (Table 4-8). The latter porewater displays a high 
pCO2 and lower Fe(II), thus leading to higher sulphide levels, in spite of the slightly 
higher pH values compared to the brackish water. The effect of increased pCO2 on 
Fe(II) and sulphide levels is depicted (Figure 4-16). 

There are uncertainties in the influence of microbial activity on porewater chemistry. 
Microbial sulphate reduction leads to increased CO2 and alkalinity (see eq. 4-1) which 
is buffered to some extent by calcite dissolution, surface reactions with the clay, silicate 
weathering and solute transport. If a SRB zone at the backfill/rock interface develops, 
the pCO2 increase will – in the long run  likely be compensated by the large reservoir 
of the unaffected backfill and the host rock. This is also suggested by the observed 
pCO2 (and pH levels) in the sulphate reduction zone in Olkiluoto groundwaters, which 
generally show log(pCO2) levels in the range of -2.5 to -5.0 (Posiva 2009). However, in 
tight sections around the deposition tunnels and high SRB activity, it cannot be ruled 
out that higher CO2 conditions and consequently lower pH than in the surrounding rock 
develop temporarily. This would lead to an increase in sulphide concentrations. 

 

Figure 4-16. Solubility of mackinawite as function of pCO2 under brackish SO4 water 
conditions. Fe(II) controlled by siderite with S.I. = -1 (see text). Dashed line: logpCO2 
of reference groundwater. 
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4.4.2 The kinetic view – transformation kinetics of FeS to FeS2 

As stated in Section 4.2.1, the precipitation of pyrite occurs via an FeS precursor, 
although the reaction process is still under debate. Two main reaction pathways have 
been proposed Rickard & Luther (2007). The first involves polysulphides or elemental 
sulphur as oxidant according to the reaction pathway illustrated in eq. (4-3). The second 
recognised pathway involves hydrogen sulphide as oxidant yielding hydrogen gas: 

FeS + H2S  FeS2 + H2 Equation 4-31 

The rate of the conversion of FeS to FeS2 depends on a number of factors, including pH, 
temperature, conditions for microbial activity and polysulphide concentration (e.g. 
Rickard & Luther 2007). The polysulphide reaction is favoured over the H2S one at 
higher pH, higher redox potentials and higher polysulphide concentration. In iron-
limiting systems, pyrite formation is controlled by the Fe(II) concentration (e.g. Rickard 
& Luther 2007; Raiswell & Canfield 2012). For this case, the hydrogen sulphide 
reaction will dominate the pyrite precipitation rate.  

The FeS precursor may be a dissolved complex or a cluster of FeS from which, given 
the appropriate conditions, pyrite may readily form without the prior precipitation of 
iron monosulphide (Rickard & Morse 2005). According to these authors (see also 
Rickard & Luther 2007), pyrite in “normal” marine systems which generally contain 
low Fe(II) concentrations forms by this pathway. A common pathway of pyrite 
formation is via precipitation of a more soluble FeS form (mackinawite, greigite). This 
is observed in freshwater and “inshore” marine systems, where mackinawite has been 
reported to be the precursor for pyrite (Berner 1970; Canfield et al. 1992; Wilkin & 
Barnes 1996; Benning et al. 2000; Neretin et al. 2004). Rickard & Luther (2007) 
characterise such systems as “iron-rich” in which pyrite is formed via a dissolution-
precipitation process. Schematically, the transformation of iron monosulphide to pyrite, 
as observed from numerous experimental data (Rickard & Luther 2007; Benning et al. 
2000) is shown in Figure 4-17. 

The possible sources of iron in the backfill reacting with sulphide are siderite and iron 
(hydr)oxides. The latter mineral phases may dissolve reductively both abiotically or 
mediated by microbial degradation. Organic carbon (e.g. organic acids) or sulphide may 
act as electron donors for this process. Reductive dissolution of iron (hydr)oxides by 
sulphide is a prominent process in marine systems (Canfield et al. 1992). The rate of 
Fe(III) reduction via sulphide depends on the crystallinity, thus showing a high rate for 
ferryhydrite and about 2 orders of lower rate for crystalline goethite (Poulton et al. 
2004). The final reaction products of the iron oxide-sulphide interaction depend on the 
geochemical conditions and are elemental sulphur, polysulphides or FeS (Hellige 2011). 

It has been shown that the presence of microorganisms can have a catalytic effect and 
enhance pyrite precipitation rates by several orders of magnitude (Canfield et al. 1998; 
Donald & Southam 1999).  

In summary, FeS acts a precursor for pyrite precipitation whose kinetics is highly 
variable, depending on biogeochemical conditions. The precipitation of FeSam is fast 
and rapidly converted to a thermodynamically more stable form, such as mackinawite. 
The reaction process in many systems is constrained by the availability of iron. 
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Figure 4-17. Transformation pathways of different forms of FeS to pyrite. 

 

4.4.3 The natural analogue view - data from claystones 

Available sulphide data from three low permeability claystones (Opalinus Clay, 
Callovo-Oxfordian and Boom Clay) foreseen as potential host rocks for high-level 
waste repositories are presented in this section. These rocks are considered to be useful 
analogues for the backfill for the purpose of this study. All of them are clay-dominated, 
containing variable contents of illite/smectite mixed layers, illite, kaolinite and variable 
contents of iron sulphide (mainly in the form of pyrite), siderite, sulphate and organic 
matter. 

It is important to note that porewater characterisation of claystones is a difficult task 
because of the intimate clay-water association and the large fraction of "bound" water 
(e.g. Sacchi et al., 2000). Thus, by drilling sampling disturbances may be induced, 
including oxidation, degassing, colloid formation and microbial effects. It is therefore 
not straightforward to obtain reliable in-situ porewater data. This is especially true for 
sulphate and sulphide data which are prone to oxidation by air ingress and/or by 
microbial sulphate reduction induced by the drilling/sampling procedure. Hence, care is 
needed when evaluating reported data. 

In spite of the drawbacks mentioned above, good quality porewater data has been 
obtained from these three formations during recent years.  

Opalinus Clay (OPA), Mont Terri Rock Laboratory, Switzerland: 

An extensive geochemical characterisation programme of the OPA has been carried out 
within the Mont Terri Project since 1996. The last geochemical synthesis task was 
reported by Pearson et al. (2003). From the results available, the authors deduced that 
the redox conditions are controlled by the sulphate/sulphide equilibrium and that 
sulphide is probably controlled by pyrite equilibrium. The reasoning for this statement 
was the abundance of (non-altered) pyrite in the rock (0.7 - 1 wt%) and the fact that 
measured porewaters from boreholes did not show any measurable sulphide. From this 
information, Pearson et al. (2003) calculated dissolved in-situ sulphide concentrations in 
the range of 10-11 mol/L. They postulated that, given the long residence time of the 
porewater, the redox potential was controlled by the sulphate-pyrite equilibrium. More 
recent studies are summarized in Table 4-9 and briefly described below: 

Degueldre et al. (2003) sampled the porewater from a borehole interval over a time of 4 
years. The analysis of the porewaters collected from the three boreholes showed that the 
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sulphide concentrations were always below the detection limit (this value is not 
reported). 

Vinsot et al. (2008a) implemented a device for porewater sampling in the Mont Terri 
Rock Laboratory. An ascending borehole was drilled with nitrogen and other measures 
were undertaken (e.g. use of aseptic tools) to minimize rock redox and microbiological 
disturbances. The borehole equipment made it possible to collect the seepage water 
from the borehole over more than three years. The sampled water composition remained 
stable over time. In total, nine seepage water samples were taken and analysed, but 
sulphide could be detected only in one sample with a concentration of 1.2·10-5 mol/L. 
According to Vinsot (2011) this value is slightly above the detection limit which varied 
between 0.2 and 0.5 mg total sulphur per litre. The authors concluded that the collected 
porewater showed only a low chemical disturbance and that the results should be 
considered as representative of the natural state of the porewater.  

Wersin et al. (2011) carried out an in situ experiment in the OPA over a period of five 
years. The experiment was based on the concept of diffusive equilibration: synthetic 
porewater with a composition close to that of the formation water was circulated in a 
packed-off borehole which had been drilled with nitrogen. It was expected that the 
synthetic porewater would equilibrate with time with the formation water via diffusion 
and water-rock interactions. Regarding the sulphate concentration in the porewater, this 
anion showed a decrease in the first 800 days. Afterwards, the sulphate concentration 
remained relatively constant at about one third of its initial value. Parallel to the 
sulphate decrease, sulphide increased strongly after 540 days (max. 10-3 mol/L) and 
decreased afterwards to lower levels again (10-4 - 410-5 mol/L). The results of this 
study showed clear evidence of sulphate reduction coupled to microbial degradation of 
organic carbon. The authors explained the presence of sulphate reducing bacteria by an 
organic source released from the equipment material (probably glycerol released from 
the gel-filled pH-electrode), whereas the degradation of this source was accompanied by 
sulphate reduction. 

Concluding from the more recent studies, the suggestion of pyrite-sulphate equilibrium 
by Pearson et al. (2003) for undisturbed OPA is not invalidated. They highlight 
however, the importance of microbial redox disturbances affecting both sulphate and 
sulphide concentrations. Uncertainty however remains concerning the actual in situ 
sulphide levels. 

Callovo-Oxfordian (COx), Meuse/Haute Marne laboratory (Bure site) 
France: 

There are comparatively fewer documented porewater data from the COx at Bure 
compared to the Mont Terri site. From a geochemical viewpoint, the COx is similar to 
the OPA, thus displaying a similar mineralogical assemblage (notably pyrite 
concentrations of about 1 wt%) - with a somewhat higher carbonate content and slightly 
less mature organic matter of 0.5 -1 wt%. TOC (Gaucher et al. 2004).  

Vinsot et al. (2008b) characterized the Callovo-Oxfordian porewater over a time of 
about 290 days with different experimental set-ups. The first type of experiment was 
dedicated to sampling the porewater and was based on water circulation. The evolution 
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of the porewater composition was followed through regular sampling of the circulating 
water and monitoring of several chemo-physical parameters. In another type of 
experiment gas was circulated in a borehole and the seepage water was sampled. The 
initial water circulation experiment was affected by organic carbon contamination, 
consisting of residues of alcohol used for the equipment disinfection, which could not 
be removed efficiently before installation. One month after this experiment started, a 
smell of sulphide was detected, i.e. sulphate reduction due to SRB set in, leading to a 
decrease of sulphate and an increase of sulphide concentrations, whereas sulphide 
concentrations of 210-3 mol/L and above were measured. In the second water 
circulation experiment, despite some precautions, e.g. equipment disinfection, slight 
sulphate reducing activity was also detected. Consequently, sulphide was measurable in 
the first month of the experiment and again after about 290 days, whereas the measured 
sulphide concentrations ranged between 0.5 and 3 mg/L. To conclude from this study, 
the determined sulphide concentrations in the obtained samples are not representative of 
in-situ conditions due to organic carbon contamination and the resulting increased 
presence of SRB, respectively. According to unpublished data provided by Vinsot 
(2011), in the seepage water of the PAC boreholes, the sulphide concentrations appear 
to be directly related to the DOC concentrations. At low DOC of 1-3 mg C/l, sulphur 
concentrations were below the detection limit (0.3 mg/l ≈ 10-5 mol/l), whereas they 
reached 0.5-2 mg/L at DOC levels of 7-15 mg C/L. 

For the derivation of the unaffected porewater with geochemical modelling, 
pyrite/sulphate equilibrium has been considered and thus very low sulphide 
concentrations have been derived (Gaucher et al. 2009). 

Boom Clay, Belgium: 

Boom Clay is plastic consolidated clay with rather high amounts of pyrite (1-5 %) and 
reactive organic matter (De Craen et al. 2004). Under in situ conditions, sulphide 
concentrations are low (below detection limit) and no H2S smell is notable (De Cannière 
2011).  

De Craen et al. (2006) investigated porewater samples extracted by squeezing Boom 
clay cores obtained from the "Essen-1" borehole located in northern Belgium. The 
chemical composition of the porewater was determined and SO4

2- was identified as a 
major component in the porewater. On the other hand, no sulphide was detected in the 
porewater. However, under disturbed conditions, very high sulphide levels as a result of 
SRB growth have been detected. Thus, levels up to 3.010-2 mol/l have been observed in 
the gallery of the HADES site (De Cannière 2011). 

Summary: 

Porewater studies from claystones yield interesting, but not unambiguous data. The 
combined set of information suggests that undisturbed porewaters of OPA, COx and 
Boom Clay display low levels of sulphide (below detection limit) in equilibrium with 
pyrite, the main sulphur phase. Considerably higher sulphide levels, usually in the range 
of 10-5 to 10-4 M, have been detected in several studies, but these levels are affected by 
disturbances induced by the drilling/experimental setup and/or foreign organic sources. 
These high levels are generally associated with microbially-mediated sulphate reduction 
and high DOC levels. 
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Putting the results in overall geochemical perspective, detectable sulphide levels in 
claystones are explained by microbial sulphate reduction processes. These are impeded, 
or at least highly restricted due to their low water activity and nanoporous structure (e.g. 
Stroes-Gascoyne et al. 2007), which explains their generally low sulphide levels in the 
porewater (<<110-6 M), controlled by insoluble iron sulphides, presumably FeS2.  

 

Table 4-9. Summary of in-situ porewater studies in claystones. 

Porewater type Total sulphide  Remarks Reference 

Porewater in Opalinus 
Clay, Mont Terri Rock 
Laboratory (Switzerland) 

not detectable 
Sampling of OPA porewater from 
three different boreholes. 
Detection limit not reported. 

Degueldre et al. (2003) 

Porewater in Opalinus 
Clay, Mont Terri Rock 
Laboratory 

not detectable 

In situ water sampling experiment 
from a dedicated borehole (BDI-
B1). Chemical parameters of 
porewaters were measured on 
site. Detection limit 0.01 mg/L. 

Fernández et al. (2007) 

Porewater in Opalinus 
Clay,  
Mont Terri Rock Laboratory

0.4 mg/L 

Sulphide was detected in only 
one porewater sample 
contrasting to the other several 
samples that were taken 
Detection limit 0.02- 0.05 mg/L. 

Vinsot et al. (2008a) 

Porewater in the Callovo-
Oxfordian Clay Rock 
at Bure, France 

0.05, 0.1, 0.3 mg/L 

Sulphide was detected only three 
times in the "second water 
circulation" experiment in 
contrast to the several samples 
that were taken. Detection limit ≈ 
0.3 mg/L 

Vinsot et al. (2008b) 

Porewater in Opalinus 
Clay, Mont Terri Rock 
Laboratory 

1.4 - 32 mg/L 

Sampling of OPA porewater from 
a borehole disturbed by microbial 
activity induced by an artificial 
carbon source. The experiment 
was based on the concept of 
diffusive equilibration. 

Wersin et al. (2011) 

Porewater in the Boom 
Clay, SCKCEN (Essen-1 
Borehole, Belgium) 

not detectable 

Porewater extraction from several 
Boom Clay cores by mechanical 
squeezing or with piezometers. 
Detection limit not reported. 

De Craen et al. (2006) 
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4.4.4 Discussion 

There is overwhelming evidence that sulphide levels in reducing natural waters are 
controlled by iron sulphides. Under sulphate reducing low temperature conditions, FeS 
clusters and/or freshly precipitated, poorly ordered FeSam are formed first which are 
rapidly transformed to mackinawite and pyrite. The transformation rate depends on the 
geochemical and microbial environment and is difficult to predict, and this holds in 
particular for the backfill where experimental data is lacking. Given the long timescales 
which are of interest here it is reasonable to assume that a more crystalline phase than 
FeSam controls sulphide levels in long time perspective. This is supported by 
observations in Olkiluoto groundwaters whose sulphide data indicate control by 
(crystalline) mackinawite or even less soluble iron sulphides (Section 2.2.2). 

From the above discussion, one may conclude that it is difficult to predict accurately the 
sulphide concentrations in the backfill porewaters. Nevertheless, based on 
thermodynamic calculations and “soft” natural analogue data, the following sulphide 
concentration ranges are proposed here: 

1. Case with negligible microbial activity: sulphide concentrations are controlled by 
pyrite equilibrium or those of the surrounding groundwater. The expected 
groundwater sulphide levels, as represented by the reference waters, are in the range 
of 610-6 mol/L (0.2 mg/L) or less (Table 4-1). Note that for the dilute melt water, 
redox conditions are assumed to be controlled be the Fe(III)/Fe(II) redox couple 
whereas for the other waters control by S(VI)(S(-II) is assumed. 

2. Case with microbial sulphate reduction in the backfill-rock boundary zone: 
Sulphide concentrations in this zone will be constrained by FeS or, in the more 
favourable case, by pyrite. As discussed above, the most likely FeS phase to form is 
mackinawite. S(-II)tot concentrations span from about 0.1 – 0.25 mg/L for reference 
porewaters. For the bounding dilute-carbonate-rich porewater case, sulphide 
concentrations would rise to 0.5 mg/L. Temporarily, higher sulphide concentrations 
might develop in the case of intense SRB activity and slow iron dissolution kinetics. 
The availability of dissolved iron is in fact a source of uncertainty. Data from 
porewaters in claystones suggest that, apart from short-term effects, there is 
sufficient reactive iron in these rocks to bind sulphide and to prevent the migration 
of a sulphide front. It should be noted however, that the results from claystone 
investigations are still preliminary and uncertainty in interpreting microbially 
disturbed porewaters still remains. Given the uncertainty in the sulphide levels 
during transient conditions, sulphide might rise temporirailiy to levels beyound 0.5 
mg/L. Accounting for this uncertainty, an upper limit of 2 mg/L is proposed which 
corresponds to the highest sulphide concentration calculated for FeS(am) 
equilibrium (Table 4-8) (se also Section 4.7). 

From a mass balance perspective, there is sufficient iron in accessory backfill minerals 
(in particular siderite) to bind the sulphur present in the form of gypsum, as illustrated in 
Table 4-10. The overall reaction, in the case siderite is the Fe source, can be represented 
as: 

FeCO3 + CaSO4 + 2CH2O  FeS + CaCO3 +2CO2 +2H2O Equation 4-32 
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Thus, 1 mol of SO4, 1 mol of Fe(II) and 2 mol of CH2O are required to produce 1 mol 
of FeS. 

Table 4-10 illustrates that the organic matter inventory in the backfill is in the same 
range, albeit slightly lower, as that of sulphate. Most of the organic carbon is in the 
Friedland clay, thus it must be dissolved and diffuse to the backfill/rock and 
backfill/buffer boundary layer in order to be available for microbial degradation. The 
nature of the organic carbon in Friedland clay has not been studied. But, given the age 
(Eocene) of the Friedland Clay formation it can be expected that the organic carbon 
therein is refractory and not easily dissolvable.  Thus, sulphate reduction rates are likely 
to be limited by the organic carbon flux for a "closed" backfill system. This aspect will 
be quantitatively addressed by reactive transport calculations (section 4.6). 

4.5 Reactive transport modelling of sulphide fluxes 

4.5.1 Introduction 

In this third modelling part, the sulphide flux produced in the backfill is evaluated with 
a reactive transport model which couples diffusion with biogeochemical reactions 
relevant for the C-S-Fe system. Specifically, the flux of sulphide into the rock is 
simulated, considering the simultaneous processes of gypsum dissolution, microbial 
sulphate reduction at the backfill/rock boundary and multi-species diffusion. The code 
used in this numerical study is PFLOTRAN (Hammond and Lichtner 2010; Hammond 
et al. 2011; Lichtner and Hammond 2012; Hammond et al. 2012), a state-of-the-art fully 
coupled reactive transport code.  

The mineral precipitation/dissolution rates used in this study have the following general 
form: 

Rk = -kAp (1-Q/K) Equation 4-33 

where Rk is the mineral reaction rate, k is the rate constant in mol cm-2 s-1 , A is the 
mineral reactive surface area (1/cm), p is a sum of prefactor rates (e.g. for pH dependent 
rates), Q is the solubility product and K is the equilibrium constant of the mineral 
reaction. The expression Q/K is the mineral saturation index which equals unity at 
equilibrium.  

 

Table 4-10. Inventories of "reactive" sulphur and iron in backfill materials. 

"redox" inventory Friedland clay Milos granules Milos pellets average backfill

mol/tunnel-m mol/tunnel-m mol/tunnel-m mol/tunnel-m

gypsum 2679 148 338 3165

siderite 3182 3182

sum Fe(IIII) (hydr)oxides 297 681 978

organic carbon 5184 26 61 5271
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The magnitude of S2- fluxes into the surrounding rock is controlled by 1) the net S2- 
production resulting from a balance of SO4

2- production and reduction and the uptake of 
S2- into Fe-sulphides and 2) by the transport characteristics of the surrounding rock that 
is the diffusivity and the permeability. Both aspects will be explored in different 
simulation scenarios. The transport properties of the rock depend on the distribution of 
permeable fracture zones where advection is possible. Advection entails that porewater 
is quickly replenished by rock-buffered groundwater thus constituting zones of focused 
solute out-flux from the backfill. The sensitivity of S2- fluxes with respect to the 
transport properties of the rock are explored in three scenarios:  

1. homogeneous low diffusivity and discrete permeable fracture zones with advection 
dominated transport 

2. low permeability and high diffusivities throughout the rock, no fracture zone 

3. high permeability with advection dominated transport throughout the rock, no 
fracture zone  

4.5.2 Model design 

For each of these transport scenarios we assume a slightly different model design. In all 
cases the tunnel is modelled as a horizontal, radial symmetric cylinder. The tunnel has a 
radius of 2.3 m which, depending on the model scenario, constitutes only a fraction of 
the total radius of the model domain (Figure 4-18).  

The first and perhaps most realistic transport scenario involves a complex model design 
where out-diffusion is focused at discrete fracture zones intersecting the tunnel. This 
induces a horizontal component in the transport direction within the tunnel where 
transport in the along-tunnel direction is strongest at the backfill/rock contact. This is 
because at the contact pellets of Milos bentonite and an assumed 5 cm wide excavation 
damaged zone (EDZ) yield higher porosities and hence higher diffusivities. The domain 
extends 12.84 m from the tunnelwall into the surrounding rock but, unlike the second 
transport scenario, the rock exhibits a low rock effective diffusivity of De = 5·10-14 m2/s. 
Conceptally, the model includes two fracture zones, 20 m apart and situated on the left 
and right-hand side of the model domain. The spacing of 20 m represents the typical 
distance between seepage sites found in the tunnel. The width of each fracture zone is 
0.2 m and each zone extends vertically from the backfill/rock contact to the outer 
bounds of the model domain. Both side boundaries are vertical no-flow, zero-gradient 
boundaries and are positioned halfway within the fracture. We assume that processes to 
the left and to the right of the fracture are symmetrical such that the plane of symmetry 
(i.e. the vertical center plane) constitutes a no-flow and zero gradient boundary. This 
implies that the total fracture width is 0.2 m, although we effectively model only 0.1 m. 
Because this conceptual model of the tunnel is symmetric with respect to the vertical 
plane half-way between the fracture zones, the numerical model considers only one half 
of the tunnel length (i.e. 10 m). The vertical plane of symmetry is implemented as a no-
flow, zero-gradient boundary. In the fracture zone advective flow is not incorporated 
explicitly but rather approximated by assigning high diffusivities to the fracture. While 
in case of advection solutes are transported in a moving fluid driven by gradients in 
hydraulic head, in the case of high diffusivities, solutes are driven by concentration 
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gradients in a stagnant fluid. By assigning high diffusivities to the fracture zone and 
imposing a fixed groundwater composition where the fracture meets the model 
boundary, the water composition within the fracture is essentially kept at groundwater 
composition at all times. The effect is analogue to flushing the facture zone by 
advecting groundwater. Here we assign an arbitrary high effective diffusion coefficient 
of 8·10-4 m2/s to the fracture zone. Although advection is not modelled, it is useful to 
estimate the advective flow velocity that would be required to establish well mixed 
conditions within the fracture zone. This can be achieved via the non-dimenisonal 
Peclet number which expresses diffusion versus advection dominance as a function of 
the characteristic length scale l, the diffusivity D and the advective velocity v according 
to 

   Equation 4-34 

For Pe >> 1 advection and for Pe << 1 diffusion is the dominant transport mechanism, 
respectively.. Advection-dominated conditions would arise in a water-filled fracture 
with D0 = 1·10-9 m2/s and l = 1 m at flow velocities v exceeding 0.032 m/year. To derive 
the minimum volumetric flux into the fracture zone, the minimum flow velocity is to be 
multiplied by the bulk porosity. For a porosity of 10 %, the volumetric flux imposing 
advection-dominated conditions would have to exceed 3.2·10-3 m3 m-2 year-1. 

In the second transport scenario, the surrounding rock is given a higher diffusivity 
which is of the same magnitude as that if the backfill material. Thus, the distribution of 
De is homogeneous throughout the model domain. The third scenario represents an 
extreme case in which the tunnel wall constitutes the model boundary and the 
tunnel/rock contact is represented by a Dirichlet (fixed groundwater concentration) 
boundary condition. This scenario implies a maximum out-flux of S2-.  

Of these transport scenarios the second constitutes a scenario that is not likely to occur 
in the real system as it is known that diffusivities in tight crystalline rocks are lower 
than diffusivities of a typical bentonite. In addition, discrete fracture zones have been 
found in rocks at Olkiluoto which will almost certainly have an effect on sulfur fluxes. 
The third scenario is the least likely to occur and only serves as an extreme case 
involving rapid leaching of gypsum from the backfill and potentially high sulfate fluxes. 

 



115 

 

 

 

Figure 4-18. Model geometry and dimensions. The model constitutes a horizontal 
cylinder with radial symmetry. It is about 20.2 m long and has a radius of 15.14 m. The 
tunnel is situated in the center and has a radius of 2.3 m. A) shows the distribution of 
materials and B) the distribution of diffusivities (De) of transport scenario 3. In 
transport scenario 2 the diffusivity of the rock equals that of the backfill. In transport 
scenario 1 the model domain ends at the tunnel wall where a Dirichlet boundary fixes 
the fluid at groundwater composition. 

 

 

Figure 4-19. Location of observation points for computing time series or breakthrough 
curves. Observation point A is located half-way between the fracture zones within the 
Friedland clay, 0.5 m from the center of the tunnel, points B and C are located in the 
EDZ half-way between and within the fracture zone, respectively.  

 
Three observation points are placed within the model domain to monitor local, evolving 
system properties (Figure 4-19). These observation points are positioned at maximum 
distance from the fracture zones (10 m) within the Friedland clay (observation point A) 
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and within the EDZ (observation point B). The third point (observation point C) is 
placed within the EDZ at the fracture zone. 

The chemical system and transport properties of the rock are summarized in Table 4-11 
and Table 4-12. The distribution of materials and the most important material properties 
in the model are illustrated in Figure 4-18 and Table 4-11. The composition, physical 
properties (porosity, density) and cation exchange capacity of the Friedland clay and the 
Milos bentonite were taken from the Backfill Production Line report (Posiva 2012a). 
The initial composition of the porewater of the rock is based on the reference 
groundwater (Hellä et al. 2014). The composition of the porewater in the backfill (Table 
4-12) is based on equilibrium calculations with PHREEQC by Wersin et al (2013a, 
Table 1-3). However, unlike PHREEQC PFLOTRAN does not have a dual porosity 
model implemented, which required some simplifying assumptions regarding the initial 
pore water speciation. For instance, here we do not consider the uptake of water into 
interlayer space of clay minerals and assume that the total porosity participates in 
chemical reactions. This entails certain differences between the initial porewater 
compositions presented in Tables 4-3 and 4-12. Care was taken not to introduce too 
strong initial gradients in the cation concentrations between the backfill and the rock as 
these would have impacted on the rate of gypsum dissolution yielding potentially 
unrealistic results. In this simulation we use for most species the same initial 
concentration in the porewaters of the backfill and the rock. Only for selected species do 
we use mineral equilibrium constraints to fix the concentration in the porewater of the 
backfill (Table 4-12). Conceptually this assumption is reasonable as the water saturating 
the backfill will be the porewater in the surrounding rock.  

The thermodynamic database used in these simulations is based on the ANDRA database 
for PHREEQC (Andra, 2009) rewritten in EQ3/6-type database format to be compatible 
with PFLOTRAN. All mineral dissolution and precipitation reactions are formulated as 
kinetic reactions with kinetic data taken from Palandri and Kharaka (2004). Kinetic data 
for minerals not included in Palandri and Kharaka (2004) were taken from structurally 
similar minerals. Minerals with non-zero volume fractions in Table 4-11 constitute 
primary minerals, those with zero volume fraction secondary minerals. Alumino-silicate 
minerals are omitted as these exhibit slow reaction kinetics at the temperature 
conditions of the repository. Montmorillonite which makes up the bulk of the Friedland 
clay and the Milos bentonite was modelled as a generic, inert exchanger with the same 
molar and exchange properties as montmorillonite. Selectivity coefficients were taken 
from experiments on MX-80 bentonite carried out by Bradbury and Baeyens (2002b). 
Surface complexation constants for the protonation of edge sites are from Curti and 
Wersin (2002). 
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Table 4-11. Chemical and transport properties of the materials. 

 Friedland clay Milos bentonite Rock EDZ 

Primary and secondary minerals (volume fraction) 

Gypsum 0.0176 7.13·10-3 0.0  

Calcite 0.01396 0.0265 10-3  

Dolomite 0.0 3.59·10-3 0.0  

Siderite 8.23·10-3 0.0 0.0  

Pyrite 6.47·10-3 3.68·10-3 0.0  

Mackinawaite 0.0 0.0 0.0  

FeS(am) 0.0 0.0 0.0  

Hematite 0.0 10-3 0.0  

Goethite 0.0 2.4·10-3 0.0  

Magnetite 0.0 2·10-3 0.0  

Org. matter as CH2O
* 4.56·10- 1.71·10-3 0.0  

Exchanger 0.27 0.26 0.0  

Organic matter as C (weight %) 

 0.27 0.02 0.0  

Porosity 

 0.27 0.65 0.005  

Effective diffusion coefficient  

 5·10-11 m2/s 5·10-11 m2/s 5·10-11- 6·10-14 m2/s 1.5·10-10 m2/s 

     

Exchange properties     

CEC (mol/m3
_ex) 2597 -  

Selec. Coef. Na+ 1. / Ca2+ 0.3846 / Mg2+ 0.4545 / H+ 1.  

     

Surface complexation     

Surface sites and concentration        S1)OH 137 mol/m3
_ex        S2)OH 130 mol/m3

_ex     

     

S1)O
- + H+ = S1)OH    logK = 7.9    

S1)OH2
+ = S1)OH + H+    logK = -4.5    

S2)O
- + H+ = S2)OH     logK = 10.5    

S2)OH2
+ = S2)OH + H+ logK = -6.0    

* see text for details about the ‘mineral’ CH2O(s) 
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Table 4-12. Properties of the initial porewater and aqueous complexes included in the 
simulation 

 Friedland clay Milos bentonite Rock 

Primary species constraints 

pH charge balance charge balance 7.21 

Na 0.116  0.116 0.116 

Mg 2.63·10-3 2.63·10-3 2.63·10-3 

Ca calcite eq. calcite eq. calcite eq. 

Fe siderite eq. siderite eq. 2.3·10-6 

Cl 0.182 0.182 0.182 

logpCO2 -2.74 -2.74 -2.74 

totS gypsum eq. gypsum eq. 2.1·10-4 

logfO2(aq) -66.44 -66.44 -66.44 

DOC 0.0 0.0 0.0 

Secondary species 

OH-, H2S(aq), HS-, CaSO4(aq), CaCO3(aq), CaHCO3
+, CaCl+, CaCl2(aq), CaOH+, 

CO2(aq), CO3
2-, Fe3+, Fe(OH)2(aq), Fe(OH)2

+, Fe(OH)3(aq), Fe(OH)3
-, Fe(OH)4

-, 
Fe(OH)4

2-, FeOH+, FeOH2+, FeCO3(aq), FeCl+, FeCl2+, FeCl2(aq), FeCl2
+, FeCl4

-, FeCl3
-, 

FeCl3, FeHS+, FeHS2, FeSO4(aq), FeSO4
+, MgCO3(aq), MgCl+, MgHCO3

+, MgOH+, 
MgSO4(aq), NaCl(aq), NaHCO3(aq), Na(SO4)- 

 

Both the Friedland clay and the Milos bentonite contain a small fraction of organic 
material (0.27 and 0.02 wt%, respectively) but sulphate reducing bacteria (SRB) are 
assumed to be only present in the less compacted Milos bentonite. These bacteria thrive 
on SO4

2- and organic carbon as sources for food and energy, producing sulphide and 
CO2 in the process. This can be described by the following general reaction:  

CH2O(aq) + 0.5 SO4
-2 → 0.5 H2S(aq) + HCO3 Equation 4-35 

where CH2O(aq) constitutes a simple, generic carbohydrate. This reaction is analogue to 
reaction 4-1 where the oxidized form of carbon is written as CO2. Note that if 
bicarbonate is the dominant form of oxidized carbon, this redox reaction does not 
modify the pH. However, the pH may be affected by ensuing mineral reactions such as 
the precipitation of Fe-sulphide minerals (reaction 4-2) or the precipitation of carbonate 
minerals. Elevated Ca2+ or Fe2+ concentrations may lead to the formation of calcite or 
siderite, respectively, according to 

HCO3
- + Ca2+ = CaCO3 + H+  Equation 4-36 

and 

HCO3
- + Fe2+ = FeCO3 + H+  Equation 4-37 

The organic matter involved in sulphate reduction is assumed to occur in aqueous form 
and it is considered equivalent to Dissolved Organic Carbon (DOC). All organic 
compounds are assumed small enough to be transported through porous media by 
diffusion. Sulphide released by reaction 4-35 may react with dissolved Fe to precipitate 
as FeS-minerals (reaction 4-2). The resulting net flux of sulphide from the backfill into 
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the rock is therefore determined by the balance of S2- production via SRB and removal 
by Fe-sulphide precipitation.  

Dissolved organic carbon (CH2O(aq)) is released from a solid form of organic matter 
(CH2O(s)) contained in the backfill according to a simple kinetic dissolution reaction 

CH2O(s) → CH2O(aq) Equation 4-38 

The dissolution rate of CH2O(s) therefore controls the DOC. The dissolution rate is 
unknown and its effect is explored in different simulation scenarios. However a limit to 
the dissolution rate was imposed by a maximum allowable DOC of 10 mg/l. This value 
is considered within the upper range of typical DOC concentrations found in natural 
systems. The supply of CH2O(aq) is then controlled by the diffusive flux of CH2O(aq) 
from the dense Friedland clay into the less dense contact zone as well as by the in-situ 
dissolution of CH2O(s) in the Milos bentonite. Bacterial growth and the associated 
redox process in equation 4-35 is implemented in the model as a mineral dissolution 
reaction as follows: 

Bacteria_min + CH2O(aq) + 0.5 SO4
2- → 0.5 H2S(aq) + 1 HCO3

-  Equation 4-39 

where Bacteria_min constitutes a dummy mineral of arbitrary molar properties (weight 
and volume). Bacteria_min only exists in the less compacted Milos bentonite. It is 
assumed to be present in excess and dissolve rapidly (effective rate: 1·10-3 mol m-3

bulk 
s-1) such that the availability of bacteria never becomes rate-limiting. The coupling of 
the SRB activity to the presence of the dummy mineral Bacteria_min allows for a 
heterogeneous distribution of SRB. As in the backfill SRB are only expected in the less 
compacted Milos bentonite, there is no mineral Bacteria_min in the Friedland clay. The 
rate of sulphate reduction is therefore controlled by the supply of CH2O(aq) and/or the 
flux of SO4

2- from dissolving gypsum towards the Milos bentonite. It is therefore 
transport controlled. 

The main sink for S2- released from SRB is the precipitation of Fe-sulphide minerals. 
While the availability of Fe2+ is determined by the solubility of siderite in the Friedland 
clay and of Fe-hydro/oxides in the Milos bentonite, the uptake of Fe2+ in potential FeS-
minerals is more difficult to assess. At temperature and pressure conditions of the 
repository the thermodynamically favored Fe-sulphide mineral is pyrite. However, at 
low temperatures pyrite formation is known to be kinetically inhibited and as with many 
insoluble minerals, high supersaturation is required for pyrite nucleation to occur. 
Harmandas et al. (1998) report a supersatuation limit for pyrite on the order of SI = 14 
for abiotic systems. The kinetic inhibition of pyrite precipitation is manifested in natural 
systems by the occurrence of more soluble iron monosulphide phases (FeS), such as 
FeSam, mackinawite or greigite. These FeS minerals are thought to constitute precursor 
minerals to pyrite (e.g. Allen et al. 1912). All of these potential FeS-precursor minerals 
exhibit faster precipitation kinetics and much higher solubilities than pyrite.  

More details about the various forms of Fe-sulphide minerals and their behaviour are 
summarized and discussed in Section 4.4 in the review presented in Appendix B. Owing 
to uncertainties related to the stabilities of Fe-sulphide minerals under repository 
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conditions in our simulations we resort to using different assumptions regarding pyrite 
precipitation and assess the response of the system to these assumptions.  

4.5.3 Results  

We present the response of the backfill/rock system and the ensuing sulphide fluxes to 
different assumptions regarding transport conditions and biodegradation rates and 
explore for each biodegradation rate the implications of pyrite buffered conditions and 
the kinetic inhibition of pyrite precipitation (Table 4-13). One first case of 
biodegradation (referred to as slow biodegradation) is defined by a dissolution rate of 
organic matter (the rate of equation 4-39) of 1·10-12mol m-3

_bulk
 s-1. The second case 

(referred to as moderate biodegradation) comprises an increase in the dissolution rate of 
organic matter by a factor of five. Although these biodegradation rates are not very 
different, we will show that these small changes in the rate of biodegradation can have 
significant implications for the porewater chemistry and sulphide fluxes into the 
surrounding rock. Two assumptions regarding the rate of pyrite precipitation are 
presented. The first involves fast pyrite reaction rates (1·10-11mol m-3

_bulk
 s-1 (kA = in 

equation 4-33), and the second involves fast pyrite dissolution but inhibited pyrite 
precipitation. For pyrite to precipitate a saturation threshold of SI = 14 was introduced. 
Only if this saturation threshold is exceeded will pyrite precipitate. The precipitation 
rate of pyrite is fast such that its SI will never exceed a value of 14. 

 
Table 4-13. Overview of model cases. 

Transport scenario Precip. Fe-S mineral Biodegradation rate Model case 

I low diffusivity of rock A pyrite 1 slow I-A1 

I low diffusivity of rock A pyrite 2 moderate I-A2 

I low diffusivity of rock B mackinawite 1 slow I-B1 

I low diffusivity of rock B mackinawite 2 moderate I-B2 

II high diffusivity of rock A pyrite 1 slow II-A1 

II high diffusivity of rock A pyrite 2 moderate II-A2 

II high diffusivity of rock B mackinawite 1 slow II-B1 

II high diffusivity of rock B mackinawite 2 moderate II-B2 

II permeable rock, advection A pyrite 1 slow III-A1 

II permeable rock, advection A pyrite 2 moderate III-A2 

II permeable rock, advection B mackinawite 1 slow III-B1 

II permeable rock, advection B mackinawite 2 moderate III-B2 
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Transport scenario I – focused S2- transport at fracture zones  

Incorporating slow biodegradation yields a max. DOC in the Friedland clay of 0.3 mg/l 
while for a moderate five-fold increase in the rate yields a max. DOC in the Friedland 
clay increases to 0.82 mg/l. If pyrite is allowed to precipitate it accumulates at the 
Friedland clay/Milos bentonite interface, where SO4

2- from dissolving gypsum reacts 
with CH2O(aq) according to reaction (4-39) (Figure 4-20 and Figure 4-21). Pyrite 
precipitates along with calcite and minor siderite, while gypsum and Fe-hydr/oxides 
dissolve. The activity of SRB is indicated in Figure 4-21 by a drop in DOC towards the 
backfill/rock contact zone and a concomitant increase in S2- and CO2 consistent with 
reaction (4-39). Owing to its low solubility and excess Fe in the porewater pyrite 
precipitation is an effective sink for S2- (Figure 4-22), thus preventing any significant 
sulphide fluxes into the surrounding rock and pyrite buffered conditions sulphide 
concentrations may be higher in the rock than in the backfill, causing S2- transport from 
the rock into the backfill (e.g. Figure 4-21). This entails a decrease in the amount of 
mobile S2- in the system (Figure 4-22) and a “negative” S2- flux across the tunnelwall 
(Figure 4-23).  

Increasing the rate of SRB activity increases the reactivity at the Friedland/Milos 
interface triggered by a faster dissolution of gypsum and a faster supply of organic 
matter. In regions of the tunnel which are surrounded by tight rock (as opposed to 
regions near fracture zones) the biodegradation rate influences the rate of gypsum 
leaching via the SO4

2-/S2- ratio in the fluid (reaction 4-39) and hence the SO4
2- 

concentration gradient. A factor of five increases in the biodegradation rate thus reduces 
the time required for all gypsum to be leached from the 20 m tunnel section from about 
400,000 years to about 380,000 years (Figure 4-22). Larger quantities of pyrite, calcite 
and siderite precipitate at the Friedland Milos contact as a consequence. Despite the 
higher reactivity, pyrite buffering keeps the S2- at very low concentrations (Figure 4-21).  

The S2- concentration correlates with the rate of pyrite precipitation. If pyrite 
precipitation is kinetically inhibited as suggested by numerous experiments and 
observations from natural systems then mackinawite becomes the dominant Fe-S 
mineral. The implications for the S2- fluxes from the backfill into the rock are 
significant (Figure 4-21). The higher solubility of mackinawite leads to S2- 
concentrations several orders of magnitude higher than under pyrite buffered conditions. 
However, although the relative increase in S2- is substantial, the S2- concentrations in the 
backfill porewater are only on the order of 3.25·10-5 mol/L at slow and 6.5·10-5 mol/L at 
moderate (five times higher) biodegradation rates, respectively (Figure 4-21).  

Calculations of S2- fluxes suggest that over a period of 400,000 years a total of 2.73 and 
4.75 mol per m2 of tunnel wall or an average annual flux of about 6.8·10-6 mol m-2 a-1 
and 1.2·10-5 mol m-2 a-1 enters the surrounding rock at low and moderate biodegradation 
rates, respectively (Figure 4-22 and Figure 4-23). Note that the fluxes and mineral 
quantitities in Figure 4-22 and Figure 4-23 are global averages and may vary with 
proximity to the fracture zone.  

The activity of SRB as defined by the rate of reaction 4-39 remains virtually constant 
throughout the time of gypsum leaching which implies that the release of S2- into the 
porewater also remains constant. Sulphide production rates are 1.47·10-5 and 6.78·10-5 
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mol m-3 a-1 for low and moderate biodegradation rates (reaction 4-38), respectively. 
These production rates differ by a factor of 4.6 while the biodegradation rates differ by a 
factor of five which suggests that the supply of DOC is the rate controlling process. 
Thus transients in sulphide fluxes as shown in Figure 4-22 and Figure 4-23 have to be 
related to changes in Fe-S mineral precipitation rates which are in turn affected by the 
supply of Fe2+. The relatively high S2- fluxes during the early stage of the system in 
Figure 4-23 are thus a consequence of relatively low initial Fe2+ concentrations. An 
inverse relationship between S2- and Fe2+ is indicated in local breakthrough curves at 
observation points A and B (Figure 4-24) which suggests buffering by mackinawite. 
Note that the S2- concentration represents total sulphide and therefore conceals the pH-
dependence of the sulphide speciation. This could explain why the increase in total S2- 
exceeds the decrease in Fe2+ by a factor of about two.  

High Fe concentrations in the backfill porewater lead to the out-diffusion of Fe into the 
surrounding rock, initiating the precipitation of siderite while primary calcite dissolves 
(observation point B, Figure 4-25). Increasing the biodegradation rate in the backfill 
leads to higher S2- fluxes and eventually to mackinawite saturation in the EDZ. As a 
consequence, Fe2+ and S2- are no longer correlated as Fe becomes the limiting species 
for mackinawite precipitation. The increase in S2- is compensated by the (re)dissolution 
of siderite which buffers the Fe2+ concentration. Thus an inverse relationship between 
Fe2+ and S2- only exist when Fe2+ is available in excess (Figure 4-24 and Figure 4-25). 
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Figure 4-20. Integrated mineral volume changes over a period of 320000 years for 
pyrite and mackinawite buffered conditions for slow (A) and moderate biodegradation 
rates (B). (Profiles are computed half-way between the fracture zones. Both Fe-S 
minerals accumulate at the Friedland/Milos contact. Higher biodegradation rates lead 
to faster gypsum leaching and stronger alteration, involving the dissolution of primary 
Fe-hydr/oxides and dolomite and the precipitation of calcite and siderite in the Milos 
bentonite. In the adjacent Friedland clay, calcite dissolves while siderite precipitates. 

Figure 4-21. Spatial profiles of S2- and Fe2+ for fast pyrite precipitation and pyrite 
inhibition, for slow (A) and moderate (B) biodegradation rates yielding a max. DOC of 
0.3 mg/l and 0.82 mg/l in the Friedland porewater, respectively. Profiles are for 
conditions half-way between the fracture zones. 
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Figure 4-22. Sulfur budget in the fluid phase (upper panels) and cumulative molar 
quantities of selected minerals (lower panels) normalized by the surface area of the 
tunnel wall for slow (A) and moderate (B) biodegradation rates. Results are shown for 
pyrite and mackinawite buffered systems. The upper panels show the release of SO4

2- 
from dissolving gypsum, total S2- produced by bacterial activity and the mobile fraction 
of S2-, i.e. the S2- not incorporated into sulphide minerals shown in the lower panels. 
Note that minerals in the lower panels are in molar quantities, thus each mole of 
mackinawite and pyrite incorporate one and two moles of S2-, respectively. Dashed 
horizontal lines illustrate the total amount of a mineral in the system. For instance, at 
slow biodegradation rates 20 % of organic matter has been leached while at moderate 
rates (B), all solid organic matter has been consumed – consistent with 5-times higher 
degradation rates in B than in A. Owing to the lower solubility of pyrite, the fraction of 
mobile S2- is higher if pyrite precipitation is inhibited. In fact, pyrite precipitation 
consumes virtually all S2- produced by bacteria. 
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Figure 4-23. Total sulphide production rate and annual sulphide fluxes (the time-
derivatives of the cumulative fluxes in Figure 4-22) for different rates of pyrite 
precipitation and for low (A) and moderate (B) biodegradation rates. The S2- 
production rate is independent of the predominant Fe-S mineral but dependent on DOC. 
Production rates are 1.47·10-5 and 6.78·10-5 mol m-3 a-1 for (A) and (B), respectively. 
These rates differ by a factor of 4.6 which suggests that the supply of DOC is the rate 
controlling process (recall that the rate of biodegradation (reaction 4-40) between 
scenarios (A) and (B) differs by a factor of five). 

 

The oxidation of organic matter according to reaction 4-39 releases HCO3
- (note that in 

the following discussion we refer to the oxidized form of carbon as CO2). The release of 
CO2 in turn leads to a decrease in pH. The production of CO2 from oxidized organic 
matter entailing a shift to more acidic conditions is a common observation in C-bearing 
clay formations (e.g. Wersin et al. 2011). However, the release of protons competes 
with the consumption of protons by the reduction of sulfate such that both processes 
tend to compensate each other. In scoping calculations (not presented here) we could 
show that mineral reactions such as the precipitation of carbonate minerals in 
combination with the formation of Fe-sulphide minerals are at least in part responsible 
for the simulated decrease in pH (reactions 4-2, 4-38 and 4-39). The evolution of the pH 
is thus a result of a complex interplay between different processes. Simulating the pH 
evolution accurately requires incorporating all relevant processes affecting the pH into 
the model. In this study we have omitted dissolution/precipitation reactions of alumino-
silicate minerals and therefore neglected at least one important pH control. Hence, the 
pH evolution in the backfill cannot be resolved with absolute certainty at this point. The 
processes controlling the pH and the evolution of the pH over time will be explored in 
greater detail in a subsequent model study. 

The combination of Ca2+ released from gypsum, the release of Fe2+ from Fe-hydr/oxides 
and the backdiffusion of CO2 produced by SRB promote calcite or siderite saturation. 
Figure 4-26 shows an inverse relationship between the pH and calcite at observation 
point A consistent with reaction 4-36, indicating calcite equilibrium in the backfill. 
Calcite equilibrium thus buffers the pH and the pCO2 leading to a pCO2 in the backfill 
that is lower than in the rock, inducing a weak diffusive flux of CO2 into the backfill 
(Figure 4-26A). The pCO2 shows a strong dependence on the rate of bioactivity. The 
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moderate increase of the biodegradation rate by half an order of magnitude increases the 
pCO2 by more than one order of magnitude and decreases the pH by about one pH-unit 
(Figure 4-26). Thus, at higher rates of bioactivity the accumulation of CO2 and the 
ensuing decrease in pH in the tunnel where the rock is tight ultimately leads to extreme 
conditions that may no longer be consistent with observations from natural systems. It is 
possible that bacteria respond to the accumulation of CO2 and increasingly acidic 
conditions by reducing their rate of metabolism. 

Figure 4-24. Time series of S2- and Fe2+ concentrations at observation points (A) 
(situated in the Friedland clay) and (B) (situated in the EDZ) for low and moderate 
biodegradation rates (panels A and B, respectively) assuming kinetic inhibition of 
pyrite. At low biodegradation rates the fluid remains undersaturated with respect to 
mackinawite at both observation points. Elevated Fe2+ concentrations lead to a constant 
rate of siderite precipitation (Figure 4-25). The inverse correlation between S2- and 
Fe2+ follows from mackinawite precipitation at the Friedland/Milos interface (Figure 
4-20, lower panels). At higher biodegradation rates (panel B), S2- increases until 
mackinawite saturation is attained. This initiates the dissolution of siderite and keeps 
the Fe2+ concentrations uniform (5). The sharp decrease in the S2- at about 300000 
years marks the depletion of organic material.  
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Figure 4-25. Evolving mineral volumes at observation points (A) and (B), for low and 
moderate biodegradation rates (panels A and B), respectively). See text and Figure 4-24 
for discussion.  

Figure 4-26. Profiles of pH and pCO2 half-way between fracture zones for different 
assumptions regarding pyrite precipitation rates and for low (A) and moderate (B) rates 
of biodegradation. The pH and pCO2 are weakly dependent on the pyrite precipitation 
rate but show a strong dependence on the biodegradation rate. A five-fold increase in 
the biodegradation rate leads to CO2 accumulations and pH values that would be 
considered extreme in natural environments. 

 

Transport scenario II - high diffusivity of the rock 

A high diffusivity of the rock implies that the out-diffusion of SO4
2- and hence leaching 

of gypsum from the backfill is faster than in the previous scenario (last section). 
Gypsum is completely removed from the backfill after about 60000 years (Figure 4-27). 
The second important difference is that after the leaching of gypsum the SO4

2- contained 
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in the groundwater diffuses into the backfill and becomes an important source for S2-. 
The third implication of higher diffusivities in the rock is that diffusive exchange 
between the backfill and the rock effectively prevents significant accumulations of 
products from reaction 4-39. The strong increase in CO2 and the drop in pH observed in 
scenario I no longer take place. 

The dissolution of gypsum leads to high SO4
2- concentrations in the backfill as well as 

in the surrounding rock. The fact that the rate of biodegradation remains constant 
indicates that this rate is limited by the supply of DOC (Figure 4-28). Pyrite or – if 
pyrite precipitation is inhibited - mackinawite attain saturation at the Friedland/Milos 
contact (Figure 4-28). Owing to high Fe concentrations and the low solubility of pyrite, 
the precipitation of pyrite constitutes a sink for S2- thus maintaining low S2- 
concentrations in the backfill porewater and in the groundwater. In contrast, under 
mackinawite buffered conditions S2- concentrations are orders of magnitude higher and 
the out-diffusion of S2- into the rock becomes more significant (Figure 4-29).  

After gypsum has been leached from the backfill, the SO4
2- concentration in the backfill 

porewater decreases below the concentration in the groundwater. The reason for this 
decrease is that owing to the continued supply of DOC from the backfill material, SO4

2- 
in the backfill porewater continues to be consumed by SRB. Eventually, the gradient in 
SO4

2- is reversed and the diffusive flux is directed from the groundwater into the tunnel 
(Figure 4-28). This reversed flux of SO4

2- now sustains bacterial activity such that the 
S2- production continues beyond the time of gypsum leaching. Because the dissolution 
of Fe-hyr/oxides maintains high Fe concentrations, Fe-S minerals continue to precipitate 
(Figure 4-27). Sulphide fluxes into the rock remain significant particularly under 
mackinawite buffered conditions. The important implication of the higher diffusivity of 
the rock is that the supply of SO4

2- from the groundwater is sufficient to maintain the 
activity of SRB and thereby induce S2- fluxes into the rock that last well beyond the 
time required for gypsum to be leached from the rock. The flux of S2- into the rock 
ceases only when the biodegradable material becomes exhausted. For biodegradation 
rates and the amount of organic matter used in this study, this would occur only after 
several hundreds of thousands of years (Figure 4-27). 

The breakthrough curves in Figure 4-29 illustrate that the magnitude of S2- fluxes is 
space and time dependent. These evolving processes at specific locations within the 
system cannot be captured by the global averages shown in Figure 4-27. At observation 
points situated in the Friedland clay and the EDZ (Figure 4-29), S2- fluxes are lower 
during than after the time of gypsum leaching. This is particularly true for mackinawite 
buffered conditions (Figure 4-29, lower panels). In contrast to the global average mobile 
fraction of S2- shown in Figure 4-27, which increases at the same rate as the S2- 
production until mackinawite saturation is attained (Figure 4-27A), the local increase in 
S2- at the observation points occurs relatively sudden and is followed by a more gradual 
increase. This increase in S2- is inversely correlated with the Fe profiles (e.g. Figure 
4-29, mackinawite buffered conditions). At higher biodegration rates this steep increase 
in total S2- occurs at about 40000 years and coincides with a drop in pH, the beginning 
of siderite dissolution and a change from calcite dissolution to precipitation. Triggering 
these reactions is the backdiffusion of CO2 released from reaction 4-39 at the 
Friedland/Milos contact.  
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Although gypsum dissolution is still ongoing after 40000 years, it has little effect on the 
magnitude of S2- fluxes. Other processes, in particular the change in pH following the 
release of CO2 play a more important role.  

 

Figure 4-27. Sulfur budget in the fluid phase (upper panels) and cumulative molar 
quantities of selected minerals (lower panels) normalized by the surface area of the 
tunnel wall for slow (A) and moderate (B) biodegradation rates. Results are shown for 
pyrite and mackinawite buffered systems. The upper panels show the release of SO4

2- 
from dissolving gypsum, total S2- produced by bacterial activity and the mobile fraction 
of S2-, i.e. the S2- not incorporated into sulphide minerals shown in the lower panels. 
Minerals in the lower panels are in molar quantities, thus each mole of mackinawite 
and pyrite incorporate one and two moles of S2-, respectively. A higher diffusivity of the 
rock increases the rate of gypsum leaching and the flux of SO4

2- (cf. Figure 4-22). 
However, the rate of S2- production by bacterial activity is independent of the SO4

2- flux 
and is virtually the same as in Figure 4-22, consistent with the transport of DOC being 
rate limiting. Consequently, pyrite and mackinawite precipitate at similar rates as at 
lower rock diffusivities under pyrite and mackinawite dominated conditions, 
respectively, and the fraction of mobile S2- therefore is also similar. 
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Figure 4-28. Profiles of total Fe, total S2-, free SO4
2- and DOC and precipitation rate of 

the buffering Fe-S mineral pyrite (left panels) and mackinawite (right panels) for two 
different times. Gypsum dissolution entails high SO4

2- concentrations. The depletion of 
gypsum reverses the SO4

2- concentration gradient and hence the direction of the SO4
2- 

flux. Under mackinawite buffered conditions, the continued supply of SO4
2- from the 

groundwater may lead to a flux of S2- into the rock that could over time greatly exceed 
the flux predicted from the amount of gypsum alone.  
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Figure 4-29. Breakthrough curves of total Fe and total S2- at observation points A 
(Friedland clay) (left panels) and B (EDZ) (right panels), for pyrite and mackinawite 
buffered conditions and slow and moderate rates of biodegradation. Pyrite buffering 
entails very low S2- concentrations. Under mackinawite buffered conditions, S2- 
increases sharply after 90000 and 40000 years at slow and moderate biodegradation 
rates, respectively. This increase is not related to the dissolution of gypsum but is 
primarily a consequence of a drop in pH following the release of CO2 during 
bioactivity. Mineral profiles and pH corresponding to the breakthrough curve at 
observation point A in the bottom right panels is shown in Figure 4-30. 
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Figure 4-30. Mineral volume changes involving two different axis scales (panels A and 
B) and the pH at observation point A, for mackinawite buffered conditions and 
moderate biodegradation rates. The steep increase in S2- shown in Figure 4-29, lower 
panels, is related to a drop in pH, calcite precipitation, siderite dissolution and 
mackinawite precipitation. Mackinawite precipitation causes the inverse relationship 
between S2- and total Fe seen in Figure Figure 4-29. 

 

Transport scenario III – advection-controlled transport in the rock 

This scenario assumes a high permeability of the surrounding rock invoking advection 
dominated transport. Advection controlled transport in the rock is implemented into the 
model via a Dirichlet boundary condition at the tunnel wall, where the fluid is fixed at 
groundwater composition. Conceptually, this approach is similar to that used to 
approximate advection dominated conditions in fracture zones (scenario I), that is, 
advection dominated transport involves a groundwater dominated fluid composition in 
the rock adjacent to the tunnel. A fixed fluid composition at the tunnel wall invokes 
maximum diffusive exchange between the porewater in the backfill and the rock. As a 
consequence the rate of gypsum leaching is much faster than in all previous, diffusion 
controlled transport scenarios. Complete gypsum leaching from the backfill occurs after 
about 15000 years (Figure 4-31, lower panels). 

Despite the fast dissolution of gypsum, the rate of S2- production is virtually unaffected 
which is consistent with bacterial activity that is limited by the supply of DOC. In 
transport scenario II the high diffusivity of the rock prevented significant accumulations 
of reaction products from bacterial activity. However, the increase of S2- was still 
sufficient to induce pyrite or mackinawite saturation. In this scenario, however, the 
exchange of solutes between the backfill porewater and the groundwater is even faster 
such that only at high biodegradation rates Fe-S minerals precipitate. At lower 
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biodegradation rates the rapid out-diffusion of S2- (and Fe2+) leads to undersaturation 
with respect to all Fe-S minerals. The consequence is that primary pyrite dissolves 
(indicated by a negative slope of total pyrite in Figure 4-31, lower panels) such that the 
total mobile S2- exceeds the S2- produced by bacteria (Figure 4-31, upper panels). 
Depending on the rate of biodegradation and whether pyrite precipitation is inhibited or 
not, pyrite may remain undersaturated or become saturated and precipitate which is then 
indicated by a positive slope of total pyrite in Figure 4-31.  

 

 

Figure 4-31. Sulfur budget in the fluid phase (upper panels) and cumulative molar 
quantities of selected minerals (lower panels) normalized by the surface area of the 
tunnel wall for slow (A) and moderate (B) biodegradation rates. Results are shown for 
pyrite and mackinawite buffered systems. The upper panels show the release of SO4

2- 
from dissolving gypsum, total S2- produced by bacterial activity and the mobile fraction 
of S2-, i.e. the S2- not incorporated into sulphide minerals shown in the lower panels. 
Minerals in the lower panels are in molar quantities, thus each mole of mackinawite 
and pyrite incorporate one and two moles of S2-, respectively. Advection dominated 
transport in the rock increases the rate of gypsum leaching and the flux of SO4

2- 
compared to previous transport scenarios. In addition, at slow biodegradation rates the 
effective out-diffusion of S2- leads to pyrite undersaturation and an increase in the S2- 
flux beyond that expected from bacterial activity alone. This is particularly true for slow 
biodegradation and mackinawite buffered conditions (upper left panel), where the slow 
rate of S2- production maintains pyrite dissolution for long periods of time. Mackinawite 
saturation is never attained in this transport scenario.  
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For instance, at slow biodegradation and pyrite buffered conditions pyrite starts to 
precipitate at the Friedland/Milos interface after about 9000 years (Figure 4-32A), 
which entails a lower S2- flux (Figure 4-32A). In contrast, if pyrite precipitation is 
inhibited mackinawite saturation is never attained (Figure 4-32B) and the amount of 
mobile S2- is that released from the dissolution of pyrite and bacterial activity (Figure 
4-32). Like in transport scenario II, the diffusion of SO4

2- contained in the groundwater 
into the backfill drives the production of S2- beyond the time when all gypsum is 
leached.  

 

 

Figure 4-32. Profiles of total Fe, total S2-, free SO4
2- and DOC and the precipitation 

rate of the buffering Fe-S mineral pyrite (left panel) and mackinawite (right panel) after 
20000. Results are for slow biodegradation rates. The plots show conditions after 
gypsum leaching when SO4

2- concentrations have approached groundwater 
concentrations. While the rate of SO4

2- reduction is fast enough to cause pyrite 
precipitation, the out-diffusion of S2- is too large to attain mackinawite saturation (see 
Figure 4-28 for comparison). 
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Figure 4-33. Summary of simulation results (to be continued in Figure 4-34). 
Numbering corresponds to the matrix of simulated scenarios in Table 4-13. Panel A 
shows the amount of dissolved organic matter in percent. The dissolution rate depends 
on the specified rate of biodegradation but it is independent of the transport conditions 
assigned to the rock and the buffering Fe-S minerals. Panel B shows the fraction of 
dissolved gypsum and siderite in percent. The rate of gypsum dissolution is strongly 
dependent on the transport scenario and shows a weak dependence on the 
biodegradation rate.  
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Figure 4-34. Summary of simulation results (cont’d) according to scenarios in Table 
4-13. The main conclusions derived from this study are: 1) The rate of gypsum leaching 
is strongly dependent on the transport conditions in the rock and there is a weak 
dependence on the rate of biodegradation (Figure 4-33), 2) the rate of biodegradation 
is independent of transport conditions of the rock and the rate of gypsum dissolution, 
indicating that the activity of SRB is controlled by the supply of organic substrate 
(Figure 4-33), 3) S2- fluxes are higher if pyrite precipitation is kinetically inhibited, 4) 
S2- fluxes increase with the biodegradation rate and 5) the fraction of mobile S2- of the 
total S2- produced by SRB depends on the transport conditions of the rock - the more 
porous/permeable the rock, the higher the mobile fraction. 

 

4.5.4 Conclusions from reactive transport modelling 

In coupled simulations we have explored the relative importance of processes 
controlling S2- fluxes into the rock after the emplacement of the tunnel backfill. 
Simulations suggest that S2- fluxes into the surrounding rock vary in space and time as a 
function of the rate of bioactivity, the type of buffering Fe-S mineral and the 
porosity/permeability structure of the rock (Figure 4-33). A tight rock leads to slow 
gypsum leaching and the accumulation of S2- and CO2 from the activity of bacteria and 
of Fe2+ from dissolving Fe-bearing minerals. The consequences are calcite or siderite 
precipitation, a decrease in pH and the saturation of Fe-S minerals. The precipitating Fe-
S mineral, whether it is pyrite or a Fe-mono-sulphide such as mackinawite, exerts a 
strong control on S2- fluxes into the rock owing to a vast difference in solubility. It is 
well known that pyrite precipitation at low temperatures may be kinetically inhibited 
and a saturation threshold is required for nucleation to occur. Our computations suggest 
that if pyrite precipitation is suppressed, the saturation index of pyrite never exceeds 
109. This value is well below the saturation threshold of 1014 proposed by Harmandas et 
al. (1998) which, however, was determined only for abiotic systems. In the presence of 
microbes, this threshold may be decreased by several orders of magnitude (see 
discussion in Section 4.5). 
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For a tight rock with discrete fracture zones situated 20 m apart, estimated average S2- 
fluxes into the rock are as high as 1.75·10-5 mol m-2 a-1 for slow biodegradation if pyrite 
precipitation is inhibited. These fluxes into the rock will decrease over time but will 
exceed background fluxes (i.e. those induced by the reduction of SO4

-2 derived from the 
groundwater) for several tens of thousands of years. This scenario is in strong contrast 
to a rock with higher diffusivities or a permeable rock with advection dominated 
transport. Fast exchange of solutes between the backfill and the rock impedes 
significant accumulations of constituents such that Fe-monosulphides exhibiting high 
solubilities may never attain saturation at all (e.g. Figure 4-32). Effective solute 
transport in the rock also implies that SO4

2- in the groundwater will become a source for 
S2- after gypsum is leached from the backfill. Unlike SO4

2- released from gypsum, SO4
2- 

in the groundwater is virtually available in unlimited quantities.  

The calculations indicate that, under simulated conditions iron sulphide precipitation is 
not likely to be limited by the supply of iron(II) in the backfill system. The backfill 
system will respond to high rates of sulphide production and iron sulphide formation by 
the dissolution of Fe-bearing minerals such as siderite and/or Fe-hydr/oxides contained 
in the backfill material (e.g. Figures 4-24 and 4-25).On the other hand, in all simulated 
cases the supply of organic matter limits the activity of SRB. This is because the rate of 
reaction 4-40 is set to avoid unrealistic accumulations of CO2 and pH conditions in 
regions of the tunnel where the rock is tight (scenario I). The relationship between the 
transport properties of the rock, the maximum allowable rate of biodegradation 
(determined by the pCO2/pH conditions) and the ensuing S2- fluxes should be explored 
in greater detail. Also, the influence of dissolved organic carbon derived from the 
groundwater on sulphide production should be evaluated. 

4.6 Other processes influencing sulphide in backfill 

For microbial sulphide reduction to occur in the backfill, reductants (electron donors) 
need to be available. Potential reductants are organic carbon in the backfill and 
dissolved organic compounds in the groundwaters in the rock fractures (e.g. humic 
substances, methane). A further potential source is hydrogen which is known to be an 
effective reductant of sulphate in the presence of SRB (Pedersen 2008). Hydrogen 
concentrations in the groundwater are generally low (generally <0.01 – 1 mL/LSTP) and 
thus considered to be a negligible source. On the other hand, corrosion of steel remnants 
in the deposition tunnel, mainly rock bolts, leads to hydrogen production. The estimated 
mass of iron is 69 kg per tunnel-meter (Karvonen 2011). Under anaerobic conditions, 
iron corrodes and forms iron (oxyhydr)oxides, such as magnetite or possibly green rust 
and hydrogen: 

3Fe + 4 H2O  Fe3O4 + 4H2 Equation 4-40 

Thus, for the magnetite reaction, 4/3 mol of H2 are produced per mol of corroded Fe, 
leading to a total generation of 1648 mol of H2 per tunnel-m upon complete iron 
corrosion. The reduction of sulphate by H2 can be represented by reaction 4-34: 

SO4
2- + H+ + 4H2  HS- + 4H2O Equation 4-41 



138 

 

 

Thus, the total H2 produced may at maximum reduce 412 mol of sulphate, thus about 
13 % of the sulphate inventory. 

The long-term corrosion rate of iron under reducing conditions is 0.1 - 1 m/a (Wersin 
et al. 2003). The surface area of the iron components has been roughly estimated for 
1m-tunnel section by assuming four rock bolts, each with a diameter of 3 cm and a 
length of 3 m, which leads to 1.1 m2. With this surface area, the calculated corrosive 
flux per tunnel-m is 0.016 - 0.16 mol Fe/a. The time for complete corrosion of the iron 
components is 8·103 - 8·104 years. These timescales can be compared to those of 
gypsum depletion in the backfill without sulphide reduction (> 4·105 years) (see Table 
4-4). This suggests that the H2 flux to the boundary layer may contribute to sulphate 
reduction, but as shown above, its impact is limited. 

Pyrite, a relevant accessory mineral in the backfill is expected to play only a minor role 
in sulphide production. This is because of its very low solubility and its stability under 
reducing conditions. On the other hand, during the initial oxic stage, the residual oxygen 
may react with pyrite and lead to sulphate (e.g. Wersin et al. 1994). From the inventory 
of oxygen in the backfill the maximum amount can be estimated assuming that all O2 
reacts with pyrite (Posiva 2013c, Appendix C). This leads to about 22 mol SO4 per 
tunnel-m and thus to a small additional fraction (0.7 %) of the sulphate inventory (Table 
4-10). 

4.7 Conclusions on sulphide production in backfill 

From a mass balance viewpoint, the potentially available sulphur inventory in the 
backfill per canister position is large enough to corrode about half of the copper canister 
mass and to completely corrode the canister lid. This justifies a more detailed 
assessment of backfill-derived sulphide production.  

Due the presence of gypsum, a sulphate concentration gradient between the buffer and 
rock will rapidly be established, leading to out-diffusion of sulphate and to depletion of 
the gypsum inventory in the buffer of more than 100,000 years according to the water 
exchange cycle model. The diffusive sulphate flux through the backfill will generally be 
higher than that through the surrounding rock. According to hydraulic modelling results 
the majority of the deposition holes show low flow rates and hence sulphate is expected 
to accumulate in the groundwater adjacent to the backfill, which will slow down the 
out-diffusion fluxes. However, if SRB activity were to occur at the backfill/rock 
boundary a sink of sulphate would be generated which would keep a high diffusional 
gradient. Sulphide generated in the SRB layer would then be a potential source for 
canister corrosion. 

A step-wise geochemical analysis has been adopted to estimate sulphide concentrations 
in the backfill porewater and sulphate/sulphide fluxes under conditions of microbial 
sulphate reduction occurring at the backfill/rock boundary.  

In the first modelling part, a bounding assessment without considering Fe has been 
performed to calculate the sulphate and sulphide production rates based on the 
conservative assumption of instant sulphate reduction at the buffer/rock interface. 
Accounting for the hydraulic data and using the concept of water exchange cycles it can 
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be shown that a significant part of the sulphide produced diffuses into the buffer 
regardless the hydraulic conditions around the deposition hole. The bounding 
assessment neglects immobilization of sulphide by iron. It underlines the need for 
setting a realistic concentration limit at the backfill/buffer and backfill/rock boundary.  

In a second part, the concentration limits for sulphide at the backfill-buffer and backfill-
rock boundary have been estimated from equilibrium with iron sulphides for the range 
expected groundwater compositions. Based on thermodynamic and natural analogue 
considerations, sulphide concentrations are expected to be very low for a microbially- 
inactive backfill system and presumably constrained by pyrite equilibrium. In the case 
of microbially active boundary layer, sulphide concentrations may be higher and 
controlled by mackinawite equilibrium in the range of 10-6-10-5 M. More soluble iron 
sulphide, such as FeS(am) is expected to rapidly transform to mackinawite. Higher 
sulphide levels have been reported in claystone investigations, but only for disturbed 
conditions with high reactive organic carbon input and limited time periods. 
Considering the ensemble of experimental observations and thermodynamic iron 
sulphide data, an upper limit of 2 mg/L, taken from equilibrium with FeS(am) (cf. Table 
4-8) is proposed. This value accounts for the uncertainty in process understanding, in 
particular to that related to the availability of dissolved Fe(II) and to the uncertainty in 
pH/pCO2 conditions (see Section 4.5) It should be pointed out, however, that from a 
mass balance viewpoint, sufficient reactive iron (in the form of siderite and Fe 
(hydr)oxides) is available to quantitatively bind all sulphide.  

In a third part, preliminary reactive transport modelling of the Fe-C-S system with 
different assumptions regarding the rock hydraulics, iron sulphide formation and carbon 
degradation rates has been conducted. This has shed further light into the different 
geochemical processes affecting the sulphate/sulphide fluxes. Notably, it can be shown 
that the supply of iron(II) is not a limiting factor in iron sulphide precipitation in any of 
the considered scenarios. Moreover, the rock permeability exerts a strong influence on 
the biogeochemical processes involved. Low permeable “tight” sections around the 
deposition tunnel lead to the highest sulphide concentrations (maximum 7·10-5 M), 
induced the build-up of CO2 and concomitant lowering of pH. On the other hand, 
sulphide fluxes out of the backfill system are low (max. 1.75·10-5 mol m-2 yr-1) for such 
a transport scenario. An effective constraint on the sulphate reduction process for all 
transport scenarios is the supply of organic carbon which limits the SRB activity. 
Overall, the preliminary reactive transport model revealed that the relationship between 
the transport properties of the rock, the maximum allowable rate of biodegradation and 
the ensuing S(-II) fluxes should be explored in greater detail. 

Hydrogen released from corrosion of surrounding iron construction materials may 
contribute to some extent to the sulphate reduction process. 

The release of sulphide from the accessory mineral pyrite is insignificant because of the 
low solubility of this phase and its stability under the expected geochemical conditions. 
Only during the initial oxic stage, pyrite may take part as a contributing sulphate source 
(via reaction with molecular O2) which might later get reduced to sulphide. 
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5 SULPHIDE PRODUCTION AT BUFFER/ROCK INTERFACE 

The objective of this chapter is to derive production rates of sulphide which originate 
from the sulphur inventory in the buffer. The outcome serves as basis for the 
performance assessment (Posiva 2013c). The approach is similar to that adopted for the 
backfill in view of the similar properties of these two materials, both of which contain 
gypsum as accessory mineral. There are however two important differences to consider: 

 The more homogeneous bentonitic buffer material with its high swelling pressure 
and nanoporous structure will restrict microbial activity even more strongly than the 
backfill material. Microbially-induced sulphate reduction will therefore be limited to 
occurring outside the buffer, i.e in the excavation disturbed zone (Figure 5-1) or 
eventually in fractures intersecting the EDZ. 

 The amount of gypsum and the resulting amount of reducible sulphate which could 
be harmful for the copper canister is small compared to that of the backfill. 

 
A bounding analysis is carried out in an analogous manner as that performed for the 
backfill. First we describe the initial mineralogical and geochemical properties of the 
backfill and the biogeochemical processes that may occur (Sections 5.1 and 5.2). Based 
on this, we define a conceptual model for assessing microbial sulphate reduction and 
sulphide production in the disturbed zone/EDZ. The modelling includes two parts: 

1. Estimation of sulphate fluxes out of the buffer and maximum sulphide production 
rates reaching the buffer. A highly simplified geochemical system without iron is 
considered (Section 5.3). The concept of water exchange cycles and hydraulic data 
obtained from discrete fracture network modelling of Hartley et al. (2013) are 
applied. 

2. Estimation of sulphide concentration ranges at the buffer/backfill and buffer/rock 
interface based on thermodynamic equilibrium with iron sulphides (Section 5.4). 

5.1 Design and material properties of buffer 

The emplaced buffer material in deposition holes is compacted bentonite. The reference 
material is MX-80, Na-rich Wyoming bentonite, but other natural bentonites, such as 
for example Deponit Can from Milos are also considered as candidate materials (Posiva 
2012b). The geometrical configuration is presented in Figure 5-1. 
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Figure 5-1. Representation of deposition hole with design parameters and hydraulic 
features as basis for bounding assessment. 

For MX-80, there is some variability in the mineral composition which is influenced by 
the location and processing of the clay material. In Table 5-1, data from two recent 
MX-80 samples analyzed by B+Tech (Kiviranta & Kumpulainen 2011), as well as data 
reported from an older study (Müller-Vonmoos & Kahr 1983) are given. In addition, 
mineral data from Deponit Can (IBECO) is listed. This shows significant differences in 
accessory mineral inventories between the different bentonite samples. The gypsum 
inventories for MX-80 and Deponit Can are low (0.4 - 0.6 %). The carbonate inventory 
varies considerably for the different MX-80 samples. For example siderite was detected 
in the study of Müller-Vonmoos & Kahr (1983) (by thermogravimetric analysis) but not 
in the recent one of Kiviranta & Kumpulainen (2011). Also the inventory of iron 
(hydr)oxides is low in MX-80 contrary to Milos bentonite. 
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Note that the inventory of the buffer is in line with the design specifications (Posiva 
2012b) which define that the organic carbon content should be lower than 1 % and the 
total sulphur content also lower than 1 %.  

 

Table 5-1. Material properties of MX-80 and Milos (Ibeco) bentonites. 

 
 

MX-80 MX-80 MX-80
DepCan

Ibeco

sample description

Be-Wy BT 
0007

(mean 2 
samples)

Be-Wy YT 
0002

(mean 3 
samples)

Lab no
39674/0

Be-Mi
BT0011
(mean 3 
samples)

Reference [1] [1] [2] [1]

System parameters

Porosity ε (-) 0.43 0.43 0.43 0.43

Dry density ρdry (kg/dm3) 1.57 1.57 1.57 1.57

Cation exchange capacity (eq/kg) 0.86 0.84 0.787 0.82

Mineral composition (wt. %)

Montmorillonite (Smectite) 87.6 88.2 75 79.4

Kaolinite <1

Illite / Mica 0.1 0.1 <1 3.2

Quartz 4.15 3.47 15.2 1

Cristobalite / Tridymite 0.1 2.8

Opal-A 0.27 0.4

Feldspar 6 5.3 5- 8 2.4

Chlorite 0.37 0.9

Calcite 0.55 0.2 0.7 c 4.3

Dolomite 5.7
Gypsum (CaSO42H2O) a 0.64 0.64 0.4 a,b

0.27

Siderite 0.7 c

Pyrite 0.6 0.86 0.3 1.5

Goethite

Hematite 0.05 0.03 0.7

Magnetite tr

Anatase / Rutile 0.85 0.5 0.4

Organic carbon 0.28 0.15 0.4 0.07

"Remaining minerals" 2

Sum 98.67 99.67 100.67 101.67

Calc. sulphur contents (wt. %)
gypsum (SO4) inventory as S 0.12 0.12 0.07 0.05

pyrite inventory as S 0.32 0.46 0.16 0.80

Stot (wt. %) 0.44 0.58 0.23 0.85

[1]: Kiviranta & Kumpulainen (2011) 

[2]: Müller-Vonmmoos & Kahr (1983)
a determined from sulphate content determined by IC analysis of aqueous extractions
b Bradbury & Baeyens (2002)
c derived from titrimetric analysis of carbonate and thermogravimetric analysis of FeCO3
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5.2 Porewater chemistry and redox processes 

The saturation and swelling process will proceed in a similar way as in the backfill 
(Section 4.2). The main difference is that there is only one type of emplaced material, 
namely high-grade compacted bentonite which will be emplaced in blocks (below and 
above the canister) and rings around the canister. The small gap between the 
blocks/rings and the host rock will be filled by pellets of the same material. After 
saturation the material will be homogenized and the likelihood of significant density 
gradients within the deposition hole is small (provided that no loss of material by 
erosion effects occurs and design specifications are met). The resulting high swelling 
pressure and the very small pore sizes will restrict microbial activity very effectively. 
Hence, microbially induced sulphate reduction and sulphide production is expected to 
be negligible (Stroes-Gascoyne et al. 2010). 

The porewater composition will be constrained by transport of solutes from the 
groundwater, reactions between cations and the clay surface (cation exachange, surface 
complexation) and dissolution and precipitation of accessory minerals (e.g. gypsum, 
calcite). The porewater composition has been described by the same type of 
thermodynamic model (Wersin et al. 2013b) as applied for the backfill. It is based on 
the multiporosity anion exclusion concept, cation exchange and surface complexation at 
the clay/water interface and dissolution/precipitation of accessory minerals (calcite, 
quartz, kaolinite, gypsum) (Wieland et al. 1994; Wersin et al. 2004). 

The geochemical conditions at the site will evolve and be affected by climatic changes. 
The evolving groundwater compositions have been approximated by the concept of 
reference groundwaters which apply to specific time windows (Hellä et al. 2014). To 
account for the uncertainty in groundwater chemistry so-called bounding waters were 
defined. As detailed in Wersin et al. (2013b), from these groundwaters two reference 
and four bounding buffer porewaters were defined which should represent the expected 
range of groundwater compositions including uncertainties in ionic strength, alkalinity, 
Na, Ca and pH. For the purpose of this study, the two reference buffer porewaters 
(saline, brackish) and two bounding buffer porewaters (dilute/carbonate-rich, glacial 
melt) were taken into consideration. The composition of these reference and bounding 
waters are listed in Table 4-2. The remaining bounding waters (brine, high alkaline) are 
considered to be very unlikely to occur and moreover do not lead to more pessimistic 
sulphide fluxes in the buffer.  

The results obtained from the chemical equilibrium model for the two reference and two 
bounding buffer porewaters are presented in Table 5-2. The pH is buffered at near-
neutral to slightly alkaline values via buffering reactions. 
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Table 5-2. Reference (saline, brackish) and bounding (dilute carbonate-rich, brine, 
glacial melt) porewaters at 25 C for buffer (Wersin et al. 2013b). Concentrations in 
mmol/L unless otherwise indicated. 

 

 

Redox conditions in the buffer will be oxic initially and the partially saturated pores will 
be filled with air. Molecular O2 will be depleted in the buffer by (i) out-diffusion into 
the rock, (ii) diffusion to the canister and reaction with the Cu metal and (iii) reaction 

Saline 
water 

based on 
KR20/465/1

Brackish 
SO4 water 
based on 
KR6/135/8

Dilute, 
carbonate 
rich water 
based on 
KR4/81/1

Brine 
water 

based on 
KR4/861/1

Glacial melt 
water, 

based on 
Grimsel 
water

log p(CO2) -3.20 -2.70 -2.40 -4.61 -5.48

pH 7.80 7.23 7.69 7.42 9.62

Eh (mV) -245 -207 -238 -318 -201

Alkalinity 
(meq L-1)

0.83 0.75 3.57 0.10 0.51

Ionic Strength 
(meq L-1)

512.6 271.2 30.11 2970.6 2.01

Na 499.6 150.8 22.06 774.4 1.54

K 2.64 0.92 0.46 1.03 0.010

Mg 10.48 14.39 1.25 8.33 0.0012

Ca 10.99 30.67 1.05 720.1 0.11

Cl 339.8 222.3 19.61 2231.1 0.31

SO4
2- 101.88 9.42 1.92 - 0.12

S-2 0.011 1.17E-03 5.82E-04 - -

CO3 tot 0.94 0.90 3.72 0.08 0.28

Sr 0.19 0.20 0.012 3.40 0.0039

Si 0.18 0.17 0.18 0.07 0.31

Mn 0.01 0.04 0.006 0.07 9.51E-06

Fe 2.71E-03 0.011 0.013 0.07 5.42E-06

F 0.08 0.032 0.064 0.15 0.71

Br 0.99 0.33 0.036 8.02 -

B 0.19 0.11 0.053 0.15 -

Calcite 0.0 0.0 0.0 0.0 0.0

Quartz 0.0 0.0 0.0 0.0 0.0

Siderite -1.35 -1.15 -0.01 -1.97 -3.5

FeS(am) -0.78 -1.61 -1.39 - -27.03

Magnetite -1.54 -2.28 0.11 -2.33 4.00

NaX 2294 996 519 1174 127

CaX2 193 674 785 655 1366

MgX2 67.5 252 371 9.9 5.2

KX 48.8 24.2 43.0 4.8 3.2

Reference porewaters Bounding porewaters
F

re
e 

p
o

re
w

at
er

S
at

u
ra

ti
o

n
 in

d
ex

 
S

.I.
E

xc
h

an
g

e 
io

n
s 

(m
m

o
l L

-1
)



146 

 

 

with Fe(II) and sulphide minerals, such as pyrite and siderite. Moreover, microbial 
processes at the buffer/rock interface or in the EDZ may contribute to O2 depletion. The 
timescales for O2 depletion are expected to be similar to those in the backfill if 
sufficient pyrite is present in the buffer. However, pyrite contents in MX-80 are low and 
variable, depending on the processing and storage procedures prior to emplacement 
which may oxidize part of the pyrite. If no pyrite is present in the buffer and if it is 
assumed that all O2 is consumed by the canister surface for a non-saturated case then the 
depletion is estimated to be in the range of 12 - 120 years for copper corrosion rates of 5 
- 0.5 m/a (Posiva 2013c, Appendix C). 

Upon O2 depletion, conditions in the buffer will become and remain reducing. The 
reducing capacity (i.e. the amount of oxidizable minerals and organic matter) in the in 
the buffer is low and microbial activity is highly restricted at the high densities and 
developing swelling pressures. Thus, redox conditions will be constrained by those in 
the surrounding groundwater whose redox active species (HS-, Fe2+) will diffuse into 
the buffer. It is therefore reasonable to assume that sulphide levels in the buffer will be 
similar as those in the surrounding groundwaters as depicted for the reference 
porewaters (Table 5-2). The redox potential for the different reference porewaters were 
calculated assuming sulphide/sulphate equilibrium.  

There is uncertainty regarding the possibility of SRB activity in compacted bentonite. 
The data of Masurat (2006) indicated that microbial activity was suppressed at swelling 
pressures above 2 MPa. A later study conducted by the same research group (Masurat et 
al. 2010; Pedersen 2010b) indicated some SRB activity in compacted bentonite at 
saturated densities of 1500, 1800 and 2000 kg/m3 and an unlimited supply of organic 
carbon. The activity was reported as rate of formation of CuxS on copper coupons 
embedded in compacted bentonite. The rate of copper sulphide production decreased 
with increasing density and showing a very small rate of 34 fmolCuxS mm-2 day-1 or 
0.012 mmol CuxS m-2 a-1 at saturated densities of 2000 kg/m3, thus yielding a tiny Cu 
corrosion rate of 0.18 nm a-1. The sulphide production rate is thus insignificant. At 
saturated densities of 1800 kg/m3 and 1500 kg/m3, corresponding corrosion rates 
increase to 1.6 nm a-1 and 7.9 nm a-1 respectively, which is still rather low. It should be 
noted however that the study was designed for measuring Cu corrosion and not for 
sulphide production rates; therefore the latter might be underestimated by assuming that 
all sulphide produced reacted with the copper coupons (Pedersen, personal 
communication). Nevertheless, in spite of uncertainties related to SRB activity and 
sulphide production rates, it is unlikely that sulphide levels in the buffer porewater will 
be significantly affected by in-situ sulphate reduction as long as the required saturated 
density of the buffer is reached. 

5.3 Assessment of sulphate and sulphide fluxes without 
considering Fe 

5.3.1 Model concept 

The scope of this modelling effort is to assess maximum sulphide production rates that 
arise from the sulphate inventory of the buffer. This is done from the following 
conceptual background: Gypsum, the main sulphate inventory in the buffer, is depleted 
via dissolution and out-diffusion of sulphate to the groundwater. Since microbial 
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activity is highly restricted in the (intact) compacted bentonite, there is no sink and no 
significant retardation of sulphate diffusion to the rock. The fate of sulphate leaving the 
buffer will be different depending on the hydraulic-chemical conditions in the rock zone 
around the deposition hole: 1) Sulphate may be rapidly transported away in fractures if 
groundwater flow is sufficient, 2) It may accumulate and a SO4 plume may develop if 
the diffusive flux in the buffer is fast compared to the advective one in the rock 3) It 
may be reduced to sulphide by SRB in the disturbed zone surrounding the deposition 
hole , which would then further generate a (back) diffusion of sulphide into the buffer. 
The last process would imply a zone of sufficient large porosity for SRB to grow and 
sufficient supply of organic matter or other oxidants. 

From a mass balance viewpoint, the amount of sulphate in the buffer is small compared 
to that of copper. Thus, a buffer with 0.4 % gypsum, a wet density of 2,000 kg/m3 and 
dimensions shown in Figure 5-1 contains 533 mol of sulphate. Assuming that all of this 
is converted to sulphide and reacts with the Cu canister to form Cu2S, then 1,066 mol 
Cu are oxidized. This is about 1 % of the total inventory of the canister (1.1105 mol 
Cu). Taking the somewhat larger sulphate inventory obtained from more recent MX-80 
anaylsis (Table 5-1), the same mass balance calculation leads to a maximum corrosion 
of 1.7 % of the Cu inventory. 

This calculation shows that the effect of sulphate reduction deriving from the buffer on 
the canister will be limited, contrary to that of the backfill. Nevertheless, the fate of 
sulphate has been assessed for completeness. 

The fate of sulphate in the buffer and its potential reduction to sulphide has been 
assessed by a bounding analysis similar to that applied for the backfill (Section 4.3). 
First the depletion times of the sulphate (gypsum) inventory in the buffer is estimated by 
geochemical modelling using the water exchange cycle and the diffusion-reaction 
approach. Second, maximum sulphate reduction rates are estimated with the shrinking 
core concept and sulphide fluxes to the buffer deduced. 

5.3.2 Modelling timescales of gypsum depletion without microbial activity 

The aim in this model step is to estimate timescales of gypsum depletion in the buffer 
without any microbial sulphate reduction. This is done on the basis of the water 
exchange cycle concept (e.g. Curti & Wersin 2002): The buffer is equilibrated with the 
surrounding groundwater in a series of batches. The equilibration is performed with the 
thermodynamic bentonite model (cf. Section 5.2.1). At each equilibration cycle, some 
gypsum dissolves.The calculation is carried out for n cycles until all gypsum has been 
dissolved.  

Within this model approach, timescales of gypsum depletion can be derived considering 
the duration of one exchange cycle. This latter is estimated as outlined below. 

Estimate of one water exchange cycle between backfill and rock 

Two conceptualisations can be used for estimating the duration of the water exchange 
cycle for the buffer: a measure of how long it takes a solution in pore spaces in the 
backfill to completely exchange with external groundwater.  
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a) Groundwater flows from transmissive fractures intersecting the deposition holes into 
a rock damaged zone that surrounds the holes, which is assumed to be hydraulically 
highly conductive. Diffusion and dispersion causes the groundwater to become and 
mixed with the porewater in the buffer. The mixed groundwater/porewater flows out 
of the rock damaged zone into the rock fracture network. 

b) There is no hydraulically significantly damaged zone. Groundwater flows around 
the buffer. Solutes are exchanged between the buffer porewater and the flowing 
groundwater via diffusion. 

The two conceptualisations are illustrated in Figure 5-2. They are analogous to the 
conceptualisations of the deposition tunnels described in Section 4.3.2 and are subject to 
similar limitations. 

Groundwater flow modelling has been carried out for cases with and without a highly 
conductive rock damaged zone assumed. Such a zone is assumed to be present in the 
TURVA-2012 groundwater flow central case. The flow out of the zone varies 
significantly between deposition holes, due to the heterogeneity of the rock. Figure 5-3 
shows a histogram of the flow out of the zone (the effective flow rate) for all deposition 
holes in the groundwater flow central case (deposition holes not satisfying the inflow 
rock suitability criterion are excluded). 

 

A       B 

 

 

 

 

 

 

Figure 5-2. Conceptualisation of water exchange in A: a highly conductive rock 
damaged zone - advection-controlled, B: a "tight" rock - diffusion-controlled. Note that 
one or more fractures may intersect the deposition hole. 
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Figure 5-3. Histogram of the flow out of the highly conductive rock damaged zone 
assumed to exist around deposition holes. Log scale used on the y-axis to better 
illustrate the small numbers of deposition holes with high effective flow rates. 

 

In the first conceptualisation, where a hydraulically significant rock damaged zone, the 
flow rate out of the zone is the key parameter governing the rate of exchange between 
the buffer porewater and the groundwater and is obtained directly as an output of the 
groundwater flow modelling. On the other hand, in the second conceptualisation, where 
such a zone is assumed absent, the rate of diffusive exchange between the buffer 
porewater and the groundwater is governed given by an effective flowrate, QF:  





N

i
FiiwF ULeDQ

1
, /4 

 
Equation 5-1 

where the summation is carried out over all N fractures intersecting the hole and Dw is 
the diffusivity in water (0.0316 m2 a-1) L is the half circumference of the hole (6.5 m); ei 
is the transport aperture of the ith fracture; and Ui,F is the flow rate per unit width in the 
fracture: 

f

f
F

a
U


  Equation 5-2 

Here f  is the gross flow rate through the fracture and af is the area of the fracture 

plane intersecting the hole. These are obtained from groundwater flow modelling. 
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Figure 5-4 shows a histogram of the effective flow rate for all deposition holes in the 
groundwater flow case ps_r0_no_spall_2000 (Hartley et al. 2013)4, in which there are 
no hydraulically significant damaged zones around the holes case (again, deposition 
holes not satisfying the inflow rock suitability criterion are excluded). 

The effective flow rates are around an order of magnitude smaller in this second 
conceptualisation compared with the first. 

The duration of the water exchange cycle in this second conceptualisation, T, is then 
equal to the porewater volume in the deposition tunnel divided by the effective flow 
rate, i.e.: 

 Equation 5-3 

where V is the buffer volume, which, based on the geometry shown in Figure 5-1, is 
equal to 14.60 m3, and is the buffer porosity (0.43). 

 

 

Figure 5-4. Histogram of the effective flow rate where there is no hydraulically 
significant rock damaged zone around deposition holes. Log scale used on the y-axis to 
better illustrate the small numbers of deposition holes with high effective flow rates. 

  

                                                 

4  The “r0” in the case name refers to a specific realisation of the stochastic features of the discrete fracture network (DFN) model. 
Alternative cases (r1, r2, … r10) have been evaluated for other DFN realisations. The index “2000” in the name of the central 
case indicates that the flow situation corresponds to present-day topography (i.e. year 2000 AD). “no_spall” indicates that no 
rock damage (spalling) around the deposition hole is included. 
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The distributions of water exchange cycle times for the two conceptualisations are 
shown in Figure 5-5. Note that only those deposition holes that are intersected by at 
least one water-conducting fracture are included in the distributions (dry holes have 
infinite water exchange cycle times according to this model, there are almost 1000 such 
holes in the groundwater flow modelling central case).  

The median, 10th %ile and 90th %ile values of the effective flowrate and water exchange 
cycle time are shown in the Table 5-3 for each conceptualisation. 

Calculation of gypsum depletion timescales 

Due the presence of gypsum the initial sulphate concentration in the buffer is much 
higher than in the surrounding groundwater. Under saturated conditions, an outwards 
diffusive sulphate flux will be established which will decrease the dissolving gypsum 
inventory in the buffer. The time for gypsum depletion has been assessed by the concept 
of water exchange cycles, as presented for the backfill above. At each cycle, the 
selected groundwaters (i.e., saline water (KR20/465/1), brackish water (KR6/135/8))  

 

Figure 5-5. Histograms of water exchange cycle times for two conceptualisations: (i) a 
highly conductive rock damaged zone assumed to exist around deposition holes and (ii) 
there is no hydraulically significant rock damaged zone around deposition holes.  

 

Table 5-3. The median, 10th %ile and 90th %ile values of the effective flowrate and 
water exchange cycle time are shown for the two conceptualisations.  

 Highly conductive rock damaged 
zone assumed to exist 

No hydraulically significant rock 
damaged zone 

QF [m3 a-1] T [a] QF [m3 a-1] T [a] 

10 %ile 5.2E-5 120,731 6.6E-6 951,212 

Median 5.9E-4 10,641 4.1E-5 153,122 

90%ile 2.9E-3 2,165 2.4E-4 26,158 
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replace the porewater reacted in the previous cycle and equilibrate instantaneously with 
the bentonite. The evolution of the mineral inventory focussing on gypsum and the 
porewater chemistry is recorded during a number of exchange cycles. The calculations 
are carried out with the PHREEQC code (Parkhurst and Appelo, 1999) using 
thermodynamic data specified in the Andra/Thermochimie database (Andra 2009). All 
calculations are performed at 25°C. The initial groundwater compositions (Hellä et al. 
2014) are first equilibrated with quartz and calcite at 25°C before equilibration with the 
buffer. 

The thermodynamic bentonite model is outlined in Section 5.1 and detailed in Wersin et 
al. (2013b). There is considerable conceptual uncertainty related to the porosity 
structure and the physico-chemical description of interlayer water. This has been 
accounted for by considering two limiting model variants: (i) assuming the total 
porosity to take part in geochemical reactions, (ii) excluding the interlayer water from 
geochemical reactions. The calculations are done with MX-80 with properties 
determined from Müller-Vonmoos & Kahr (1983) and Bradbury & Baeyens (2002a) 
because the thermodynamic model is based on these data. It should be noted that 
applying the newer MX-80 data leads to insignificant differences in terms of simulated 
porewater compositions and gypsum depletion times. 

Selected results from the geochemical modelling for brackish water equilibrated with 
the buffer under the assumption of model variant (i) and (ii) are illustrated in Figure 5-6. 
This shows that gypsum is completely dissolved after 8 cycles for the ‘total 
porosity‘and 16 cycles for the ‘external porosity’ model variants, respectively. The 
concentrations of major solutes remain rather constant and little affected (except for 
sulphate) by this depletion process. This is because of the buffering reactions within the 
clay, namely cation exchange, surface protonation/deprotonation and calcite 
dissolution/precipitation. When equilibration with the saline water case is assessed then 
gypsum depletion occurs after two (‘total porosity’) and four (‘external porosity’) 
exchange cycles, respectively. The shorter depletion time is explained by the lower 
sulphate concentrations in the saline water leading to more dissolution of gypsum. 

When comparing these results to those for the backfill (Chapter 4), it is noted that 
gypsum is depleted after fewer exchange cycles, but the trend for the two porosity 
model variants is different. Namely, the ‘external porosity’ variant (ii) in the buffer 
leads to longer gypsum depletion times contrary to the backfill. This difference is 
explained by the difference in initial exchanger composition and the amount of the 
interlayer water fraction of the two materials which leads to different dissolution 
behaviour of gypsum.  

As shown in the previous section, the duration of an exchange cycle has been estimated 
based on the discrete fracture network model carried out for TURVA-2012 (Hartley et 
al. 2013). The flow distribution around deposition holes is influenced by various 
uncertainties, including in particular the hydraulic properties of a possibly thermally 
damaged zone around deposition holes. For a case with one to several fractures 
intersection deposition holes, median times of about 11,000 years were derived. As 
pointed out above, there is high variability in flow rates and some deposition holes are 
expected to have shorter water exchange rates. For example, for the deposition hole that 
is selected as the location of a canister with an initial penetrating defect in the reference  
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Figure 5-6. Results from water exchange cycle model, brackish water case, ‘total 
porosity’ and ‘external porosity’ model variants.  

 

case for radionuclide release and transport analyses, the exchange cycle time is 
estimated to be a little over 1,000 years. 

Given these results, two different limiting hydraulic situations for the different cases are 
considered here: first an exchange cycle duration of 153,000 years, representing a 
realistic case for a "tight" hole and second a much shorter exchange cycle duration of 
2,000 years, representing a few holes with high flow rates.  

The results for the different test cases are compiled in Table 5-4. This shows that for the 
"realistic" exchange cycle duration gypsum depletion times are variable, in the range of 
4,000 to more than 106 years. 

The calculated very long gypsum depletion times for the deposition holes with low flow 
conditions are to some extent explained by the simplistic water exchange cycle 
approach. But it highlights that sulphate reaching the outer boundary of the buffer is 
transported slowly to water flowing through intersecting fractures. The sulphate 
transport is limited because the rock is rather impermeable. This leads to an 
accumulation of sulphate at the margins of the buffer and to a "sulphate front" which 
also causes a reduction of the sulphate concentration gradient between the interior of the 
buffer and the buffer margin. Thus, in reality the diffusion of sulphate out of the buffer 
and the transport around it are coupled in such a low permeability system. For the 
higher flow situation, diffusion and advective fluxes of sulphate are in a similar range, 
thus the sulphate inventory will be depleted after a few thousand of years.  

In the next step we include microbial sulphate reduction in the disturbed zone adjacent 
to the buffer/rock boundary.  
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Table 5-4. Gypsum depletion times in buffer for different test cases. 

 

 

Modelling maximum sulphide fluxes to the buffer  

As a bounding case it is assumed that SRB reside at the buffer/rock contact in the 
excavated damaged zone and that these bacteria instantly reduce out-diffusing sulphate 
to sulphide. Thus, no constraint with regard to supply of electron donors (e.g. reactive 
organic carbon) or limitation by iron sulphide precipitation is made. This case has been 
implemented in an analytical radial “shrinking core” model and a 1-D diffusion-reaction 
model implemented in PHREEQC (Section 3.2). 

Shrinking core model: 

This approach which models gypsum depletion times is detailed in Section 4.3.3. 
However, the shrinkage of the core is terminated when the core radius equals the 
canister radius (0.525 m). 

Figure 5-7 shows the results of the shrinking core model calculations for the interaction 
of saline and brackish water with the MX-80 buffer material. As can be seen, the 
gypsum is depleted at about 30 and 350 years for the saline and brackish water case, 
respectively.  

Figure 5-8 shows the results of the sulphate flux calculations for the interaction of 
brackish/saline water with the MX-80 buffer. The sulphate flux decreases with time as 
the core shrinks. The sulphate flux in MX-80 decreases asymptotically from about 0.1 - 
0.01 mmol cm-2 a-1 in the first 20 years for the saline water and decreases to about 
0.0002 mmol cm-2 a-1after 300 years in the case of the brackish water. 

 

test case
time

exchange 
cycle (a)

groundwater
type

mode variant
gypsum

depletion 
time (a)

Sal_long_tot 153000 saline total porosity 3.06E+05
Sal_long_ext 153000 saline extern.porosity 6.12E+05
Brack_long_tot 153000 brackish total porosity 1.07E+06
Brack_long_ext 153000 brackish extern.porosity 2.45E+06
Sal_short_tot 2000 saline total porosity 4.00E+03
Sal_short_ext 2000 saline extrn. porosity 8.00E+03
Brack_short_tot 2000 brackish total porosity 1.40E+04
Brack_short_ext 2000 brackish extrn. porosity 3.20E+04
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Figure 5-7. Times of gypsum depletion calculated with shrinking model approach. 

 

Figure 5-8. Calculated sulphate fluxes for saline and brackish waters in interaction 
with MX-80 buffer material. Note that after 20 years gypsum is depleted in the saline 
case. 

 

The model parameters of the calculations with MX-80 are shown in Table 5-5. 
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Table 5-5. Parameter values for the shrinking core model and MX-80 

Parameter Saline water Brackish water 

C1 2.1 x 10-5 mol/m3 4.79 x 10-5 mol/m3 

C0 105.95 mol/m3 9.42 mol/m3 

M 37 mol/m3 

De 2 x 10-11 m2 s-1 

Buffer inner and outer radii 0.525 m and 0.875 m 

 

1-D diffusion-reaction model: 

The flux of sulphate was simulated by a linear one-dimensional diffusion-reaction 
model (Curti & Wersin 2002; Wersin 2003) integrated in the code PHREEQC, Version 
2 (Parkhurst & Appelo 1999). Transport of a species through the bentonite is described 
by: 

t

q

x

C
D

t

C
p 











2

2

 Equation 5-4 

where C (mol/kg porewater) is the species concentration, t is the time (s), x is the 
distance (m), Dp the pore diffusion coefficient (m2/s) and q the concentration in the solid 
phase (mol/kg of porewater). The transport part is solved by PHREEQC by an explicit 
finite difference scheme. The chemical interaction term ∂q/∂t is computed separately for 
each time step and corresponds to the change in concentration of the solid phase. 

Diffusion through the bentonite buffer is simulated in the following way: A bentonite 
tube (representing the buffer) is divided into 20 cells, each 0.034 m in length. Due to 
axisymmetric symmetry, diffusion from the centre of the buffer with a diffusion length 
of 0.68 m is assumed. This value is derived from the ratio5 of the volume buffer/volume 
deposition hole times the deposition hole diameter (14.605/18.761 x 1.75). A sketch of 
the model representation is shown in Figure 5-9.  

 

                                                 

5 The buffer volume is equal to deposition hole volume minus canister volume. 
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Figure 5-9. One-dimensional diffusion model to represent the evolution of the buffer 
porewater in time (see text). 

 
At the particular ends of the tube, constant flux and closed boundary conditions are 
imposed, respectively (see Section 4.3.4). Thus, at the buffer/rock interface, constant 
concentrations corresponding to the different groundwaters mentioned above are 
imposed. A uniform effective diffusion coefficient of 210-11 m2/s (e.g. Birgersson & 
Wersin 2012) is assumed for all species. The initial conditions in the bentonite tube are 
set by the chemical composition of the particular porewaters and by the initial 
exchanger poulation and mineral inventories. At t = 0, the aqueous species start to 
diffuse through the cells while reacting with the accessory minerals and the clay surface 
sites (interlayer and edge sites). Note that the electrochemical effects related to the 
permanent layer charge and the interlayer structure (e.g. ion specific diffusivities) was 
not accounted for in the modelling. Moreover, a linear instead of cylindrical geometry 
was assumed in view of the difficulty to implement this in the standard version of 
PHREEQC. 

The presence of SRB at the boundary is simulated by assuming a zero-concentration 
sulphate boundary condition. This is done by considering a sulphate concentration at the 
groundwater/backfill interface which is three orders of magnitude lower than that in the 
groundwater. 

The calculated gypsum and sulphate concentrations of the diffusion-reaction 
calculations simulating saline water interacting with the buffer are shown for the 
innermost cell with the greatest distance (0.68 m) from the backfill/host rock boundary 
(Figure 5-10). As can be seen, in the presence of saline water, the gypsum in the backfill 
is depleted in approximately 380 years. Sulphate depicts an analogous behaviour, 
showing a more rapid decrease once gypsum is being depleted. The cation exchanger 
composition is dominated by NaX which slightly decreases in favour of CaX2 due to 
gypsum dissolution. The changes in calcite content due to dissolution or precipitation 
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are very small compared to the initial inventory (not shown). The small pH variation 
(7.7 – 7.8) indicates that the system is well buffered.  

Selected results for the MX-80 bentonite in contact with brackish groundwater are 
shown in Figure 5-9. The depletion time for gypsum is increased to 570 years. This is 
due to the lower sulphate concentration gradient for this case. The system is more Ca 
dominated which is reflected by the higher amount of CaX2 on the exchange complex. 
As for the saline case, pH buffering (7.2-7.3) is effective. 

 

Figure 5-10. Saline water interacting with MX-80 buffer (innermost cell in the buffer 
centre) assuming instantaneous sulphate reduction at the bentonite/rock interface. 
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Figure 5-11. Brackish water interacting with MX-80 buffer (cell at the host rock/clay 
boundary) assuming instantaneous sulphate reduction at the bentonite/rock interface. 

 
The calculated gypsum depletion times derived from the geochemical model are longer 
than those obtained from the analytical shrinking core model. The difference is 
especially obvious for the saline case where the shrinking core model predicts one order 
of magnitude shorter depletion time than the geochemical model. This difference can 
be, to minor part, be attributed to the linear versus cylindrical geometry assumed. 
Scoping calculations (not shown) indicate however that this leads only to minor 
discrepancies. The main difference arises from the treatment of the gypsum as one 
component in the shrinking core model vs. two components (Ca and SO4) in the 
geochemical model. In fact, the low concentration gradients in Ca affect gypsum 
dissolution and sulphate concentrations and lead to a delay of gypsum depletion.  

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.00

0.05

0.10

0.15

0 200 400 600 800 1'000

SO
4
 (
m
o
l/
L)

gy
p
su
m
 (
m
o
l/
L)

time (a)

gypsum

SO4

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.0

0.5

1.0

1.5

0 200 400 600 800 1'000

C
a 
(m

o
l/
L)

N
aX

, C
aX

2 
(m

o
l/
L)

time (a)

CaX2

NaX

Ca



160 

 

 

Fluxes of sulphide to rock and to buffer  

Sulphide generated by microbial reduction of sulphate at the buffer/rock interface will 
either diffuse back into the buffer and react with the canister surface or migrate into the 
rock (predominantly in water-conducting fractures). 

The timescale for diffusive mixing of sulphide in the buffer is in the order of rt - rc 
De = ~ 200 years; parameters defined below.This timescale is short in comparison to the 
timescale over which the sulphide generation rate varies significantly. Thus, a pseudo-
steady state can be assumed, in which the sulphide concentration in the buffer system is 
determined by the steady-state diffusion equation. 

The rate diffusion back into the buffer (considering just that part of the buffer at the 
same height as the canister) is: 

 Equation 5-5 

where lc is the canister length (4.8 m for OL1-2 canisters, see Table 6-2 of the Posiva 
2013d), rt is the deposition hole radius (0.875 m), rc is the canister radius (0.525 m), Cs 
is the sulphide concentration at the buffer/rock interface and De is the effective diffusion 
coefficient of anions in the buffer (2.46 × 10-4 m2 a-1, i.e. 7.80 × 10-12 m2 s-1).  

The concentration Cs is, in practice, determined by a balance between the rate of 
sulphide generation and the rate of sulphide loss. However, in the present section, we do 
not look at the absolute values of concentration and of the fluxes in the system, but 
rather the relative fluxes to the host rock and to the canister via the buffer, and Cs does 
not need to be specified for this purpose. 

The rate of loss to the rock, FR, is estimated based on the concept of water exchange 
cycles. One exchange cycle is the average time, T1, it takes for an amount of sulphide 
equal to the amount present in buffer pores at any given time to migrate into the rock 
(Section 5.3.1). Thus: 

 Equation 5-6 

where is the total porosity of the buffer (0.43) and V is the buffer volume (14.6 m3 for 
OL1-2 cansiters, see Table 7-2 of the Posiva 2013d).  

The proportion of sulphide that corrodes the canister is: 

. 	 /
. 	 . 	 /

 Equation 5-7 

T1 varies widely between deposition holes. A median value for the diffusive case of 
153,000 years is obtained from DFN anaylsis (Table 5-3). For the advective case, 
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exchange times are shorter, showing a median value of 10,600 years. However, some 
holes have much shorter cycle times. 

Using the T1 of 153,000 years, almost 100 % of the sulphide diffuses into the buffer. 
Using the T1 of 10,600 years, the sulphide flux to the buffer is still about 96 % of the 
total. A deposition hole with cycle duration of 2,000 years, leads to a buffer flux of 
82 %. 

In summary, according to the bounding analysis the majority of sulphide generated will 
diffuse back into the buffer. The calculated sulphide fluxes are however not realistic 
because of the oversimplification the model assumptions, such as unlimited growth of 
SRB and supply of electron donors and complete solubilisation of produced sulphide. In 
fact, sulphide levels will be constrained by precipitation of iron sulphides, as discussed 
for the backfill. Moreover, as outlined above, the reducible sulphate inventory is small 
compared to the copper inventory. 

5.4 Control of sulphide levels by iron 

The inventory of reactive iron in the buffer is rather small compared to that in the 
backfill. There is some siderite in MX-80, but its amounts may vary. High grade Milos 
bentonite contains some ferric (hydr)oxides which will likely react in contact with 
sulphide. The amount of pyrite is significant, but this mineral is very insoluble and thus 
 as long microbial activity is restricted  the dissolution of this phase and consequent 
release of dissolved iron and sulphide will be very small. 

The main scavenging of sulphide is expected to occur at the location of sulphide 
production, i.e. in the damaged zone or fracture contacting the buffer. Thus, iron species 
released from fracture minerals (e.g. chlorite, biotite) will bind sulphide to form iron 
sulphides (Section 2.2.2).  

The calculated sulphide concentrations based on equilibrium with iron sulphides for 
different reference groundwaters (Hellä et al. 2014) calculated is shown in Table 5-6. 
This shows S(-II)tot concentrations of about 0.1-0.2 mg/L for these waters in equilibrium 
with mackinawite. They increase to 0.3-0.6 mg/L if equilibrium with FeS(am) is 
assumed. Under conditions of pyrite equilibrium, concentration <5·10-5 mg/L are 
derived.  

As discussed in chapter 2 and 4, the most probably FeS phases to form in the long-term 
are mackinawite or an even more insoluble iron sulphide phase, such as pyrite. The 
expected sulphide concentrations are thus in the range of 0.2 mg/L or below. Higher 
concentrations occurring temporarily cannot be ruled out in case of high SRB activity 
and slow release of Fe(II) from mineral dissolution. Under such conditions, the highest 
sulphide concentrations in the groundwater contacting the buffer could increase to about  
or even above 1 mg/L as suggested from FeS(am) equilibrium. In the buffer porewater, 
no significant SRB activity is expected, therefore high sulphide levels, such as those 
derived from FeS(am) equilibrium, are not expected. 
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Table 5-6. Results from thermodynamic calculations at 25 C with different iron 
sulphide phases and different reference groundwaters at the rock/buffer interface. 

 

 
5.5 Conclusions on sulphide production from buffer 

The potentially available sulphur inventory in the buffer for sulphate reduction is rather 
limited and can at maximum only corrode about 1-1.7 % of the copper inventory.  

Due the presence of gypsum a concentration gradient between the buffer and rock will 
rapidly be established, leading to out-diffusion of sulphate and rather rapid depletion of 
the gypsum inventory in the buffer if the advective flux in the rock occurs at faster or 
comparable rates than the out-diffusion flux. According to hydraulic modelling results 
the majority of the deposition holes show very low flow rates and hence sulphate is 
expected to accumulate in the groundwaters adjacent to the buffer, which will slow 
down the out-diffusion fluxes. However, if SRB activity were to occur, for example in 
thin transecting fractures or in the damaged zone around the buffer, a sink of sulphate 
would be generated which would keep a high diffusional gradient, also for the "tight" 
holes. The sulphide generated in the volumes where SRB are active would then diffuse 
back through buffer and contribute to canister corrosion. A bounding assessment has 
been carried out to calculate the sulphate and sulphide production rates based on the 
conservative assumption of instant sulphate reduction at the buffer/rock interface. 
Accounting for the hydraulic data and using the concept of water exchange cycles it can 
be shown that most sulphide diffuses back into the buffer regardless the hydraulic 
conditions around the deposition hole. The bounding assessment neglects 
immobilization of sulphide by iron. It underlines the need for setting a realistic 
concentration limit at the buffer/rock boundary. 

The concentration limits for sulphide at the buffer/rock boundary have been estimated 
from equilibrium with iron sulphides for the range of expected groundwater 
compositions. These estimates provide the basis for assessing sulphide fluxes in the 
performance assessment 2012. Sulphide levels are expected to be controlled by 
equilibrium with mackinawite or a more insoluble iron sulphide. Temporarily, under 
conditions of high SRB activity, the concentrations might be higher. Sulphide levels are, 
however, expected not to be beyond equilibrium with amorphous FeS in the 
groundwaters contacting the buffer. 

In conclusion, the reduction of buffer-derived sulphate to sulphide at the buffer/rock 
boundary is conceivable. This sulphide may diffuse back and corrode the canister. The 

mineral water-type borehole pH pCO2 Fe(II) S(-II) S(-II)

mol/L mol/L mg/L

FeS(am) saline KR20/465/1 7.40 -3.15 2.01E-05 1.77E-05 0.57
brackish SO4 KR6/135/8 7.60 -2.78 1.79E-05 1.21E-05 0.39

dil./carbonate KR4/81/1 7.80 -2.46 1.80E-05 9.95E-06 0.32

mackinawite saline KR20/465/1 7.40 -3.15 9.85E-06 7.51E-06 0.24
brackish SO4 KR6/135/8 7.60 -2.78 1.03E-05 4.48E-06 0.14

dil./carbonate KR4/81/1 7.80 -2.46 1.15E-05 3.39E-06 0.11

pyrite saline KR20/465/1 7.40 -3.15 2.35E-06 1.53E-09 4.92E-05
brackish SO4 KR6/135/8 7.60 -2.78 5.77E-06 5.81E-10 1.86E-05

dil./carbonate KR4/81/1 7.80 -2.46 8.07E-06 6.27E-10 2.01E-05
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impact thereof will be limited because (1) the small gypsum inventory in the buffer, (2) 
the binding of most of sulphide by iron sulphide precipitation and (3) the presumable 
low availability of organic carbon and other electron donors. The reduction of sulphate 
inside the buffer is negligible because of the restriction of microbial activity in the 
compacted bentonite. Also, the release of sulphide from the accessory mineral pyrite is 
insignificant because of the low solubility of this phase and its stability under the 
expected geochemical conditions. 
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6 GENERAL EVALUATION OF SULPHIDE CONCENTRATIONS 
AND FLUXES 

Various sources of sulphide are present in different compartments including the 
geosphere, the buffer and the backfill which may potentially contribute to the corrosion 
of the Cu canister. Additional sources, such as sulphate from the cementitious materials 
present in the deposition tunnel, rock bolt grouts and concrete end plug, have not been 
addressed in this study. The impact of the sulphide corrosion process depends on the 
diffusive flux of sulphide through the buffer to the canister and thus on the sulphide 
concentration at the buffer/rock and buffer/backfill interface. The estimation of these 
concentrations has been a main focus of this report. Moreover, the microbially-induced 
sulphide production and corresponding fluxes at these interfaces have been addressed. 

Similar processes, such as microbial sulphate reduction and iron sulphide precipitation, 
drive the fate of sulphide in the different compartments. The flux of sulphide is affected 
by the complex interplay of transport-related, geochemical and microbial processes 
which are highly system-specific. The sulphate reduction process may be limited by 
mass transfer constraints or the availability of nutrients and electron donors as well as 
high density and swelling pressure in the buffer and backfill. Precipitation of iron 
sulphide is a stepwise process with the prior formation of more soluble FeS compounds 
followed by the more stable pyrite at the end. But overall, the sulphate reduction/iron 
sulphide precipitation process depends on the system, such as geochemical conditions, 
microbial activity, and mass transfer of the reactants, and in particular the availability of 
iron. Because of the incomplete knowledge of these system-dependent processes, we 
have adopted a bounding analysis for the different subsystems host rock, backfill and 
buffer, based on simplified assumptions. 

6.1 Sulphate/sulphide in host rock 

Generally sulphide levels are low in the fracture groundwaters, clearly below 1 mg/L 
and mostly below 0.1 mg/L. The contents of iron and sulphide show an inverse 
relationship supporting that sulphide and iron concentrations are strictly controlled by 
low solubility of iron sulphide phases, the most likely solubility controlling phase being 
mackinawite which is expected to successively evolve in the long-term towards less 
soluble phases, such as pyrite. 

High dissolved sulphide concentrations (> 1 mg/L) may occasionally occur due to 
hydrological transients with mixing of SO4-rich and CH4-rich groundwaters, which may 
induce activation of sulphate reducing bacteria (SRB). However, the role of anaerobic 
methane oxidation (AOM) seems to be minor in microbial SO4 reduction, rather the 
electron donor is some other species stable in CH4-rich brackish–saline groundwaters 
such as short chain hydrocarbons and/or hydrogen. The elevated concentrations are 
generally short-lived and decrease from the initial, anomalously high values once 
groundwater conditions stabilise. The decrease may be due to one or more of several 
possible reasons: i) iron sulphide precipitation with simultaneous change to less soluble 
phases, ii) draining of the energy source for microbial SO4 reduction, other sources than 
CH4, iii) dilution of sulphide concentration due to mixing of waters. It is possible that 
sampling instruments provide an additional source of dissolvable iron for iron sulphide 
precipitation, although the continuing supply of reactive iron from the rock is thought to 
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be the main reason for decreasing sulphide concentrations. The high sulphide 
concentrations observed in a few boreholes are probably due to a temporarily reduced 
availability of dissolved iron for iron sulphide precipitation. Highly reactive iron phases 
(e.g. iron oxyhydroxides) are lacking in the deep bedrock conditions at Olkiluoto. Iron 
silicate phases (biotite, chlorite) are common in fractures and rock matrix, but their 
dissolution kinetics is slow, which may explain the delay of high sulphide 
concentrations in monitoring data. Nevertheless the sulphide concentrations are 
expected to decrease within a few years to tens of years. 

Hydrogeochemical data and thermodynamic considerations indicate that sulphidic and 
methanic conditions will also dominate redox conditions in the bedrock in the future as 
they have done in the past.  
 

Hydrogeochemical modelling of the evolution of the groundwater composition at 
repository depth is conceptualised as the result of a number of processes: 

 Infiltration of altered meteoric water (or glacial water in the case of melting period 
simulation) from the surface of the deposition depth. It is assumed that this process is 
dominated by advection through the conductive zones.  

 Mass exchange between the conductive zones and the low-conductive matrix (rock 
blocks). It is assumed that this process is dominated by molecular diffusion. 

 Water-rock interaction and aqueous chemical reactions. These geochemical 
processes can be assumed under local equilibrium approach or kinetically controlled, 
depending on the velocity of the reaction considered. 

 
The flow and reactions are coupled using a streamline-based methodology and a 
representation as series of flow tubes (trajectories) from surface to repository level with 
distribution of different residence times based on the hydrogeological model by Löfman 
& Karvonen (2012). The details of the numerical model have been described in detail in 
Trinchero et al. (2013). An illustrative sketch of the methodology is shown in Figure 
3-1. The model is based on a representation of “representative flow tube model” 
accounting for climate evolution – simulation of geochemical conditions at repository 
level – applied to sulphide evolution. 

Five different hydrochemical zones have been identified where the initial groundwater 
chemical composition can be assumed homogeneous and be described by a single 
representative sample. These hydrochemical zones are related to the following water 
types: Brackish HCO3 – Brackish SO4 –Brackish saline – Saline – Highly saline. Two 
different geochemical cases have been defined: the Base Case that assumes equilibrium 
conditions with pyrite and a Variant Case where FeS(am), treated in equilibrium, is 
assumed to be the main iron sulphide mineral. An implicit assumption in these cases is 
the (unlimited) access of dissolved iron for precipitation of sulphide.  

The evolution of sulphate shows a slight but constant increase of concentration over 
time. This increase is explained by the arrival of brackish SO4 water at repository depth. 
Nonetheless, the constant decrease of HS- indicates that the progressively larger 
signature of brackish SO4 water at repository depth has limited impact on the sulphide 
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concentration at the Eh conditions computed by the models. Very low HS- 
concentrations, in the range of 10-11 M, have been computed for the case with pyrite 
equilibrium. On the contrary, the the case with FeS (mackinawite, FeS(am)) seems to 
represent a more realistic situation with measurable sulphide as the obtained results fit 
well with the range of HS- concentrations measured at Olkiluoto, and the range of 
sulphide concentrations are 3 to 4 orders of magnitude higher. 

No explicit microbially-mediated sulphate reduction reactions have been taken into 
account in the modelling so far which considers thermodynamic equilibrium between 
SO4 and HS-. These have only been assessed based on the extensive groundwater and 
microbial sampling data from the site and need to be further addressed in reactive 
transport modelling in the future. In addition, as noted above, the hydrological transients 
and induced mixing of CH4-rich and SO4-rich waters have caused some higher levels of 
sulphide. More drillhole data and experimental results (e.g. from the SURE experiment) 
are needed to clarify the evolution of dissolved sulphide and the role of iron in this cycle 
in future. 

Overall, the combined data from site (fracture minerals, isotopes, groundwaters) and 
hydrogeochemical modelling suggest that sulphide levels will be thermodynamically 
controlled by iron sulphides also in future and levels remain within reasonable bounds 
(i.e. well below 1mg/L). 

6.2 Sulphate/sulphide in backfill 

The backfill contains a large sulphate and organic carbon inventory which – via 
microbial degradation processes – has the potential to produce substantial amounts of 
sulphide in the vicinity of the Cu canister and act as corrodant. In general, microbial 
activity in the backfill is expected to be low after saturation and homogenisation of the 
backfill, as is indicated from experimental data on this material, such as swelling 
pressures (Kumpulainen & Kiviranta 2011). However, there is uncertainty in the border 
area where zones of higher porosities might persist. 

Due the presence of gypsum, a concentration gradient between the backfill and rock 
will rapidly be established, leading to out-diffusion of sulphate and to slow depletion of 
the gypsum inventory in the backfill. According to hydraulic modelling results the 
majority of the deposition tunnel sections show low flow rates and hence sulphate is 
expected to accumulate in the groundwater adjacent to the backfill, which will slow 
down the out-diffusion fluxes. However, if SRB activity were to occur at the 
backfill/rock boundary, a sink of sulphate would be generated in this layer which would 
keep a high diffusional gradient. Sulphide generated in the layer where SRB are active 
would then be a potential source for canister corrosion. 

A step-wise geochemical analysis has been adopted to estimate sulphide concentrations 
in the backfill porewater and sulphate/sulphide fluxes under conditions of microbial 
sulphate reduction occurring at the backfill/rock and backfill/buffer boundary. In a first 
step, a bounding assessment without considering Fe has been performed to calculate the 
sulphate and sulphide production rates based on the conservative assumption of instant 
sulphate reduction. Accounting for the hydraulic data and using the concept of water 
exchange cycles it can be shown that a significant part of the sulphide produced diffuses 
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into the buffer regardless of the hydraulic conditions around the deposition hole. The 
bounding assessment neglects immobilization of sulphide by iron. It underlines the need 
for setting a realistic concentration limit at the backfill/buffer and backfill/rock 
boundary.  

In a second step, the concentration limits for sulphide at the backfill-rock and backfill-
buffer boundary have been estimated from equilibrium with iron sulphides for the range 
of expected groundwater compositions. Based on thermodynamic and natural analogue 
considerations, sulphide concentrations are expected to be very low for a microbially- 
inactive backfill system and presumably constrained by pyrite equilibrium. In the case 
of a microbially active boundary layer, at the interface of the backfill and the rock, 
sulphide concentrations may be higher and controlled by mackinawite equilibrium in 
the range of 10-6  10-5 M (0.03  0.3 mg/L). More soluble iron sulphide, such as 
FeS(am) is expected to rapidly transform to mackinawite based on literature data. 
Higher sulphide levels have been reported from in-situ studies on claystones 
underground research laboratories, but only for disturbed conditions with high reactive 
organic carbon input and limited time periods. Considering the ensemble of 
experimental observations and thermodynamic iron sulphide data, an upper limit of 2 
mg/L, taken from equilibrium with FeS(am) is proposed. This pessimistic value 
accounts for the uncertainty in process understanding, in particular to that related to the 
availability of dissolved Fe(II) and to the uncertainty in pH/pCO2 conditions (see 
Section 4.5) It should be pointed out however that from a mass balance viewpoint, 
sufficient reactive iron (in the form of siderite and Fe (hydr)oxides) is available to 
quantitatively bind all sulphide.  

In a third step, a preliminary reactive transport modelling study of the Fe-C-S system 
with different assumptions regarding the rock hydraulics, iron sulphide formation and 
carbon degradation rates has been conducted. This has shed further light into the 
different geochemical processes affecting the sulphate/sulphide fluxes. Notably, it can 
be shown that the supply of iron is not a limiting factor in iron sulphide precipitation in 
any of the considered model scenarios. Moreover, the rock permeability exerts a strong 
influence on the biogeochemical processes involved. Low permeability (“tight”) 
sections around the deposition tunnel lead to the highest sulphide concentrations 
(maximum 7·10-5 M), partly induced the build-up of CO2 and concomitant lowering of 
pH. Sulphide fluxes out of the backfill system are low (max. 1.75·10-5 mol m-2 yr-1) for 
such a transport scenario. An effective constraint on the sulphate reduction process for 
all transport scenarios is the supply of organic carbon which limits the SRB activity. 
Overall, the preliminary modelling work has revealed that the relationship between the 
transport properties of the rock, the maximum allowable rate of biodegradation and the 
ensuing S(-II) fluxes should be explored in greater detail. 

Hydrogen released from corrosion of surrounding iron construction materials, may 
contribute to some extent to the sulphate reduction process. A maximum amount of 
13 % relative to the initial sulphate inventory in the backfill has been estimated, which 
indicates that corrosion-derived hydrogen is a relevant electron donor for the sulphate 
reduction process in the backfill system. 
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The release of sulphide from the accessory mineral pyrite is insignificant because of the 
low solubility of this phase and its stability under the expected geochemical conditions. 
Only during the initial oxic stage, pyrite may take part as a contributing sulphate source 
(via reaction with molecular O2) which might later get reduced to sulphide. This 
sulphate amount is however negligible compared to the intial sulphate inventory in the 
backfill. 

There are a number of pertaining uncertainties of process understanding related to 
microbial sulphate reduction in the backfill-rock border area. In particular, these include 
the (i) porosity and its distribution in the boundary layer affecting SRB activity, (ii) the 
reactivity and degradability of organic carbon in the Friedland clay, (iii) the role of 
methane derived from groundwaters, (iv) the role of hydrogen in the groundwaters and 
generated by corrosion of the construction materials, (v) the availability of iron for 
sulphide precipitation, (vi) the nature of precipitating iron sulphide phase and (vii) the 
evolution of pCO2 and pH in “tight” rock sections. Most of these uncertainties have 
been considered in the step-wise bounding analysis with a number of conservative 
assumptions. In agreement with mass balance considerations, the reactive transport 
model, although still preliminary at this stage, suggest that the system is not Fe-limited 
at any time. This implies, that no “sulphide front”, which for example may occur in Fe-
limited modern marine sediments (see Appendix B), would develop. The reactive 
modelling results also underpin the strong effect of the supply of degradable organic 
carbon on biochemical conditions and sulphide production. Notably, model calculations 
suggest that a high carbon flux may locally lead to elevated pCO2 and low pH 
conditions, triggering an increase in FeS solubility, in case CO2 fluxes are not 
attenuated by interaction with rock minerals. This effect is not predicted for conditions 
of higher rock permeability or close to fracture zones. Further experimental work under 
in-situ-type conditions is required to reduce uncertainties associated with reactive 
oganic carbon and pCO2/pH conditions resulting from sulphate reduction at the backfill-
rock and backfill-buffer interfaces. 

6.3 Sulphate/sulphide in buffer 

A similar type of assessment (but without the reactive transport modelling) as or the 
backfill has been carried out for the buffer which also contains some accessory gypsum. 
With regard to sulphur in the buffer and its impact on the Cu canister there are two main 
differences: 

The microbial activity in the compacted bentonite buffer is highly restricted due to the 
high density and swelling pressure after saturation. Significant sulphate reduction is 
limited to locations outside the deposition hole, possibly in the EDZ or transsecting 
fractures. 

The potentially available sulphur inventory in the buffer for sulphate reduction is rather 
small and can at maximum only corrode about 1-1.7 % of the copper inventory.  

Due the presence of gypsum a concentration gradient between the buffer and rock will 
be established, leading to out-diffusion of sulphate and depletion of the gypsum 
inventory in the buffer. The timescales for gypsum depletion depend on the hydraulic 
conditions around the deposition hole and vary from a few thousand to some hundred 
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thousands of years. The majority of the deposition holes show very low flow rates and 
hence sulphate is expected to accumulate in the groundwater adjacent to the buffer, 
which will slow down the out-diffusion fluxes. However, if SRB activity were to occur, 
for example in thin transecting fractures or in the damaged zone around the buffer, a 
sink of sulphate would be generated which would keep a high diffusional gradient, also 
for the "tight" holes. The sulphide generated in the SRB zones would then diffuse back 
through buffer and contribute to canister corrosion. 

A bounding assessment has been carried out to calculate the sulphate and sulphide 
production rates based on the conservative assumption of instant sulphate reduction at 
the buffer/rock interface. Accounting for the hydraulic data and using the concept of 
water exchange cycles it can be shown that most sulphide diffuses back into the buffer 
regardless the hydraulic conditions around the deposition hole. The bounding analysis 
neglects immobilization of sulphide by iron.  

The concentration limits for sulphide at the buffer/rock boundary have been estimated 
from equilibrium with iron sulphides for the range expected groundwater compositions. 
Sulphide levels are expected to be based on equilibrium with mackinawite or a more 
insoluble iron sulphide. Temporarily, under conditions of high SRB activity, the 
concentrations might be higher. Sulphide levels are, however, expected not to be 
beyond equilibrium with amorphous FeS in the groundwaters contacting the buffer. 
Thus, considering equilibrium calculations, sulphide concentrations are expected to be 
less than 1 mg/L for sulphide produced at the buffer/rock boundary, i.e. in a similar 
range as expected for the buffer/backfill boundary.  

In summary, the reduction of buffer-derived sulphate to sulphide at the buffer/rock 
boundary is conceivable. This sulphide may diffuse back and corrode the canister. The 
impact thereof will be limited because (1) the small gypsum inventory in the buffer, (2) 
the binding of most of sulphide by iron and (3) the availability, reactivity and 
degradability of organic carbon and other electron donors. The reduction of sulphate 
inside the buffer is negligible because of the restriction of microbial activity in the 
compacted bentonite. Also, the release of sulphide from the accessory mineral pyrite is 
insignificant because of the low solubility of this phase and its stability under the 
expected geochemical conditions. 

6.4 Overall conclusions 

The main sources for sulphide which may act as corrodant for the Cu canister are in the 
crystalline host rock and the backfill material. The sulphide fluxes generated from the 
buffer are comparatively small because of its small sulphur inventory and the restriction 
of microbial activity in this microporous compacted material. 

The sulphide concentrations in present-day Olkiluoto groundwaters (fresh/brackish 
HCO3, brackish Cl, brackish SO4, saline) are rather low, in the range of <0.02  0.6 
mg/L, in the majority of the samples and drillholes. There are a few exceptions which 
display higher levels in the mg/L range, which occur at a depth of about 300 m. There is 
a clear indication that sulphide levels are controlled by equilibrium with iron sulphides. 
Most groundwater samples with sulphide concentrations <0.6 mg/L are in equilibrium 
with mackinawite or an even less soluble Fe sulphide phase. The observed trend of 
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decreasing saturation index with decreasing sulphide levels suggests that mackinawite is 
slowly converted to a more stable phase, such as pyrite, the main iron sulphide observed 
in fractures. The few groundwater samples displaying sulphide levels >0.6 mg/L are in 
equilibrium with more amorphous FeS (mackinawite, FeS(am)). Monitoring data 
indicates a slow decrease of the abnormally high sulphide concentrations. The overall 
observed pattern is interpreted as: 

 For groundwaters unaffected by site activities (baseline conditions) and those re-
approaching steady-state type conditions, sulphide generated by microbial sulphate 
reduction is effectively bound by iron sulphide precipitation. Under these conditions, 
Fe dissolved from Fe-bearing minerals buffers sulphide levels. 

 The high sulphide levels represent short-term transient conditions with high SRB 
activity where presumably Fe is limited by slow mineral kinetics and diffusional 
constraints. The few very high observed sulphide concentrations (>1 mg/L) are 
interpreted as artificially-induced mixing of waters in the drillhole leading to 
enhanced SRB activity. There is however still considerable uncertainty in the 
understanding of the underlying coupled processes affecting sulphide under such 
transient conditions. 

Results from hydrogeochemical modelling with simplified assumptions agree with the 
concept that sulphide levels will be constrained by iron sulphide also in the near and far 
future. The results suggest that the largest variations will occur during the initial 
operation phase. During later times, low and fairly constant sulphide concentrations are 
predicted at repository level, even in the case of drawdown of brackish sulphate-rich 
waters or the intrusion of dilute waters. Due to neglecting of microbially-induced 
kinetic reactions, this model does not account for potential short-term transient 
conditions. 

The sulphate inventory from gypsum in the backfill material is an important sulphide 
source to consider. The envisioned unfavourable bounding case is a poorly 
homogenized backfill after saturation with a low density border area where SRB activity 
could occur. The thereby generated flux of sulphide from the backfill to the buffer could 
be significant, particularly in tight rock sections, as indicated from a first analysis 
without considering iron as a reactant. However, iron suphide precipitation is expected 
to keep dissolved sulphide concentrations and sulphide fluxes out of the deposition 
tunnels low, as indicated from thermodynamic, natural analogue and mass balance 
considerations. Thus, sulphide concentrations at the backfill-rock and backfill-buffer 
interface are estimated to be low, less than 0.5 mg/L (upper limit 2 mg/L, see discussion 
above), thus in a similar range as those occurring in the groundwaters. From a mass 
balance viewpoint, there is sufficient reactive iron to quantitatively bind the generated 
sulphide. These findings are supported by the results of a more sophisticated reactive 
transport model with three widely differing hydraulic conditions in the surrounding 
rock. These results highlight the sensitivity of the results with regard to hydraulic 
boundary conditions. Thus, in tight rock sections, sulphide fluxes are lower, but 
sulphide concentrations are generally predicted to be higher than for the more 
permeable rock cases. Also, results strongly depend on the poorly known reactivity and 
degradability of the organic carbon in the backfill. The degradation rates are predicted 
to yield the highest pCO2 and lowest pH conditions in the tight rock sections. The 
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obtained results underline the need for better constrained kinetic data for processes at 
the backfill-rock interface mediated by microorganisms. 

Overall, our analysis indicates that, irrespective of the sulphur source, sulphide 
concentrations will be constrained by iron sulphide equilibrium to concentrations well 
below 2 mg/L at the repository level. There is uncertainty concerning the possibility of 
transient conditions in the groundwater with somewhat higher sulphide levels resulting 
from limited iron availability. The duration of such conditions are however expected to 
be short, in the range of tens of years.  

Operational phase: Tunnel drainage will induce mixing and variations in groundwater 
chemistry leading to variations in sulphide levels. These will remain low at repository 
levels in aerated sections. Upon backfilling, molecular O2 will be rapidly consumed and 
sulphide may be generated by microbial sulphate reduction in the fractures and the 
excavation damaged zone. Temporarily, higher sulphide levels may occur, facilitated by 
ongoing mixing of groundwaters. In the buffer and backfill, comparatively little SRB 
activity and low sulphide fluxes are expected to occur during the saturation phase 
because of restricted water and solute transport. 

Temperate phase (up to 10’000 years): The groundwaters at repository levels will 
evolve to more homogeneous compositions and this is also expected for sulphide levels. 
Gypsum dissolution in the backfill will lead to out-diffusion of sulphate. Sulphide levels 
will be low in the clay barriers except in the case of insufficient homogenisation of the 
backfill materials with the possibilty of developing microbial activity. For such a case, 
sulphide will be constrained by iron sulphide equilibrium with similar levels as in the 
surrounding groundwaters. The sulphide fluxes into the buffer will be further attenuated 
by back-diffusion into the backfill. 

Long-term evolution: In general, little change in sulphide levels in groundwaters is 
expected since the same reaction pathways will occur. During the glacial period, dilute 
waters might reach repository levels for some time period. The influence on sulphide 
levels is expected to be rather minor. In fact, results from modelling suggest lowering of 
sulphide concentrations because of the higher pH of the dilute groundwaters. The 
porewater compositions in the backfill and buffer will be also affected by the variations 
in the groundwaters. But because of the effective buffering capacity of the clay material, 
the variations in porewater composition and consequently also in sulphide levels will be 
dampened.  

The uncertainties related to the quantification of microbial sulphate reduction and iron 
sulphide precipitation are considerable and site-specific information is still incomplete. 
This has been considered here by a bounding analysis approach with the main focus to 
estimate reasonable and upper sulphide concentrations at repository levels in a 
defendable manner. Further site-specific experimental data and coupled transport-
biogeochemical modelling are required to reduce uncertainties related the impact of 
sulphide on Cu canister corrosion. 
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APPENDIX A: RESULTS FROM MODELLING SULPHIDE CONCENTRATIONS IN GROUNDWATER 

Table A1-1. Operational Period, base case (Py)(Table 3-3). Concentrations in mol/L unless otherwise indicated. 

  pH Eh(mV) Cl Na K Ca Mg ∑qMq+ 

t=90 years 
 

 
 

   

Minimum 7.25 -289 2.91x10-3 2.22x10-3 6.37x10-5 1.91x10-4 9.69x10-5 8.76x10-3 

0.1% 7.25 -285 2.91x10-3 2.22x10-3 7.07x10-5 2.35x10-4 1.19x10-4 8.79x10-3 

5% 7.32 -224 2.91x10-3 2.23x10-3 2.33x10-4 2.07x10-3 9.99x10-4 9.28x10-3 

25% 7.47 -217 1.13x10-1 7.82x10-2 2.54x10-4 1.96x10-2 1.70x10-3 1.23x10-1 

Mean 7.70 -191 1.39x10-1 8.94x10-2 3.05x10-4 2.49x10-2 2.46x10-3 1.44x10-1 

Median 7.51 -175 1.13x10-1 8.07x10-2 2.96x10-4 2.08x10-2 2.59x10-3 1.24x10-1 

75% 7.98 -169 1.84x10-1 1.15x10-1 3.15x10-4 3.21x10-2 2.60x10-3 1.85x10-1 

95% 8.10 -162 2.18x10-1 1.29x10-1 5.15x10-4 4.15x10-2 7.04x10-3 2.19x10-1 

99.9% 8.88 -157 3.90x10-1 2.08x10-1 5.20x10-4 8.51x10-2 7.37x10-3 3.90x10-1 

Maximum 8.91 -157 8.14x10-1 3.39x10-1 5.78x10-4 2.36x10-1 7.37x10-3 8.16x10-1 
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Table A1-2. Operational Period, base case (Py) (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

Fe(tot) Fe(II) Fe(III) Fe 2+ S(VI) S(-II) S 2- SO 4
 2- HS - H2S 

t= 90 years 
  

  
  

Minimum 5.56x10-7 5.56x10-7 5.49x10-14 4.62 x10-7 1.11x10-5 9.33 x10-12 8.62x10-18 5.39x10-6 5.84x10-12 1.16x10-12

0.1% 1.39x10-6 1.39x10-6 4.59x10-14 7.75 x10-7 1.19x10-5 1.04 x10-11 9.79x10-18 5.79x10-6 6.69x10-12 1.17x10-12

5% 2.34x10-6 2.34x10-6 5.49x10-14 1.86 x10-6 1.77x10-4 1.06 x10-11 1.21x10-17 9.89x10-5 7.01x10-12 1.72x10-12

25% 2.50x10-6 2.50x10-6 2.10x10-13 2.29 x10-6 2.10x10-4 1.56 x10-11 4.84x10-17 1.23x10-4 1.22x10-11 3.39x10-12

Mean 4.80x10-6 4.81x10-6 5.72x10-13 4.11 x10-4 2.28x10-3 3.35 x10-11 5.66x10-16 1.48x10-3 2.92x10-11 4.25x10-12

Median 5.81x10-6 5.91x10-6 2.58x10-13 5.14 x10-6 9.90x10-4 1.59 x10-11 6.07x10-17 8.02x10-4 1.26x10-11 3.46x10-12

75% 6.45x10-6 6.45x10-6 3.66x10-13 5.67 x10-6 4.79x10-3 5.20 x10-11 6.29x10-16 3.06x10-3 4.64x10-11 3.95x10-12

95% 1.04x10-5 1.04x10-5 7.96x10-13 7.54 x10-6 4.79x10-3 5.56 x10-11 8.34x10-16 3.08x10-3 5.16x10-11 1.14x10-11

99.9% 1.07x10-5 1.07x10-5 4.00x10-12 7.75 x10-6 4.79x10-3 1.32 x10-10 1.71x10-14 3.16x10-3 1.31x10-10 1.14x10-11

Maximum 1.31x10-5 1.31x10-5 4.03x10-12 9.76 x10-6 4.79x10-3 3.35 x10-10 5.55x10-14 3.16x10-3 3.33x10-10 1.14x10-11
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Table A1-3. Operational Period, variant Case (Mackinawite)* (Table 3-3). Concentrations in mol/L unless otherwise indicated. 
*Numerical calculations implemented with the equilibrium constant taken from the PHREEQC database. 

 
pH Eh(mV) TDS(g/L) Cl Na K Ca Mg ∑qMq+ 

t=90 years 
 

  

  

Minimum 7.3 -327 0.32 2.91x10-3 2.18x10-3 6.35x10-5 1.87x10-4 9.53x10-5 8.76x10-3 

0.1% 7.3 -323 0.32 2.91x10-3 2.19x10-3 7.03x10-5 2.30x10-4 1.17x10-4 8.79x10-3 

5% 7.3 -263 0.32 2.91x10-3 2.23x10-3 2.33x10-4 2.07x10-3 1.13x10-3 9.29x10-3 

25% 7.5 -255 7.14 1.13x10-1 7.82x10-2 2.55x10-4 1.87x10-2 1.70x10-3 1.23x10-1 

Mean 7.7 -229 7.99 1.35x10-1 8.69x10-2 3.07x10-4 2.44x10-2 2.45x10-3 1.41x10-1 

Median 7.6 -216 7.14 1.13x10-1 7.92x10-2 3.14x10-4 2.07x10-2 2.15x10-3 1.23x10-1 

75% 8.1 -212 10.44 1.84x10-1 1.15x10-1 3.23x10-4 3.21x10-2 2.60x10-3 1.85x10-1 

95% 8.2 -200 12.38 2.18x10-1 1.29x10-1 5.17x10-4 4.15x10-2 6.90x10-3 2.19x10-1 

99.9% 9.0 -196 40.52 7.15x10-1 3.06x10-1 5.44x10-4 2.00x10-1 7.36x10-3 7.17x10-1 

Maximum 9.1 -195 42.54 7.51x10-1 3.21x10-1 6.64x10-4 2.13x10-1 8.13x10-3 7.53x10-1 
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Table A1-4. Operational Period, variant Case (Mackinawite)* (Table 3-3). Concentrations in mol/L unless otherwise indicated. 
*Numerical calculations implemented with the equilibrium constant taken from the PHREEQC database. 

Fe(tot) Fe(II) Fe(III) Fe 2+ S(VI) S(-II) S 2- SO 4
 2- HS - H2S 

t= 90 years 
  

  

Minimum 2.81x10-7 2.81x10-7 2.41x10-14 1.82x10-7 9.69x10-6 4.63x10-7 1.72x10-12 4.71x10-6 4.59x10-7 3.45x10-9 

0.1% 2.81x10-7 2.81 x10-7 2.42 x10-14 1.82x10-7 1.14x10-5 4.88x10-7 2.10x10-12 5.55x10-6 4.83x10-7 4.11x10-9 

5% 2.27x10-6 2.27x10-6 3.44 x10-14 1.97x10-6 1.65x10-4 1.39x10-6 2.27x10-12 9.21x10-5 1.26x10-6 7.90x10-8 

25% 3.85x10-6 3.85x10-6 8.38x10-14 3.52x10-6 1.96x10-4 1.42x10-6 7.44x10-12 1.15x10-4 1.32x10-6 9.51x10-8

Mean 6.69x10-6 6.69x10-6 2.05x10-13 5.77x10-6 2.23x10-3 2.30x10-6 1.67x10-11 1.45x10-3 1.90x10-6 3.98x10-7 

Median 8.56x10-6 8.56x10-6 1.16x10-13 7.50x10-6 9.90x10-4 2.01x10-6 7.77x10-12 7.98x10-4 1.54x10-6 4.01x10-7 

75% 8.89x10-6 8.89x10-6 2.29x10-13 7.78x10-6 4.79x10-3 2.13 x10-6 2.16 x10-11 3.06x10-3 1.69 x10-6 6.13x10-7 

95% 1.05x10-5 1.05x10-5 2.55x10-13 7.87x10-6 4.79x10-3 4.02x10-6 5.89x10-11 3.08x10-3 3.13x10-6 8.74x10-7 

99.9% 1.08x10-5 1.08x10-5 3.72x10-12 8.00x10-6 4.79 x10-3 9.87x10-6 2.00x10-10 3.16x10-3 9.14x10-6 1.62x10-6 

Maximum 1.31x10-5 1.31x10-5 4.58x10-12 9.75x10-6 4.79x10-3 9.87x10-6 2.77x10-10 3.16x10-3 9.14x10-6 1.62x10-6 

 



 

 

 

193 

Table A1-5. Operational Period, variant case (pure FeS(am))* (Table 3-3). Concentrations in mol/L unless otherwise indicated. *Numerical 
calculations implemented with the FeS(am) equilibrium constant reported by Davison (1991). 

 
pH Eh(mV) TDS(g/L) Cl Na K Ca Mg ∑qMq+ 

t=90 years 
 

  

  

Minimum 7.3 -331 0.32 2.91x10-3 2.22x10-3 6.35x10-5 1.88x10-4 9.53x10-5 8.75x10-3 

0.1% 7.3 -328 0.32 2.91x10-3 2.22x10-3 7.03x10-5 2.30x10-4 1.17x10-4 8.78x10-3 

5% 7.3 -268 0.32 2.91x10-3 2.32x10-3 2.33x10-4 2.07x10-3 1.01x10-3 9.28x10-3 

25% 7.5 -259 7.14 1.13x10-1 7.83x10-2 2.55x10-4 1.96x10-2 1.70x10-3 1.23x10-1 

Mean 7.7 -235 8.24 1.39x10-1 8.96x10-2 3.06x10-4 2.51x10-2 2.48x10-3 1.45x10-1 

Median 7.6 -222 7.14 1.13x10-1 8.06x10-2 3.08x10-4 2.07x10-2 2.60x10-3 1.23x10-1 

75% 8.1 -217 10.44 1.84x10-1 1.15x10-1 3.15x10-4 3.21x10-2 2.60x10-3 1.85x10-1 

95% 8.2 -207 12.38 2.18x10-1 1.29x10-1 5.17x10-4 4.15x10-2 7.06x10-3 2.19x10-1 

99.9% 9.0 -202 40.52 7.15x10-1 3.06x10-1 5.44x10-4 2.00x10-1 7.36x10-3 7.17x10-1 

Maximum 9.1 -202 42.54 7.51x10-1 3.21x10-1 6.65x10-4 2.13x10-1 8.13x10-3 7.53x10-1 

 

 

  



 

 

 

194 

Table A1-6. Operational Period, variant case (pure FeS(am))* (Table 3-3). Concentrations in mol/L unless otherwise indicated. *Numerical 
calculations implemented with the FeS(am) equilibrium constant reported by Davison (1991). 

 
Fe(tot) Fe(II) Fe(III) Fe 2+ S(VI) S(-II) S 2- SO 4

 2- HS - H2S 

t= 90 years 
  

   

Minimum 1.16x10-6 1.16x10-6 5.55x10-14 5.97x10-7 9.69x10-6 2.30x10-6 1.72x10-11 4.71x10-6 2.28x10-6 1.40x10-8 

0.1% 1.33x10-6 1.33x10-6 5.78x10-14 7.28x10-7 1.14x10-5 2.39x10-6 1.73x10-11 5.55x10-6 2.37x10-6 1.53x10-8 

5% 4.44x10-6 4.44x10-6 6.00x10-14 3.85x10-6 1.65x10-4 5.82x10-6 2.12x10-11 9.21x10-5 5.45x10-6 3.25x10-7 

25% 8.38x10-6 8.38x10-6 1.72x10-13 7.64x10-6 1.96x10-4 6.02x10-6 3.60x10-11 1.15x10-4 5.56x10-6 3.94x10-7 

Mean 1.28x10-5 1.28x10-5 3.60x10-13 1.11x10-5 2.27x10-3 9.95x10-6 6.58x10-11 1.48x10-3 7.84x10-6 1.81x10-6 

Median 1.58x10-5 1.58x10-5 1.91x10-13 1.38x10-5 9.90x10-4 1.01x10-5 3.91x10-11 8.02x10-4 7.88x10-6 1.81x10-6 

75% 1.70x10-5 1.70x10-5 4.25x10-13 1.50x10-5 4.79x10-3 1.08x10-5 9.18x10-11 3.06x10-3 8.30x10-6 2.09x10-6 

95% 1.74x10-5 1.74x10-5 4.78x10-13 1.52x10-5 4.79x10-3 1.94x10-5 1.38x10-10 3.08x10-3 1.22x10-5 6.20x10-6 

99.9% 1.79x10-5 1.79x10-5 7.91x10-12 1.55x10-5 4.79x10-3 2.00x10-5 5.68x10-10 3.16x10-3 1.22x10-5 7.05x10-6 

Maximum 1.79x10-5 1.79x10-5 8.26x10-12 1.55x10-5 4.79x10-3 2.07x10-5 7.49x10-10 3.16x10-3 1.23x10-5 7.22x10-6 
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Table A1-7. Temperate Period, variant case: Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

pH Eh(mV) TDS (g/l) Cl Na K Ca Mg ∑qMq+ 

t=1 ky 
 

Minimum 7.30 -197 6.96 1.01x10-1 7.72x10-2 2.99x10-4 1.56x10-2 2.61x10-3 1.24x10-1 

0.1% 7.31 -198 7.20 1.15x10-1 7.98x10-2 2.99x10-4 1.68x10-2 2.61x10-3 1.28x10-1 

5% 7.40 -197 9.07 1.15x10-1 1.00x10-1 3.00x10-4 2.56x10-2 2.62x10-3 1.61x10-1 

25% 7.53 -196 9.85 1.71x10-1 1.09x10-1 3.02x10-4 2.93x10-2 2.68x10-3 1.74x10-1 

Mean 7.58 -187 10.06 1.76x10-1 1.11x10-1 3.23x10-4 3.03x10-2 3.16x10-3 1.78x10-1 

Median 7.61 -189 10.21 1.78x10-1 1.12x10-1 3.14x10-4 3.09x10-2 2.95x10-3 1.80x10-1 

75% 7.67 -181 10.40 1.83x10-1 1.14x10-1 3.35x10-4 3.19x10-2 3.45x10-3 1.84x10-1 

95% 7.68 -170 10.45 1.84x10-1 1.15x10-1 3.81x10-4 3.21x10-2 4.54x10-3 1.85x10-4 

99.9% 7.68 -159 10.46 1.84x10-1 1.15x10-1 4.92x10-4 3.22x10-2 7.12x10-3 1.85x10-4 

Maximum 7.68 -158 10.46 1.18x10-1 1.15x10-1 5.08x10-4 3.22x10-2 7.50x10-3 1.85x10-1 
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Table A1-8. Temperate Period, variant case: Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

 
pH Eh(mV) TDS (g/l) Cl Na K Ca Mg ∑qMq+ 

t=10 Kyr 
 

  

Minimum 7.39 -199 6.58 1.04x10-1 7.35x10-2 3.40x10-4 1.44x10-2 2.93x10-3 1.17x10-1 

0.1% 7.40 -199 6.60 1.04x10-1 7.36x10-2 3.41x10-4 1.45x10-2 2.94x10-3 1.17x10-1 

5% 7.43 -194 7.41 1.20x10-1 8.26x10-2 3.54x10-4 1.77x10-2 3.26x10-3 1.31x10-1 

25% 7.47 -186 7.97 1.31x10-1 8.85x10-2 3.82x10-4 2.01x10-2 3.94x10-3 1.41x10-1 

Mean 7.54 -179 8.69 1.47x10-1 9.63x10-2 4.28x10-4 2.36x10-2 5.00x10-3 1.54x10-1 

Median 7.52 -176 8.64 1.46x10-1 9.57x10-2 4.32x10-4 2.33x10-2 5.11x10-3 1.53x10-1 

75% 7.62 -171 9.50 1.64x10-1 1.05x10-1 4.69x10-4 2.74x10-2 5.97x10-3 1.68x10-1 

95% 7.71 -168 9.98 1.74x10-1 1.10x10-1 5.00x10-4 2.98x10-2 6.70x10-3 1.77x10-1 

99.9% 7.76 -164 10.22 1.79x10-1 1.13x10-1 5.24x10-4 3.09x10-2 7.13x10-3 1.81x10-1 

Maximum 7.76 -164 10.23 1.79x10-1 1.13x10-1 5.24x10-4 3.09x10-2 7.14x10-3 1.81x10-1 
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Table A1-9. Temperate Period, variant case: Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

 
Fe(tot) Fe(II) Fe(III) Fe2+ S(VI) S(-II) S 2- SO 4

 2- HS - H2S 

t=1 ky 
   

Minimum 2.50x10-6 2.50x10-6 9.02x10-14 2.29x10-6 2.14x10-4 1.66x10-11 3.04x10-17 1.25x10-4 1.16x10-11 4.99x10-12 

0.1% 2.50x10-6 2.50x10-6 9.02x10-14 2.29x10-6 2.15x10-4 1.74x10-11 3.19x10-17 1.26x10-4 1.22x10-11 5.23x10-12 

5% 2.51x10-6 2.51x10-6 9.09x10-14 2.30x10-6 2.26x10-4 2.62x10-11 6.86x10-17 1.33x10-4 1.97x10-11 6.49x10-12 

25% 2.56x10-6 2.56x10-6 9.88x10-14 2.34x10-6 2.82x10-4 3.37x10-11 1.28x10-16 1.66x10-4 2.71x10-11 6.59x10-12 

Mean 2.96x10-6 2.96x10-6 1.03x10-13 2.69x10-6 7.39x10-4 3.94x10-11 1.89x10-16 4.39x10-4 3.26x10-11 6.74x10-12 

Median 2.79x10-6 2.79x10-6 1.07x10-13 2.54x10-6 5.43x10-4 4.00x10-11 1.93x10-16 3.20x10-4 3.34x10-11 6.66x10-12 

75% 3.19x10-6 3.19x10-6 1.08x10-13 2.89x10-6 1.00x10-3 4.64x10-11 2.60x10-16 5.95x10-4 3.95x10-11 6.93x10-12 

95% 4.07x10-6 4.07x10-6 1.09x10-13 3.65x10-6 2.02x10-3 4.85x10-1 2.81x10-16 1.22x10-3 4.14x10-11 7.07x10-12 

99.9% 6.18x10-6 6.18x10-6 1.09x10-13 5.37x10-6 4.48x10-3 4.90x10-11 2.85x10-16 2.81x10-3 4.19x10-11 7.11x10-12 

Maximum 6.45x10-6 6.45x10-6 1.15x10-13 5.57x10-6 4.79x10-3 4.90x10-11 2.86x10-16 3.02x10-3 4.19x10-11 7.11x10-12 
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Table A1-10. Temperate Period, variant case: Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

 
Fe(tot) Fe(II) Fe(III)) Fe2+ S(VI) S(-II) S2- SO4

2- HS - H2S 

t=10 Kyr 
   

Minimum 2.76x10-6 2.76x10-6 1.54x10-13 2.52x10-6 5.12x10-4 1.58x10-11 3.69x10-17 3.02x10-4 1.17x10-11 4.09x10-12 

0.1% 2.77x10-6 2.77x10-6 1.54x10-13 2.53x10-6 2.15x10-4 1.58x10-11 3.70x10-17 3.09x10-4 1.17x10-11 4.09x10-12 

5% 3.03x10-6 3.03x10-6 1.55x10-13 2.77x10-6 2.26x10-4 1.76x10-11 4.75x10-17 4.90x10-4 1.34x10-11 4.22x10-12 

25% 3.59x10-6 3.59x10-6 1.57x10-13 3.26x10-6 1.47x10-3 1.96x10-11 5.90x10-17 8.77x10-4 1.51x10-11 4.41x10-12 

Mean 4.47x10-6 4.47x10-6 1.62x10-13 4.00x10-6 2.47x10-3 2.45x10-11 1.04x10-16 1.52x10-3 1.99x10-11 4.58x10-12 

Median 4.55x10-6 4.55x10-6 1.60x10-13 4.08x10-6 5.43x10-4 2.27x10-11 8.23x10-17 1.56x10-3 1.81x10-11 4.55x10-12 

75% 5.29x10-6 5.29x10-6 1.65x10-13 4.70x10-6 1.00x10-3 2.90x10-11 1.41x10-16 2.10x10-3 2.42x10-11 4.79x10-12 

95% 5.88x10-6 5.88x10-6 1.75x10-13 5.17x10-6 2.02x10-3 3.54x10-11 2.18x10-16 2.55x10-3 3.05x10-11 4.91x10-12 

99.9% 6.61x10-6 6.61x10-6 1.82x10-13 5.74x10-6 4.48x10-3 4.03x10-11 2.85x10-16 2.91x10-3 3.53x10-11 5.03x10-12 

Maximum 6.62x10-6 6.62x10-6 1.82x10-13 5.75x10-6 4.79x10-3 4.05x10-11 2.89x10-16 2.92x10-3 3.55x10-11 5.04x10-12 
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Table A1-11. Temperate Period, variant case: FeS(am) (Table 3-3) Concentrations in mol/L unless otherwise indicated. *Numerical 
calculations implemented with the equilibrium constant taken from the PHREEQC database 

pH Eh(mV) TDS (g/l) Cl Na K Ca Mg ∑qMq+ 

t=1 ky 
 

 

Minimum 7.30 -232 6.69 1.01x10-1 7.72x10-2 2.99x10-4 1.56x10-2 2.61x10-3 1.24x10-1 

0.1% 7.31 -232 6.94 1.15x10-1 7.98x10-2 2.99x10-4 1.68x10-2 2.61x10-3 1.28x10-1 

5% 7.40 -232 8.95 1.55x10-1 1.00x10-1 3.00x10-4 2.56x10-2 2.62x10-3 1.61x10-1 

25% 7.53 -230 9.79 1.71x10-1 1.09x10-1 3.02x10-4 2.93x10-2 2.68x10-3 1.75x10-1 

Mean 7.59 -223 10.17 1.75x10-1 1.13x10-1 3.23x10-4 3.03x10-2 3.16x10-3 1.78x10-1 

Median 7.61 -225 10.21 1.78x10-1 1.12x10-1 3.14x10-4 3.10x10-2 2.95x10-3 1.81x10-1 

75% 7.67 -218 10.38 1.83x10-1 1.15x10-1 3.35x10-4 3.19x10-2 3.45x10-3 1.84x10-1 

95% 7.68 -207 10.43 1.84x10-1 1.15x10-1 3.81x10-4 3.21x10-2 4.54x10-3 1.85x10-1 

99.9% 7.68 -197 10.44 1.84x10-1 1.15x10-1 4.92x10-4 3.22x10-2 7.12x10-3 1.85x10-1 

Maximum 7.68 -197 10.44 1.84x10-1 1.15x10-1 5.08x10-4 3.22x10-2 7.50x10-3 1.85x10-1 
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Table A1-12. Temperate Period, variant case: FeS(am) (Table 3-3) Concentrations in mol/L unless otherwise indicated. *Numerical 
calculations implemented with the equilibrium constant taken from the PHREEQC database 

pH Eh(mV) TDS (g/l) Cl Na K Ca Mg ∑qMq+ 

t=10 ky 
 

 

Minimum 7.39 -199 6.33 1.04x10-1 7.34x10-2 3.40x10-4 1.44x10-2 2.93x10-3 1.17x10-1 

0.1% 7.39 -234 6.34 1.04x10-1 7.36x10-2 3.41x10-4 1.45x10-2 2.94x10-3 1.17x10-1 

5% 7.43 -229 7.19 1.20x10-1 8.26x10-2 3.54x10-4 1.77x10-2 3.26x10-3 1.32x10-1 

25% 7.46 -222 7.77 1.31x10-1 8.86x10-2 3.82x10-4 2.01x10-2 3.94x10-3 1.41x10-1 

Mean 7.54 -234 8.55 1.47x10-1 9.64x10-2 4.28x10-4 2.36x10-2 5.00x10-3 1.54x10-1 

Median 7.52 -214 8.49 1.46x10-1 9.59x10-2 4.32x10-4 2.33x10-2 5.11x10-3 1.53x10-1 

75% 7.62 -209 9.40 1.64x10-1 1.05x10-1 4.69x10-4 2.74x10-2 5.97x10-3 1.68x10-1 

95% 7.71 -206 9.93 1.74x10-1 1.10x10-1 5.00x10-4 2.98x10-2 6.70x10-3 1.77x10-1 

99.9% 7.76 -203 10.18 1.79x10-1 1.13x10-1 5.24x10-4 3.09x10-2 7.13x10-3 1.81x10-1 

Maximum 7.76 -203 10.19 1.79x10-1 1.13x10-1 5.24x10-4 3.09x10-2 7.14x10-3 1.81x10-1 
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Table A1-13. Temperate Period, variant case: FeS(am) (Table 3-3) Concentrations in mol/L unless otherwise indicated. *Numerical 
calculations implemented with the equilibrium constant taken from the PHREEQC database. 

 
Fe(tot) Fe(II) Fe(III) Fe 2+ S(VI) S(-II) S2- SO4 2- HS - H2S 

t=1 ky 
  

   

Minimum 4.18x10-6 4.19x10-6 2.72x10-14 3.82x10-6 2.12x10-4 3.41x10-6 8.92x10-12 1.24x10-4 2.91x10-6 4.93x10-7 

0.1% 4.18x10-6 4.18x10-6 9.02x10-14 3.82x10-6 2.13x10-4 3.41x10-6 9.11x10-12 1.25x10-4 2.91x10-6 4.93x10-7 

5% 4.19x10-6 4.19x10-6 3.06x10-14 3.83x10-6 2.24x10-4 3.42x10-6 1.24x10-11 1.32x10-4 2.92x10-6 4.97x10-7 

25% 4.27x10-6 4.27x10-6 3.72x10-14 3.89x10-6 2.82x10-4 3.47x10-6 1.55x10-11 1.65x10-4 2.95x10-6 5.16x10-7 

Mean 4.81x10-6 4.81x10-6 4.05x10-14 4.37x10-6 7.37x10-4 3.83x10-6 1.78x10-11 4.38x10-4 3.13x10-6 6.88x10-7 

Median 4.60x10-6 4.60x10-6 4.23x10-14 4.19x10-6 5.41x10-4 3.70x10-6 1.78x10-11 3.18x10-4 3.08x10-6 6.13x10-7 

75% 5.18x10-6 5.18x10-6 4.47x10-14 4.70x10-6 1.00x10-3 4.09x10-6 1.95x10-11 5.93x10-4 3.28x10-6 7.97x10-7 

95% 6.24x10-6 6.24x10-6 4.48x10-14 5.60x10-6 2.02x10-3 4.74x10-6 1.98x10-11 1.22x10-3 3.54x10-6 1.17x10-6 

99.9% 7.53x10-6 7.53x10-6 4.48x10-14 6.52x10-6 4.47x10-3 5.09x10-6 1.99x10-11 2.81x10-3 3.62x10-6 1.50x10-6 

Maximum 7.57x10-6 7.57x10-6 4.48x10-14 6.53x10-6 4.78x10-3 5.11x10-6 1.99x10-11 3.02x10-3 3.62x10-6 1.51x10-6 
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Table A1-14. Temperate Period, variant case: FeS(am) (Table 3-3) Concentrations in mol/L unless otherwise indicated. *Numerical 
calculations implemented with the equilibrium constant taken from the PHREEQC database. 

 
Fe(tot) Fe(II) Fe(III) Fe 2+ S(VI) S(-II) S 2- SO4

 2- HS - H2S 

t=10 ky 
  

   

Minimum 3.87x10-6 3.87x10-6 3.58x10-14 2.52x10-6 5.10x10-4 2.98x10-6 6.34x10-12 3.00x10-4 2.60x10-6 3.70x10-7 

0.1% 3.88x10-6 3.88x10-6 3.59x10-14 3.54x10-6 5.22x10-4 2.99x10-6 9.36x10-12 3.07x10-4 2.61x10-6 3.72x10-7 

5% 4.17x10-6 4.17x10-6 3.69x10-14 3.80x10-6 8.26x10-4 3.16x10-6 1.07x10-11 4.88x10-4 2.71x10-6 4.38x10-7 

25% 4.72x10-6 4.72x10-6 3.87x10-14 4.28x10-6 1.46x10-3 3.44x10-6 1.18x10-11 8.74x10-4 2.86x10-6 5.66x10-7 

Mean 5.39x10-6 5.39x10-6 4.47x10-14 4.83x10-6 2.47x10-3 3.68x10-6 1.43x10-11 1.51x10-3 2.94x10-6 7.28x10-7 

Median 5.50x10-6 5.50x10-6 4.26x10-14 4.93x10-6 2.56x10-3 3.76x10-6 1.36x10-11 1.56x10-3 2.99x10-6 7.53x10-7 

75% 6.05x10-6 6.05x10-6 5.01x10-14 5.37x10-6 3.38x10-3 3.95x10-6 1.66x10-11 2.09x10-3 3.04x10-6 8.87x10-7 

95% 6.42x10-6 6.42x10-6 5.78x10-14 5.64x10-6 2.02x10-3 4.00x10-6 1.94x10-11 2.54x10-3 3.05x10-6 9.65x10-7 

99.9% 6.92x10-6 6.92x10-6 6.26x10-14 6.00x10-6 4.06x10-3 4.03x10-6 2.11x10-11 2.91x10-3 3.05x10-6 1.04x10-6 

Maximum 6.93x10-6 6.93x10-6 6.28x10-14 6.00x10-6 4.55x10-3 4.04x10-6 2.12x10-11 2.91x10-3 3.05x10-6 1.05x10-6 
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Table A1-15. Temperate Period, variant case: FeS(am) (Table 3-3) Concentrations in mol/L unless otherwise indicated. *Numerical 
calculations implemented with the equilibrium constant reported by Davison (1991). 

pH Eh(mV) TDS (g/l) Cl Na K Ca Mg ∑qMq+ 

t=1 ky 
 

 

Minimum 7.4 -239 8.67 1.46x10-1 9.49x10-2 3.00x10-4 2.33x10-2 2.61x10-3 1.52x10-1 

0.1% 7.4 -239 8.67 1.46x10-1 9.49x10-2 3.00x10-4 2.33x10-2 2.61x10-3 1.52x10-1 

5% 7.5 -238 9.31 1.59x10-1 1.02x10-1 3.01x10-4 2.64x10-2 2.62x10-3 1.64x10-1 

25% 7.6 -237 9.97 1.74x10-1 1.10x10-1 3.02x10-4 2.98x10-2 2.66x10-3 1.76x10-1 

Mean 7.6 -231 10.14 1.77x10-1 1.12x10-1 3.20x10-4 3.06x10-2 3.06x10-3 1.79x10-1 

Median 7.7 -234 10.29 1.81x10-1 1.13x10-1 3.10x10-4 3.14x10-2 2.83x10-3 1.82x10-1 

75% 7.7 -226 10.41 1.83x10-1 1.15x10-1 3.30x10-4 3.20x10-2 3.31x10-3 1.84x10-1 

95% 7.7 -215 10.44 1.84x10-1 1.15x10-1 3.73x10-4 3.21x10-2 4.29x10-3 1.85x10-1 

99.9% 7.7 -209 10.45 1.84x10-1 1.15x10-1 4.13x10-4 3.22x10-2 5.22x10-3 1.85x10-1 

Maximum 7.7 -209 10.45 1.84x10-1 1.15x10-1 4.13x10-4 3.22x10-2 5.22x10-3 1.85x10-1 
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Table A1-16. Temperate Period, variant case: FeS(am) (Table 3-3) Concentrations in mol/L unless otherwise indicated. *Numerical 
calculations implemented with the equilibrium constant reported by Davison (1991). 

pH Eh(mV) TDS (g/l) Cl Na K Ca Mg ∑qMq+ 

t=10 ky 
 

 

Minimum 7.5 -242 7.27 1.16x10-1 7.94x10-2 3.42x10-4 1.61x10-2 2.94x10-3 1.26x10-1 

0.1% 7.5 -242 7.27 1.16x10-1 7.94x10-2 3.43x10-4 1.61x10-2 2.95x10-3 1.26x10-1 

5% 7.5 -237 7.54 1.22x10-1 8.24x10-2 3.55x10-4 1.74x10-2 3.25x10-3 1.31x10-1 

25% 7.5 -231 8.16 1.35x10-1 8.94x10-2 3.80x10-4 2.04x10-2 3.82x10-3 1.43x10-1 

Mean 7.6 -224 8.87 1.50x10-1 9.75x10-2 4.25x10-4 2.41x10-2 4.89x10-3 1.56x10-1 

Median 7.6 -223 8.91 1.51x10-1 9.79x10-2 4.24x10-4 2.42x10-2 4.85x10-3 1.56x10-1 

75% 7.7 -217 9.62 1.66x10-1 1.06x10-1 4.70x10-4 2.78x10-2 5.92x10-3 1.70x10-1 

95% 7.8 -213 10.01 1.75x10-1 1.10x10-1 5.06x10-4 2.98x10-2 6.75x10-3 1.77x10-1 

99.9% 7.8 -212 10.22 1.79x10-1 1.13x10-1 5.21x10-4 3.09x10-2 7.09x10-3 1.81x10-1 

Maximum 7.8 -212 10.23 1.79x10-1 1.13x10-1 5.21x10-4 3.09x10-2 7.09x10-3 1.81x10-1 
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Table A1-17. Temperate Period, variant case: FeS(am) (Table 3-3) Concentrations in mol/L unless otherwise indicated. *Numerical 
calculations implemented with the equilibrium constant reported by Davison (1991). 

 
Fe(tot) Fe(II) Fe(III) Fe2+ S(VI) S(-II) S2- SO4

 2- HS- H2S 

t=1 ky 
  

   

Minimum 1.24x10-5 1.24x10-5 9.74x10-14 1.12x10-5 2.00x10-4 9.95x10-6 3.49x10-11 1.17x10-4 8.42x10-6 1.32x10-6 

0.1% 1.24x10-5 1.24x10-5 9.74x10-14 1.12x10-5 2.00x10-4 9.96x10-6 3.49x10-11 1.17x10-4 8.42x10-6 1.32x10-6 

5% 1.24x10-5 1.24x10-5 1.06x10-13 1.13x10-5 2.10x10-4 9.98x10-6 4.06x10-11 1.23x10-4 8.44x10-6 1.32x10-6 

25% 1.26x10-5 1.26x10-5 1.29x10-13 1.14x10-5 2.48x10-4 1.01x10-5 5.08x10-11 1.45x10-4 8.49x10-6 1.36x10-6 

Mean 1.39x10-5 1.39x10-5 1.37x10-13 1.26x10-5 6.29x10-4 1.11x10-5 5.55x10-11 3.74x10-4 9.02x10-6 1.77x10-6 

Median 1.32x10-5 1.32x10-5 1.45x10-13 1.19x10-5 4.14x10-4 1.05x10-5 5.82x10-11 2.43x10-4 8.75x10-6 1.52x10-6 

75% 1.49x10-5 1.49x10-5 1.48x10-13 1.34x10-5 8.62x10-4 1.18x10-5 6.14x10-11 5.10x10-4 9.43x10-6 2.02x10-6 

95% 1.79x10-5 1.79x10-5 1.48x10-13 1.59x10-5 1.79x10-3 1.40x10-5 6.22x10-11 1.07x10-3 1.04x10-5 3.06x10-6 

99.9% 2.01x10-5 2.01x10-5 1.48x10-13 1.77x10-5 2.66x10-3 1.53x10-5 6.24x10-11 1.62x10-3 1.09x10-5 3.84x10-6 

Maximum 2.01x10-5 2.01x10-5 1.48x10-13 1.77x10-5 2.66x10-3 1.53x10-5 6.24x10-11 1.62x10-3 1.09x10-5 3.84x10-6 
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Table A1-18. Temperate Period, variant case: FeS(am) (Table 3-3) Concentrations in mol/L unless otherwise indicated. *Numerical 
calculations implemented with the equilibrium constant reported by Davison (1991). 

 
Fe(tot) Fe(II) Fe(III) Fe2+ S(VI) S(-II) S 2- SO4

 2- HS- H2S 

t=10 ky 
   

    

Minimum 1.11x10-5 1.11x10-5 1.38x10-13 1.01x10-5 5.04x10-4 8.37x10-6 3.39x10-11 2.97x10-4 7.32x10-6 9.02x10-7 

0.1% 1.11x10-5 1.11x10-5 1.38x10-13 1.01x10-5 5.17x10-4 8.39x10-6 3.39x10-11 3.04x10-4 7.33x10-6 9.09x10-7 

5% 1.19x10-5 1.19x10-5 1.39x10-13 1.08x10-5 8.04x10-4 8.87x10-6 3.53x10-11 4.75x10-4 7.63x10-6 1.06x10-6 

25% 1.32x10-5 1.32x10-5 1.46x10-13 1.19x10-5 1.34x10-3 9.66x10-6 3.93x10-11 8.02x10-4 8.09x10-6 1.35x10-6 

Mean 1.51x10-5 1.51x10-5 1.69x10-13 1.34x10-5 2.35x10-3 1.07x10-5 4.77x10-11 1.44x10-3 8.51x10-6 1.84x10-6 

Median 1.52x10-5 1.52x10-5 1.62x10-13 1.36x10-5 2.32x10-3 1.08x10-5 4.62x10-11 1.41x10-3 8.64x10-6 1.84x10-6 

75% 1.70x10-5 1.70x10-5 1.89x10-13 1.50x10-5 3.33x10-3 1.17x10-5 5.57x10-11 2.05x10-3 8.98x10-6 2.32x10-6 

95% 1.82x10-5 1.82x10-5 2.13x10-13 1.59x10-5 4.11x10-3 1.22x10-5 6.32x10-11 2.58x10-3 9.12x10-6 2.65x10-6 

99.9% 1.86x10-5 1.86x10-5 2.29x10-13 1.61x10-5 4.44x10-3 1.23x10-5 6.83x10-11 2.81x10-3 9.12X10-6 2.75x10-6 

Maximum 1.86x10-5 1.86x10-5 2.29x10-13 1.61x10-5 4.44x10-3 1.23x10-5 6.85x10-11 2.81x10-3 9.12x10-6 2.75x10-6 
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Table A1-19. Temperate Period, variant case: Chl.+Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

pH Eh(mV) TDS(g/l) Cl Na K Ca Mg ∑qMq+ 

t=1 ky 
 

 

Minimum 7.56 -194 6.97 1.10x10-1 7.72x10-2 3.00x10-4 1.51x10-2 2.61x10-3 1.23x10-1 

0.1% 7.58 -194 7.20 1.15x10-1 7.98x10-1 3.00x10-4 1.62x10-2 2.61x10-3 1.27x10-1 

5% 7.63 -192 9.08 1.55x10-1 1.00x10-1 3.00x10-4 2.53x10-2 2.62x10-3 1.60x10-1 

25% 7.66 -190 9.85 1.71x10-1 1.08x10-1 3.02x10-4 2.91x10-2 2.68x10-3 1.73x10-1 

Mean 7.68 -188 10.06 1.76x10-1 1.11x10-1 3.22x10-4 3.01x10-2 3.20x10-3 1.77x10-1 

Median 7.68 -188 10.21 1.79x10-1 1.12x10-1 3.13x10-4 3.08x10-2 2.97x10-3 1.80x10-1 

75% 7.68 -1.86 10.41 1.83x10-1 1.14x10-1 3.32x10-4 3.18x10-2 3.51x10-3 1.83x10-1 

95% 7.73 -181 10.46 1.84x10-1 1.15x10-1 3.78x10-4 3.20x10-2 4.66x10-3 1.85x10-1 

99.9% 7.75 -172 10.46 1.84x10-1 1.15x10-1 4.88x10-4 3.20x10-2 7.35x10-3 1.85x10-1 

Maximum 7.75 -171 10.46 1.84x10-1 1.15x10-1 5.04x10-4 3.20x10-2 7.73x10-3 1.85x10-1 
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Table A1-20. Temperate Period, variant case: Chl.+Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

pH Eh(mV) TDS(g/l) Cl Na K Ca Mg ∑qMq+ 

t=10 ky 

Minimum 7.61 -195 6.59 1.04x10-1 7.33x10-2 3.40x10-4 1.40x10-2 2.95x10-3 1.17x10-1 

0.1% 7.61 -194 6.59 1.04x10-1 7.34x10-2 3.41x10-4 1.41x10-2 2.96x10-3 1.17x10-1 

5% 7.62 -192 7.42 1.20x10-1 8.24x10-2 3.53x10-4 1.74x10-2 3.29x10-3 1.31x10-1 

25% 7.64 -186 7.95 1.31x10-1 8.83x10-2 3.81x10-4 1.99x10-2 4.00x10-3 1.41x10-1 

Mean 7.68 -182 8.70 1.47x10-1 9.61x10-2 4.26x10-4 2.34x10-2 5.11x10-3 1.54x10-1 

Median 7.66 -180 8.66 1.46x10-1 9.55x10-2 4.30x10-4 2.31x10-2 5.22x10-3 1.53x10-1 

75% 7.73 -178 9.51 1.64x10-1 1.05x10-1 4.67x10-4 2.73x10-2 6.12x10-3 1.68x10-1 

95% 7.77 -176 9.99 1.74x10-1 1.10x10-1 4.98x10-4 2.97x10-2 6.87x10-3 1.76x10-1 

99.9% 7.80 -174 10.22 1.79x10-1 1.12x10-1 5.21x10-4 3.08x10-2 7.36x10-3 1.80x10-1 

Maximum 7.80 -174 10.22 1.79x10-1 1.13x10-1 5.21x10-4 3.08x10-2 7.36x10-3 1.81x10-1 
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Table A1-21. Temperate Period, variant case: Chl.+Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

 
Fe(tot) Fe(II) Fe(III) Fe 2+ S(VI) S(-II) S 2- SO4

 2- HS - H2S 

t=1 ky 
  

   

Minimum 2.68x10-5 2.69x10-5 2.05x10-12 2.45x10-5 5.90X10-4 3.98x10-12 1.60x10-17 1.26x10-4 3.32x10-12 6.48x10-13 

0.1% 2.69x10-5 2.69x10-5 2.05x10-12 2.45x10-5 2.15x10-4 3.98x10-12 1.66x10-17 1.26x10-4 3.33x10-12 6.48x10-13 

5% 2.93x10-5 2.93x10-5 2.19x10-12 2.67x10-5 2.26x10-4 4.10x10-12 2.10x10-17 1.33x10-4 3.44x10-12 6.49x10-13 

25% 4.43x10-5 4.43x10-5 2.85x10-12 4.01x10-5 2.82x10-4 4.48x10-12 2.52x10-17 1.66x10-4 3.81x10-12 6.65x10-13 

Mean 1.04x10-4 1.04x10-4 6.35x10-12 9.50x10-5 7.40x10-4 5.68x10-12 3.32x10-17 4.40x10-4 4.85x10-12 8.22x10-13 

Median 1.33x10-4 1.33x10-4 8.06x10-12 1.21x10-4 5.43x10-4 4.82x10-12 2.80x10-17 3.20x10-4 4.12x10-12 7.00x10-13 

75% 1.37x10-4 1.37x10-4 8.15x10-12 1.25x10-4 1.00x10-3 6.54x10-12 3.52x10-17 5.95x10-4 5.55x10-12 1.01x10-12 

95% 1.38x10-4 1.38x10-4 8.21x10-12 1.26x10-4 2.03x10-3 9.71x10-12 6.40x10-17 1.22x10-3 8.43x10-12 1.28x10-12 

99.9% 1.38x10-4 1.38x10-4 8.22x10-12 1.26x10-4 4.48x10-3 1.07x10-11 7.39x10-17 2.82x10-3 9.33x10-12 1.36x10-12 

Maximum 1.38x10-4 1.38x10-4 8.22x10-12 1.26x10-4 4.79x10-3 1.07x10-11 7.39x10-17 3.03x10-3 9.33x10-12 1.36x10-12 
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Table A1-22. Temperate Period, variant case: Chl.+Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

 
Fe(tot) Fe(II) Fe(III) Fe2+ S(VI) S(-II) S2- SO4

2- HS - H2S 

t=10 ky 
  

   

Minimum 4.33x10-5 4.33x10-5 2.99x10-12 3.89x10-5 5.12x10-4 3.87x10-12 1.81x10-17 3.02x10-4 3.26x10-12 5.08x10-13 

0.1% 4.33x10-5 4.33x10-5 3.00x10-12 3.89x10-5 5.25x10-4 3.87x10-12 1.81x10-17 3.09x10-4 3.26x10-12 5.08x10-13 

5% 4.70x10-5 4.70x10-5 3.12x10-12 4.22x10-5 8.29x10-4 3.87x10-12 1.85x10-17 4.90x10-4 3.26x10-12 5.1x10-13 

25% 5.76x10-5 5.76x10-5 3.49x10-12 5.10x10-5 1.47x10-3 3.89x10-12 2.04x10-17 8.77x10-4 3.29x10-12 5.34x10-13 

Mean 9.14x10-5 9.14x10-5 7.20x10-12 8.26x10-5 2.47x10-3 4.31x10-12 2.39x10-17 1.52x10-3 3.66x10-12 6.49x10-13 

Median 9.80x10-5 9.80x10-5 7.02x10-12 8.83x10-5 2.57x10-3 3.99x10-12 2.33x10-17 1.57x10-3 3.47x10-12 5.99x10-13 

75% 1.16x10-4 1.16x10-4 1.01x10-11 1.06x10-4 3.39x10-3 4.57x10-12 2.70x10-17 2.10x10-3 3.83x10-12 7.91x10-13 

95% 1.27x10-4 1.27x10-4 1.23x10-11 1.16x10-4 4.07x10-3 5.58x10-12 3.10x10-17 2.55x10-3 4.67x10-12 8.90x10-13 

99.9% 1.32x10-4 1.32x10-4 1.33x10-11 1.21x10-4 4.56x10-3 6.02x10-12 3.47x10-17 2.92x10-3 5.09x10-12 9.28x10-13 

Maximum 1.33x10-4 1.33x10-4 1.34x10-11 1.21x10-4 4.57x10-3 6.02x10-12 3.49x10-17 2.92x10-3 5.09x10-12 9.28x10-13 
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Table A1-23. Temperate Period, variant case: Chl.+FeS(am) (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

pH Eh(mV) TDS(g/l) Cl Na K Ca Mg ∑qMq+ 

t=1 ky 
 

 

Minimum 7.58 -233 6.96 1.10x10-1 7.72x10-2 2.99x10-4 1.51x10-2 2.64x10-3 1.23x10-1 

0.1% 7.58 -233 7.2 1.15x10-1 7.99x10-2 2.99x10-4 1.62x10-2 2.64x10-3 1.28X10-1 

5% 7.67 -233 9.07 1.55x10-1 1.00x10-1 2.99x10-4 2.53x10-2 2.66x10-3 1.60x10-1 

25% 7.73 -232 9.85 1.71x10-1 1.09x10-1 3.01x10-4 2.91x10-2 2.72x10-3 1.74x10-1 

Mean 7.75 -227 10.05 1.75x10-1 1.11x10-1 3.21x10-4 3.01x10-2 3.23x10-3 1.78x10-1 

Median 7.77 -228 10.2 1.79x10-1 1.13x10-1 3.12x10-4 3.09x10-2 3.00x10-3 1.80x10-1 

75% 7.79 -224 10.4 1.83x10-1 1.15x10-1 3.32x10-4 3.18x10-2 3.52x10-3 1.84x10-1 

95% 7.79 -216 10.44 1.84x10-1 1.15x10-1 3.77x10-4 3.21x10-2 4.67x10-3 1.85x10-1 

99.9% 7.80 -207 10.45 1.84x10-1 1.15x10-1 4.88x10-4 3.21x10-2 7.36x10-3 1.85x10-1 

Maximum 7.80 -206 10.45 1.84x10-1 1.15x10-1 5.03x10-4 3.21X10-2 7.74x10-3 1.85x10-1 
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Table A1-24. Temperate Period, variant case: Chl.+FeS(am) (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

pH Eh(mV) TDS(g/l) Cl Na K Ca Mg ∑qMq+ 

t=10 ky 
 

 

Minimum 7.60 -234 6.67 1.05x10-1 7.42x10-2 3.01x10-4 1.43x10-2 2.64x10-3 1.18x10-1 

0.1% 7.60 -234 6.71 1.06x10-1 7.46x10-2 3.01x10-4 1.44x10-2 2.65x10-3 1.19x10-1 

5% 7.62 -234 7.41 1.20x10-1 8.23x10-2 3.02x10-4 1.73x10-2 2.67x10-3 1.31x10-1 

25% 7.66 -232 8.25 1.37x10-1 9.14x10-2 3.05x10-4 2.13x10-2 2.76x10-3 1.46x10-1 

Mean 7.73 -224 9.48 1.64x10-1 1.05x10-1 3.61x10-4 2.74x10-2 4.00x10-3 1.68x10-1 

Median 7.76 -227 10.11 1.77x10-1 1.12x10-1 3.19x10-4 3.04x10-2 3.14x10-3 1.79x10-1 

75% 7.79 -214 10.37 1.82x10-1 1.14x10-1 4.47x10-4 3.17x10-2 5.72x10-3 1.83x10-1 

95% 7.80 -210 10.43 1.84x10-1 1.15x10-1 4.95x10-4 3.20x10-2 6.89x10-3 1.85x10-1 

99.9% 7.80 -208 10.45 1.84x10-1 1.15x10-1 5.19x10-4 3.21x10-2 7.42x10-3 1.85x10-1 

Maximum 7.80 -208 10.45 1.84x10-1 1.15x10-1 5.20x10-4 3.21x10-2 7.45x10-3 1.85x10-1 
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Table A1-25. Temperate Period, variant case: Chl.+FeS(am) (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

 
Fe(tot) Fe(II) Fe(III) Fe2+ S(VI) S(-II) S2- SO4

2- HS - H2S 

t=1 ky 
  

   

Minimum 2.30x10-5 2.30x10-5 4.87x10-13 2.10x10-5 2.13x10-4 2.54x10-7 1.03x10-12 1.25x10-4 2.08x10-7 4.40x10-8 

0.1% 2.30x10-5 2.30x10-5 4.87x10-13 2.10x10-5 2.13x10-4 2.58x10-7 1.06x10-12 1.25x10-4 2.11x10-7 4.44x10-8 

5% 2.31x10-5 2.31x10-5 4.92x10-13 2.12x10-5 2.25x10-4 3.12x10-7 1.70x10-12 1.32x10-4 2.64x10-7 4.70x10-8 

25% 2.37x10-5 2.37x10-5 5.09x10-13 2.17x10-5 2.81x10-4 3.83x10-7 2.49x10-12 1.65x10-4 3.32x10-7 5.08x10-8 

Mean 2.91x10-5 2.91x10-5 5.92x10-13 2.66x10-5 7.38x10-4 4.12x10-7 2.93x10-12 4.39x10-4 3.60x10-7 5.15x10-8 

Median 2.66x10-5 2.66x10-5 5.71x10-13 2.43x10-5 5.41x10-4 4.25x10-7 3.07x10-12 3.19x10-4 3.72x10-7 5.20x10-8 

75% 3.21x10-5 3.21x10-5 6.47x10-13 2.93x10-5 1.00x10-3 4.53x10-7 3.49x10-12 5.95x10-4 3.99x10-7 5.28x10-8 

95% 4.50x10-5 4.50x10-5 7.95x10-13 4.07x10-5 2.02x10-3 4.60x10-7 3.59x10-12 1.22x10-3 4.06x10-7 5.31x10-8 

99.9% 6.33x10-5 6.33x10-5 9.15x10-13 5.61x10-5 4.47x10-3 4.62x10-7 3.62x10-12 2.81x10-3 4.08x10-7 5.32x10-8 

Maximum 6.41x10-5 6.41x10-5 9.28x10-13 5.67x10-5 4.78x10-3 4.62x10-7 3.62x10-12 3.03x10-3 4.08x10-7 5.32x10-8 
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Table A1-26. Temperate Period, variant case: Chl.+FeS(am) (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

 
Fe(tot) Fe(II) Fe(III) Fe2+ S(VI) S(-II) S2- SO4

2- HS - H2S 

t=10 ky 
  

   

Minimum 2.12x10-5 2.12x10-5 4.61x10-13 1.94x10-5 2.16x10-4 2.57x10-7 1.08x10-12 1.27x10-4 2.10x10-7 4.58x10-8 

0.1% 2.12x10-5 2.12x10-5 4.62x10-13 1.94x10-5 2.17x10-4 2.58x10-7 1.08x10-12 1.27x10-4 2.11x10-7 4.58x10-8 

5% 2.14x10-5 2.14x10-5 4.68x10-13 1.96x10-5 2.37x10-4 2.72x10-7 1.22x10-12 1.39x10-4 2.25x10-7 4.66x10-8 

25% 2.24x10-5 2.24x10-5 4.92x10-13 2.04x10-5 3.21x10-4 3.09x10-7 1.58x10-12 1.89x10-4 2.60x10-7 4.83x10-8 

Mean 3.27x10-5 3.27x10-5 6.22x10-13 2.95x10-5 1.44x10-3 4.03x10-7 2.77x10-12 8.84x10-4 3.50x10-7 5.22x10-8 

Median 2.14x10-5 2.62x10-5 5.63x10-13 2.39x10-5 6.66x10-4 4.35x10-7 3.11x10-12 3.93x10-4 3.81x10-7 5.38x10-8 

75% 4.55x10-5 4.55x10-5 7.92x10-13 4.08x10-5 3.02x10-3 4.76x10-7 3.70x10-12 1.85x10-3 4.20x10-7 5.52x10-8 

95% 5.60x10-5 5.60x10-5 8.65x10-13 4.96x10-5 4.07x10-3 4.87x10-7 3.87x10-12 2.55x10-3 4.30x10-7 5.54x10-8 

99.9% 5.97x10-5 5.97x10-5 8.97x10-13 5.24x10-5 4.59x10-3 4.90x10-7 3.91x10-12 2.92x10-3 4.34x10-7 5.57x10-8 

Maximum 5.98x10-5 5.98x10-5 8.99x10-13 5.25x10-5 4.61x10-3 4.90x10-7 3.91x10-12 2.94x10-3 4.34x10-7 5.57x10-8 
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Table A1-27. Temperate Period, variant case: SS+Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

pH Eh(mV) TDS(g/l) Cl Na K Ca Mg ∑qMq+ 

t=1 ky 
 

 

Minimum 7.27 -196 6.96 1.10x10-1 7.72x10-2 3.00x10-4 1.56x10-2 2.61x10-3 1.24x10-1 

0.1% 7.27 -196 7.20 1.15x10-1 7.98x10-2 3.00x10-4 1.68x10-2 2.61x10-3 1.28x10-1 

5% 7.37 -195 9.07 1.55x10-1 1.00x10-1 3.00x10-4 2.56x10-2 2.62x10-3 1.61x10-1 

25% 7.49 -194 9.85 1.71x10-1 1.09x10-1 3.03x10-4 2.93x10-2 2.68x10-3 1.74x10-1 

Mean 7.55 -186 10.06 1.76x10-1 1.11x10-1 3.23x10-4 3.03x10-2 3.16x10-3 1.78x10-1 

Median 7.58 -188 10.21 1.79x10-1 1.12x10-1 3.14x10-4 3.10x10-2 2.95x10-3 1.80x10-1 

75% 7.63 -179 10.41 1.83x10-1 1.14x10-1 3.35x10-4 3.19x10-2 3.45x10-3 1.84x10-1 

95% 7.64 -168 10.45 1.84x10-1 1.15x10-1 3.82x10-4 3.21x10-2 4.54x10-3 1.85x10-1 

99.9% 7.64 -156 10.46 1.84x10-1 1.15x10-1 4.92x10-4 3.22x10-2 7.12x10-3 1.85x10-1 

Maximum 7.65 -156 10.46 1.84x10-1 1.15x10-1 5.08x10-4 3.22x10-2 7.50x10-3 1.85x10-1 
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Table A1-28. Temperate Period, variant case: SS+Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

pH Eh(mV) TDS(g/l) Cl Na K Ca Mg ∑qMq+ 

t=10 ky 
 

 

Minimum 7.36 -198 6.58 1.04x10-1 7.35x10-2 3.41x10-4 1.44x10-2 2.93x10-3 1.17x10-1 

0.1% 7.36 -198 6.60 1.04x10-1 7.37x10-2 3.41x10-4 1.45x10-2 2.94x10-3 1.17x10-1 

5% 7.40 -193 7.42 1.20x10-1 8.26x10-2 3.54x10-4 1.76x10-2 3.26x10-3 1.32x10-1 

25% 7.44 -185 7.97 1.31x10-1 8.85x10-2 3.83x10-4 2.01x10-2 3.94x10-3 1.41x10-1 

Mean 7.52 -177 8.70 1.47x10-1 9.63x10-2 4.28x10-4 2.36x10-2 5.00x10-3 1.54x10-1 

Median 7.50 -176 8.64 1.46x10-1 9.57x10-2 4.33x10-4 2.33x10-2 5.11x10-3 1.53x10-1 

75% 7.60 -170 9.49 1.64x10-1 1.05x10-1 4.70x10-4 2.74x10-2 5.97x10-3 1.68x10-1 

95% 7.68 -166 9.99 1.74x10-1 1.11x10-1 5.00x10-4 2.98x10-2 6.70x10-3 1.77x10-1 

99.9% 7.73 -163 10.22 1.79x10-1 1.13x10-1 5.24x10-4 3.09x10-2 7.13x10-3 1.81x10-1 

Maximum 7.74 -162 10.23 1.79x10-1 1.12x10-1 5.24x10-4 3.10x10-2 7.14x10-3 1.81x10-1 
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Table A1-29. Temperate Period, variant case: SS+Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

 
Fe(tot) Fe(II) Fe(III) Fe2+ S(VI) S(-II) S2- SO4

2- HS - H2S 

t=1 ky 
  

   

Minimum 2.05x10-6 2.05x10-6 6.73x10-14 1.88x10-6 2.14x10-4 1.81x10-11 2.96x10-17 1.25x10-4 1.23x10-11 5.74x10-12 

0.1% 2.05x10-6 2.05x10-6 6.73x10-14 1.88x10-6 2.14x10-4 1.90x10-11 3.11x10-17 1.26x10-4 1.29x10-11 6.03x10-12 

5% 2.06x10-6 2.06x10-6 6.79x10-14 1.88x10-6 2.26x10-4 2.90x10-11 6.81x10-17 1.32x10-4 2.13x10-11 7.65x10-12 

25% 2.10x10-6 2.10x10-6 7.12x10-14 1.92x10-6 2.82x10-4 3.76x10-11 1.29x10-16 1.65x10-4 2.97x10-11 7.89x10-12 

Mean 2.45x10-6 2.45x10-6 7.41x10-14 2.23x10-6 7.39x10-4 4.41x10-11 1.92x10-16 4.39x10-4 3.60x10-11 8.07x10-12 

Median 2.29x10-6 2.29x10-6 7.59x10-14 2.09x10-6 5.42x10-4 4.49x10-11 1.96x10-16 3.19x10-4 3.69x10-11 8.00x10-12 

75% 2.65x10-6 2.65x10-6 7.69x10-14 2.40x10-6 1.00x10-3 5.21x10-11 2.65x10-16 5.95x10-4 4.37x10-11 8.33x10-12 

95% 3.46x10-6 4.46x10-6 7.72x10-14 3.11x10-6 2.02x10-3 5.44x10-11 2.87x10-16 1.22x10-3 4.59x10-11 8.50x10-12 

99.9% 4.46x10-6 5.46x10-6 8.52x10-14 4.74x10-6 4.48x10-3 5.49x10-11 2.91x10-16 2.81x10-3 4.64x10-11 8.54x10-12 

Maximum 5.71x10-6 5.71x10-6 9.03x10-14 4.94x10-6 4.79x10-3 5.49x10-11 2.92x10-16 3.02x10-3 4.64x10-11 8.54x10-12 
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Table A1-30. Temperate Period, variant case: SS+Py (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

 
Fe(tot) Fe(II) Fe(III) Fe2+ S(VI) S(-II) S2- SO4

2- HS - H2S 

t=10 ky 
          

           

Minimum 2.03x10-6 2.03x10-6 1.01x10-13 1.85x10-6 5.11x10-4 1.84x10-11 3.92x10-17 3.01x10-4 134x10-11 5.08x10-12 

0.1% 2.04x10-6 2.04x10-6 1.01x10-13 1.86x10-6 5.23x10-4 1.85x10-11 3.94x10-17 3.08x10-4 1.34x10-11 6.03x10-12 

5% 2.21x10-6 2.21x10-6 1.01x10-13 2.02x10-6 8.277x10-4 2.09x10-11 5.16x10-17 4.90x10-4 1.56x10-11 7.65x10-12 

25% 2.59x10-6 2.59x10-6 1.03x10-13 2.35x10-6 1.47x10-3 2.34x10-11 6.53x10-17 8.76x10-4 1.79x10-11 5.55x10-12 

Mean 3.27x10-6 3.27x10-6 1.06x10-13 2.93x10-6 2.47x10-3 2.94x10-11 1.18x10-16 1.52x10-3 2.36x10-11 5.75x10-12 

Median 3.28x10-6 3.28x10-6 1.05x10-13 2.95x10-6 2.57x10-3 2.74x10-11 9.34x10-17 1.57x10-3 2.17x10-11 5.74x10-12 

75% 3.89x10-6 3.89x10-6 1.09x10-13 3.46x10-6 3.39x10-3 3.50x10-11 1.61x10-16 2.10x10-3 2.90x10-11 8.33x10-12 

95% 4.42x10-6 4.42x10-6 1.15x10-13 3.89x10-6 4.07x10-3 4.24x10-11 2.46x10-16 2.55x10-3 3.62x10-11 8.50x10-12 

99.9% 5.09x10-6 5.09x10-6 1.20x10-13 4.43x10-6 4.56x10-3 4.80x10-11 3.20x10-16 2.91x10-3 4.17x10-11 8.54x10-12 

Maximum 5.11x10-6 5.11x10-6 1.20x10-13 4.44x10-6 4.56x10-3 4.83x10-11 3.24x10-16 2.92x10-3 4.20x10-11 8.54x10-12 
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Table A1-31. Temperate Period, variant case: SS+FeS(am) (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

pH Eh(mV) TDS(g/l) Cl Na K Ca Mg ∑qMq+ 

t=1 ky 
 

 

Minimum 7.27 -231 6.96 1.09x10-1 7.72x10-2 2.99x10-4 1.56x10-2 2.61x10-3 1.24x10-1 

0.1% 7.27 -231 7.20 1.15x10-1 7.98x10-2 2.99x10-4 1.68x10-2 2.61x10-3 1.28x10-1 

5% 7.37 -230 9.07 1.55x10-1 1.00x10-1 3.00x10-4 2.56x10-2 2.62x10-3 1.61x10-1 

25% 7.49 -229 9.85 1.71x10-1 1.09x10-1 3.03x10-4 2.93x10-2 2.68x10-3 1.75x10-1 

Mean 7.56 -221 10.05 1.75x10-1 1.11x10-1 3.23x10-4 3.03x10-2 3.16x10-3 1.78x10-1 

Median 7.58 -223 10.20 1.79x10-1 1.12x10-1 3.14x10-4 3.10x10-2 2.95x10-3 1.81x10-1 

75% 7.64 -215 10.40 1.83x10-1 1.15x10-1 3.35x10-4 3.19x10-2 3.45x10-3 1.84x10-1 

95% 7.65 -204 10.44 1.84x10-1 1.15x10-1 3.82x10-4 3.21x10-2 4.54x10-3 1.85x10-1 

99.9% 7.65 -194 10.45 1.84x10-1 1.15x10-1 4.92x10-4 3.22x10-2 7.12x10-3 1.85x10-1 

Maximum 7.65 -193 10.45 1.84x10-1 1.15x10-1 5.08x10-4 3.22x10-2 7.50x10-3 1.85x10-1 
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Table A1-32. Temperate Period, variant case: SS+FeS(am) (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

pH Eh(mV) TDS(g/l) Cl Na K Ca Mg ∑qMq+ 

t=10 ky 
 

 

Minimum 7.36 -233 6.58 1.04x10-1 7.35x10-2 3.41x10-4 1.44x10-2 2.93x10-3 1.17x10-1 

0.1% 7.36 -233 6.60 1.04x10-1 7.37x10-2 3.41x10-4 1.45x10-2 2.94x10-3 1.17x10-1 

5% 7.40 -228 7.42 1.20x10-1 8.26x10-2 3.54x10-4 1.73x10-2 3.26x10-3 1.31x10-1 

25% 7.44 -220 7.97 1.31x10-1 8.86x10-2 3.83x10-4 2.01x10-2 3.94x10-3 1.41x10-1 

Mean 7.52 -213 8.69 1.47x10-1 9.64x10-2 4.28x10-4 2.36x10-2 5.00x10-3 1.54x10-1 

Median 7.50 -211 8.64 1.46x10-1 9.58x10-2 4.32x10-4 2.33x10-2 5.11x10-3 1.53x10-1 

75% 7.60 -206 9.49 1.64x10-1 1.05x10-1 4.69x10-4 2.74x10-2 5.97x10-3 1.68x10-1 

95% 7.69 -203 9.98 1.74x10-1 1.10x10-1 5.00x10-4 2.98x10-2 6.70x10-3 1.77x10-1 

99.9% 7.74 -199 10.21 1.79x10-1 1.13x10-1 5.24x10-4 3.09x10-2 7.13x10-3 1.81x10-1 

Maximum 7.74 -199 10.22 1.79x10-1 1.13x10-1 5.24x10-4 3.10x10-2 7.14x10-3 1.81x10-1 
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Table A1-33. Temperate Period, variant case: SS+FeS(am) (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

 
Fe(tot) Fe(II) Fe(III) Fe2+ S(VI) S(-II) S2- SO4

2- HS - H2S 

t=1 ky 
  

   

Minimum 4.10x10-6 4.10x10-6 3.69x10-14 3.74x10-6 2.12x10-4 3.05x10-6 4.99x10-12 1.24x10-4 2.07x10-6 5.80x10-7 

0.1% 4.10x10-6 4.10x10-6 3.69x10-14 3.75x10-6 2.13x10-4 3.21x10-6 5.28x10-12 1.25x10-4 2.18x10-6 5.80x10-7 

5% 4.13x10-6 4.13x10-6 3.71x10-14 3.77x10-6 2.24x10-4 3.78x10-6 9.34x10-12 1.32x10-4 2.90x10-6 5.84x10-7 

25% 4.25x10-6 4.25x10-6 3.82x10-14 3.88x10-6 2.81x10-4 3.79x10-6 1.35x10-11 1.65x10-4 3.09x10-6 5.99x10-7 

Mean 5.31x10-6 5.31x10-6 3.87x10-14 4.82x10-6 7.38x10-4 3.85x10-6 1.62x10-11 4.39x10-4 3.11x10-6 7.22x10-7 

Median 4.85x10-6 4.85x10-6 3.89x10-14 4.42x10-6 5.41x10-4 3.83x10-6 1.69x10-11 3.19x10-4 3.14x10-6 6.75x10-7 

75% 5.94x10-6 5.94x10-6 3.93x10-14 5.39x10-6 1.00x10-3 3.91x10-6 1.95x10-11 5.94x10-4 3.18x10-6 8.11x10-7 

95% 8.25x10-6 8.25x10-6 3.96x10-14 7.41x10-6 2.02x10-3 3.96x10-6 2.02x10-11 1.22x10-3 3.19x10-6 1.03x10-6 

99.9% 1.30x10-5 1.30x10-5 4.52x10-14 1.13x10-5 4.48x10-3 3.97x10-6 2.03x10-11 2.81x10-3 3.19x10-6 1.11x10-6 

Maximum 1.35x10-5 1.35x10-5 4.77x10-14 1.17x10-5 4.79x10-3 3.97x10-6 2.03x10-11 3.02x10-3 3.19x10-6 1.11x10-6 
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Table A1-34. Temperate Period, variant case: SS+FeS(am) (Table 3-3). Concentrations in mol/L unless otherwise indicated. 

 
Fe(tot) Fe(II) Fe(III) Fe2+ S(VI) S(-II) S2- SO4

2- HS - H2S 

t=10 ky 
  

   

Minimum 3.86x10-6 3.86x10-6 5.67x10-14 3.53x10-6 5.11x10-4 2.48x10-6 5.39x10-12 3.01x10-4 1.83x10-6 4.05x10-7 

0.1% 3.88x10-6 3.88x10-6 5.67x10-14 3.55x10-6 5.23x10-4 2.477x10-6 5.40x10-12 3.01x10-4 1.83x10-6 4.07x10-7 

5% 4.46x10-6 4.46x10-6 5.68x10-14 4.06x10-6 8.27x10-4 2.57x10-6 6.42x10-12 4.89x10-4 1.92x10-6 4.47x10-7 

25% 5.64x10-6 5.64x10-6 5.74x10-14 5.12x10-6 1.47x10-3 2.72x10-6 7.60x10-12 8.76x10-4 2.07x10-6 5.12x10-7 

Mean 7.58x10-6 7.58x10-6 5.80x10-14 6.79x10-6 2.47x10-3 2.85x10-6 1.09x10-11 1.52x10-3 2.27x10-6 5.72x10-7 

Median 7.71x10-6 7.71x10-6 5.78x10-14 6.93x10-6 2.57x10-3 2.83x10-6 9.65x10-12 1.56x10-3 2.23x10-6 5.86x10-7 

75% 9.38x10-6 9.38x10-6 5.82x10-14 8.34x10-6 3.39x10-3 3.01x10-6 1.39x10-11 2.10x10-3 2.49x10-6 6.37x10-7 

95% 1.07x10-5 1.07x10-5 6.01x10-14 9.43x10-6 4.07x10-3 3.11x10-6 1.81x10-11 2.55x10-3 2.65x10-6 6.60x10-7 

99.9% 1.20x10-5 1.20x10-5 6.21x10-14 1.04x10-5 4.56x10-3 3.14x10-6 2.11x10-11 2.91x10-3 2.73x10-6 6.91x10-7 

Maximum 1.20x10-5 1.20x10-5 6.21x10-14 1.04x10-5 4.56x10-3 3.14x10-6 2.12x10-11 2.92x10-3 2.73x10-6 6.93x10-7 
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APPENDIX B: IRON SULPHIDE FORMATION IN SEDIMENT SYSTEMS 
– A SHORT LITERATURE REVIEW WITH SOME IMPLICATIONS FOR 
THE OLKILUOTO CASE 

1 Background / objectives 

Sulphide is the main corrodant of the copper canister. Therefore it is important to assess 
the fate of sulphide in the repository environment within the safety case. There are 
different sources of sulphide which potentially may reach the canister surface including 
(i) sulphide (and sulphate) in the surrounding groundwater, the sulphide produced by 
reduction of (ii) the sulphate inventory in the backfill and (iii) the sulphate inventory in 
the buffer and the source of sulphate in the cementitious materials present, such as the 
tunnel end plug.  

Note that the clay materials in the buffer and backfill also contain some reduced sulphur 
in the form of insoluble pyrite, which, due to its low solubility, is expected to release 
only insignificant amounts of sulphide during the repository lifetime.  

On the other hand, the sulphate inventorys in the buffer and the backfill are 
predominantely in the form of gypsum which will readily dissolve upon re-saturation of 
the engineered barrier system. This soluble sulphate may a priori be a source for 
canister corrosion if this compound is reduced via microbial activity to sulphide. The 
nanoporous structure and the low water activity significantly restricts microbial activity 
in the clay materials (Stroes-Gascoyne et al. 2010). However, in the boundary zones, 
such as the excavation disturbed zone around the deposition tunnels and the deposition 
holes, and also in intersecting fractures, microbial activity and consequently sulphide 
production may be significant. In addition, in the case of the backfill, which is designed 
to contain loosely-packed bentonite pellets surrounding highly compacted clay blocks, a 
low density border area cannot be ruled out (Chapter 4). This may locally generate 
higher dissolved sulphide levels than in the surrounding groundwaters. Elevated 
sulphide levels in fracture groundwaters may temporarily occur also naturally in zones 
of intense microbial sulphate reduction (Chapter 2), in particular under conditions of 
limited availability of soluble iron. 

There are a number of attenuation processes which will reduce the sulphide 
concentrations and its fluxes to the canister. The sulphate reduction rate will depend on 
the availability of electron donors, such as viable and dissolvable organic carbon in the 
backfill or dissolved organic carbon in the groundwater. The amount of dissolved 
sulphide may be attenuated by (e.g. Berner 1970): 

 Oxidation to polysulphide, sulphate or other sulphur species, e.g. by reaction with 
iron oxides or organic matter 

 Precipitation of iron sulphides 

The first process, frequently occurring in suboxic water columns and modern marine 
sediments, is less relevant in the anerobic repository environment with little reactive 
organic matter and low amounts of iron oxides. The second process on the other hand is 
highly relevant. The thermodynamically favoured pathway is precipitation of iron 
sulphides, which would at the end strive towards pyrite, which, under equilibrium 
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conditions, would lead to extremely low sulphide concentrations. However, pyrite 
formation is known to be controlled by kinetics and site-specific biogeochemical 
conditions. This is manifested, for example, by the persistence of more soluble iron 
sulphide phases, such as mackinawite or greigite in many sedimantary environments. 

The formation of iron sulphides in sediments has been rather extensively studied since 
the 1970ies. The objective of this brief review is to summarise the most relevant 
findings in the context of sulphide concentrations at the Olkiluoto site. We are aware 
that most studies refer to modern sediments (sometimes including the above water 
column) which generally contain large amounts of reactive organic carbon and large 
active microbial populations. Thus, extrapolation to conditions in the clay barriers or 
fractures of the Olkiluoto rock is not straightforward and must be viewed with care. 
Nevertheless, some useful information could be obtained from this review and applied 
to the analysis of sulphide fluxes and concentrations at repository levels, as presented in 
the main part of this report. 

2 Iron sulphide formation pathways and properties 

It has been recognised for a long time (e.g. Allen et al. 1912) that pyrite forms from an 
iron monosulphide (FeS) precursor. In a pioneer lab study, Berner (1970) could show 
that zerovalent sulphur dissolved as polysulphide oxidised FeS to form pyrite: 

FeS + S0  FeS2 Equation B-1 

This reaction has been termed as “polysulphide” or Bunsen reaction (e.g. Rickard & 
Luther 2007). Rickard (1997) showed that the rate of pyrite formation increased with 
increasing polysulphide concentration. A further recognised reaction pathway which 
involves hydrogen sulphide as oxidant (“H2S”, or Berzelius reaction) yielding hydrogen 
gas has been proposed (Drobner et al. 1990; Rickard & Luther 1997; 2007): 

FeS + H2S  FeS2 + H2 Equation B-2 

The alternative so-called “iron loss pathway” (Wilkin & Barnes 1996) constitutes a 
modification of the“H2S” reaction mechanism according to Butler et al. (2004): 

2FeS + 2H+ FeS2 + Fe2+ +H2 Equation B-3 

The nature and relevance of the FeS precursor has been extensively (and 
controversially) discussed in literature. As indicated from the experimental data 
(Rickard et al. 2001), the absence of a FeS intermediate suppresses pyrite precipitation. 
This precursor may be a dissolved complex or a cluster of FeS from which, given the 
appropriate conditions, pyrite may readily form without the prior precipitation of iron 
monosulphide (Rickard & Morse 2005). According to these authors (see also Rickard & 
Luther 2007), pyrite in “normal”marine systems which generally contain low Fe(II) 
concentrations forms by this pathway. A common pathway of pyrite formation is via 
precipitation of a more soluble FeS form (FeSam, mackinawite, greigite). This is 
commonly observed in freshwater and “inshore” marine systems, where mackinawite 
has been reported to be the precursor for pyrite (Berner 1970; Canfield et al. 1992; 
Wilkin & Barnes 1996; Benning et al. 2000; Neretin et al. 2004). Rickard & Luther 
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(2007) characterise such systems as “iron-rich” in which pyrite is formed via a 
dissolution-precipitation process (see later sections). 

Schematically, the transformation of iron monosulphide to pyrite, as observed from 
numerous experimental data (Rickard & Luther 2007; Benning et al. 2000) is shown in 
Figure B2-1. 

“Amorphous” FeS is generally considered to be nanoparticular mackinawite (e.g. 
Rickard & Luther 2007). However, new structural data (Csákberényi-Malasics et al. 
2012) suggest that this FeS(am) may also occur as a poorly structured not alike 
mackinawite phase. Notwithstanding these structural differences, the conversion of 
FeS(am) to crystalline mackinawite is fast and occurs within minutes to weeks, 
depending on conditions. Mackinawite has a tetragonal layer structure in which the iron 
atoms are linked to four equidistant sulphur atoms (Figure B2-2, left). The latter form a 
cubic close-packed array.The d electrons in the Fe plane are delocalised and form 
metallic bonds (Vaughan & Ridout 1971). The composition of low-temperature 
mackinawite is near to stoichiometric with an Fe/S ratio close to 1 (Lennie & Vaughan 
1996; Rickard et al. 2006). 

Greigite (Fe3S4) is a frequently observed intermediate mineral in the reaction sequence 
to pyrite. It has a spinel structure and can be considered as sulphur analogue of 
magnetite. Thus, it contains both Fe(III) and Fe(II) (ratio 2/1) with the overall formula 
Fe(II)Fe(III)2S4 and displays magnetic properties. The greigite structure is similar to that 
of mackinawite, with a cubic close-packed array of S atoms linked by smaller Fe atoms. 
This is why the transformation of mackinawite to greigite occurs via a solid-state 
mechanism (Hunger & Benning 2007). Thereby, a reduction in volume of about 12% 
occurs (Lennie et al. 1995) which is consistent by the higher stability of greigite. The 
kinetics of greigite formation is strongly dependent of geochemical conditions (e.g. Eh, 
polysulphide concentrations) and in fact is not well known. The mineral is rarely 
observed in “normal” marine sediments (Rickard & Luther 2007), but occurs frequently 
in freshwater systems usually together with mackinawite. From a thermodynamic 
viewpoint, it is more stable at higher Eh and lower pH than mackinawite. 

Pyrite is the most common sulphide mineral in natural environments. It has a cubic 
NaCl type structure with alternating S2

2- groups and Fe atoms (Figure B2-2, right). Due 
to its differing structure from mackinawite and greigite, transformation of mackinawite 
and greigite to pyrite occurs via a dissolution/precipitation process rather than a solid-
state one. The composition of pyrite is close to stoichiometric (Fe/S = 0.5).  

 

 

Figure B2-1. Transformation pathways of different forms of FeS to pyrite (see text). 
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Figure B2-2. Structure of mackinawite (left) and pyrite (right) (taken from Rickard & 
Morse 2005) 

 

Other iron sulphide minerals, including for example troilite (FeS), pyrrhotite (Fe1-xS) 
and marcasite (FeS2) are usually formed at higher temperature and much less common 
in low temperature environments. They are not discussed further here. 

3 Thermodynamic relations 

FeS solids and complexes 

The reported solubility data for solid FeS are quite variable, which appears to be related 
to experimental difficulties on one hand and to the different crystallinity and or grain 
size of the tested FeS solids on the other (e.g. Davison 1991; Rickard & Luther 2007). 
Earlier solubility data of FeS solids have been critically reviewed by Davison (1991) 
who later reappraised the solubility for FeSam (Davison et al. 1998). Benning et al. 
(2000) determined the temperature dependence of the solubility constant for 
mackinawite. The solubility constants K*sp, defined for the reaction: 

FeS + H+ Fe2+ + HS- Equation B-4 

vary by a factor of about ten between FeS(am) derived by Davison et al. (1999) and 
mackinawite derived by Benning et al. (2000), as compiled in Table 4-7. More recent 
data (Rickard 2006) for nanoparticular mackinawite indicated an intermediate value 
(logK*sp = -3.55± 0.25). This value and that of Benning et al. (2000) agree well with the 
mackinawite solubility constant (-3.65) proposed earlier by Davison (1991). Hence, 
these mackinawite solubility data seem to be fairly consistent. 

In his solubility study, Rickard (2006) showed the importance of the neutral FeSaq 
species under neutral to alkaline conditions by voltammetry. This resolved some of the 
large uncertainty (e.g. Rickard & Morse 2005) regarding the FeS solubility in that pH 
region which is dominated by the reaction: 
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FeSmFeSaq Equation B-5 

for which Rickard (2007) derived an intrinsic solubility constant for FeSm of logK0 = 
-5.7. Combining (4) and (5) leads to an equilibrium constant for FeSaq logK0

FeSaq of 
-2.25 (Table B3-1). Note that this complex is commonly not included in thermodynamic 
databases. Instead, Davison et al. (1991), based on their solubility study of FeS(am) 
proposed the occurrence of Fe(SH)2 complex (see below). 

At lower pH, the protonated species, Fe(SH)+ dominates. As noted by Rickard & Luther 
(2007), independent voltametric measurements show fairly good agreement in proposed 
stability constants. However, these data were not consistent with mackinawite and 
FeS(am) solubility data (Davison et al. 1999; Rickard 2006), which suggested two 
orders of magnitude lower values than measured by voltammetry. Selected stability 
constants for Fe(SH)+ are listed in Table B3-1. 

The stability of further Fe(II) sulphide complexes, Fe(SH)2 and Fe(SH)3
- is controversial 

and no clear evidence for these have been found. Since they are included in some 
thermodynamic databases, selected stability constants are listed. 

In summary, the nature and stability of Fe(II) sulphide complexes is still controversial. 
According to the seemingly reliable solubility data of Davison et al. (1999) and Rickard 
(2006), it is recommended here to use these data in combination with the proposed 
complexes: thus the solubility constant of FeS(am) and mackinawite together with 
Fe(SH)+ and Fe(SH)2 according to Davison (1991, et al. 1999) and the solubility of 
mackinawite together with FeSaq according to Rickard (2006) (see Table B3-1). It is 
worth noting, that FeHS+ and Fe(HS)2 (as proposed by Davison et l. 1999) and FeSaq 
usually make up only a minor fraction of S(-II)tot in natural waters and in particular for 
Olkiluoto-type conditions. 

Greigite and pyrite 

The solubility of greigite (Fe3S4) is rather poorly known. This is related to the 
experimental difficulty of synthesising a pure phase and maintaining this condition 
during the tests. Based on the only solubility study of Berner (1967), Rickard & Luther 
(2007) proposed a logK* value for greigite of -12.84, from the reaction: 

Fe3S4+ 3H+ = 3Fe2+ + 3HS- + S0 Equation B-6 

This value is somewhat lower than originally proposed by Berner (1967) who 
apparently used erroneous Gf data for Fe2+. 

The solubility for pyrite is very low and thus virtually impossible to measure 
experimentally. Davison (1991) and Hummel et al. (2002) proposed a solubility 
constant based on Gf data from the components. Thus, for the reaction: 

FeS2 + 2H+ +2e- = Fe2+ + 2HS- Equation B-7 
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The corresponding logK* is -15.79 6 proposed by Davison (1991), based on the 
compilation of Bard et al. (1985) and -18.50 proposed by Hummel et al. (2002). 
Notwithstanding these differences, this illustrates the very low solubility of pyrite over a 
wide range of conditions. 

The formation of pyrite has been shown experimentally to require a high degree of 
supersaturation. Thus, Harmandas et al. (1998) determined a saturation index of almost 
14 at pH 7 in the presence of pyrite seeds before pyrite nucleation started. The 
supersaturation limit in the presence of organic substrates found by Rickard et al. (2001) 
was somewhat lower (SI  11), but still remarkably high. 

The saturation index of pyrite is a strong function of Eh, as noted by e.g. by Rickard & 
Morse (2005). Thus, over a very small range of Eh the saturation degree varies of 
several orders of magnitude. This is of particular relevance at the low Eh side, where 
pyrite stability decreases in favour of FeS. In the Eh-pH diagram in Figure B3-1 the 
stability of pyrite and FeS (as troilite) as function of different Fe concentrations is 
illustrated. Note that the stability of FeS increases both at lower Eh and higher pH. Such 
conditions are quite frequent in natural systems and may for example explain the 
persistence of mackinawite and greigite in observed in various freshwater sediments 
(Rickard & Luther 2007). 

 

Table B3-1. Equilibrium constants of Fe(II)-sulphur compounds 

 

                                                 

6  Note that the reaction is not a solubility reaction, but it is expressed this way for easier comparison with other constants 

Species logK
0

Reaction stoich. Reference database

solution species

HS
‐

‐6.98 ± 0.02 H
+
 + H2S Suleimenov & Seward 1997

FeSH
+

5.07 ± 0.12 Fe
2+
 +HS

‐
Luther et al. 1996

5.3 ± 0.1 Zhang & Millero 1994

4.34 ± 0.15 Wei & Osseo‐Assare 1995 Thermochimie
<3 Davison et al. 1999

FeS
0

‐2.2 Fe
2+
 +HS

‐
‐ H

+
Rickard 2006

Fe(SH)2 6.45 Fe2+ +2HS‐  Davison et al. 1999 Thermochimie

solid species

"FeS(am)" ‐2.95 ‐Fe
2+
 ‐HS

‐
+H

+
Davison 1991 Thermochimie

‐3.00 ± 0.12 ‐Fe
2+
 ‐HS

‐
+H

+
Davison et al. 1999

mackinawite ‐3.60 Davison 1991 Thermochimie

‐3.88 Benning et al. 2000

‐3.5 ± 0.25 Rickard 2006
‐4.65 Berner 1967 Minteq&/Phreeqc

greigite ‐12.84 3H
+
 ‐ 3Fe

2+
‐ 3HS

‐
‐S

0 
recalc. from Berner 1967 

pyrite ‐15.79 2H
+
 +2e

‐
‐Fe

2+
‐ HS

‐
Davison 1991 Thermochimie

‐18.50 Hummel et al. 2002 Nagra/PSI
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Figure B3-1. Eh-pH diagram of the Fe-S-H2O system at 25 C and I = 0.1 M showing 
the stability of pyrite and FeS (as troilite) (Fe(II)tot =S(-II)tot = 10-5 M). Calculated with 
MEDUSA (http://www.kth.se/en/che/medusa).  

4 Kinetic relations 

Mackinawite 

In general, the precipitation of mackinawite is fast (e.g. Benning et al. 2000). The 
kinetics of precipitation were shown to be controlled by the exchange of water in Fe(II) 
sulphide complexes involving two competing reactions with H2S and HS- (Rickard 
1997). For the H2S reaction: 

Fe2+ + H2S FeS(m) + 2H+ Equation B-8 

Rickard (1997) derived the rate law: 

RFeS(m) = cFeS/t = k1(aFe2+·aH2S) Equation B-9 

where aFe2+ and aH2S are the activities of these species in mol/L and k1 is the rate 
constant with k1 = 7 ± 1 L mol-1 s-1. Taking as example the following conditions, with 
[S(II)tot] = 2·10-5 M, pH = 7, (hence a H2S  5·10-6 M) and aFe2+ = 5·10-6 M, yields a 
precipitation rate of 7·10-10 mol L-1 s-1 or 2·10-2 mol L-1 a-1. 

As indicated from eq. (8), mackinawite precipition is strong function of the saturation 
state which is confirmed by dissolution rate data of Pankow & Morgan (1980). Rickard 
(1997) further suggested that mackinawite precipition is preceded by the formation of 
an intermediate Fe(SH)2 complex. 
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Greigite 

The formation kinetics of greigite are not well known. The transformation of 
mackinawite to greigite occurs under a variety of conditions, but is favoured at higher 
temperature and lower pH (Rickard & Luther 2007). Hunger & Benning (2007) showed 
that greigite under hydrothermal conditions (100 – 200 C) formed rapidly (within a few 
hours), but then decomposed to pyrite. They proposed a solid state mechanism a zero-
order rate law for the transformation from mackinawite to greigite.  

Pyrite 

As indicated above, pyrite formation requires an FeS precursor, but under certain 
conditions, such as high microbial activity and iron-limited systems (see below), may 
form directly without the prior formation of mackinawite FeS(m) (Rickard & Luther 
2007). Nevertheless, mackinawite formation is frequently observed as first reaction 
product and the transformation of mackinawite to pyrite (e.g. Benning et al. 2000) has 
been quite extensively studied. For the polysulphide pathway (eq. 2), Rickard (1997) 
derived the following rate law: 

RFeS2= cFeS2/t = kAFeS(m)
2AS(0)[S(-II)tot][H

+] Equation B-10 

Thus, the rate is a second order relative to mackinawite concentration and first order 
relative to elemental sulphur. 

For the H2S pathway Rickard (1997) determined the rate equation 

RFeS2= cFeS2/t = k[FeS(m)][H2S] Equation B-11 

The combined rate can be expressed as (Rickard & Morse 2005): 

RFeS2= cFeS2/t = kH2S[FeS(m)][H2S] + [FeS(m)]2[S0][H+] Equation B-12 

As noted by Rickard & Luther (2007), pyrite formation depends entirely on the 
concentrations of mackinawite and H2S in cases where S(0) is very small. They 
estimated typical formation rates in marine sediments 10-8 – 10-3 mol L-1 a-1or 3·10-10 – 
3·10-5 mol g-1 dry sediment a

-1. 

The above rate equation is difficult to apply because it requires the knowledge of both 
FeS(m) and S(0) concentrations which are usually not known. It is also only valid for 
abiotic reaction rates. However, it is well known that microorganism can have a 
catalytic effect and increase pyrite precipitation by several orders of magnitude. 
Canfield et al. (1998) showed that various sulphur-disproportionating bacterial cultures 
enhanced pyrite formation by a factor of 104 – 105 relative to inorganic formation 
reactions. Pyrite in those experiments formed both by the addition of elemental sulphur 
and H2S to natural surface sediments. Transformation of FeS to FeS2 in the presence of 
in vitro enrichment cultures was shown to occur rapidly by Donald & Southam (1999). 
Transformation rates were rapid, with more than 80% of FeS transformed to FeS2 after 
10 days. Part of the sulphur incorporated in the pyrite crystals stemmed from the 
bacterial cells as indicated from isotopic analysis. Because of these reasons, the above 
rate equations have not been applied in our modelling presented in Chapter 4.5. 
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In iron-limiting systems pyrite formation is controlled by Fe(II) concentration (Rickard 
& Luther 2007). For this case the sulphide reaction will dominate the pyrite 
precipitation rate. 

5 Iron sulphide formation in natural sediments 

5.1 The role of reactive iron in marine and freshwater 
sediments 

The cycling of sulphur and iron and their sequestration by pyrite formation has been 
extensively studied in marine systems in the last 30 years. Much of this work stems 
from Rob Raiswell and Don Canfield and their co-workers (e.g. Raiswell & Canfield 
2012). These authors could show that reactive iron in the water column and in 
sediments regulates iron sulphide formation in marine systems (Canfield 1989b; 
Canfield et al. 1992; Raiswell& Canfield 1996; Poulton et al. 2004). The inventory of 
iron available for pyritisation or –more generally speaking – sulphidisation can be 
separated into two broad categories: The iron (oxyhydr)oxides which react rapidly with 
sulphide (timescales of less than a year)and the iron in silicates which react slowly with 
sulphide (thousands of years) (Table B5-1).  

The analysis for detecting reactive iron in sediments has been successively refined 
(Lyons et al. 2003; Lyons & Severmann 2006; Poulton & Canfield 2005) and robust 
indicators thereof have been defined. Thus, the FeHR/FeT and FeT/AlTratios (FeHR: 
fraction of “highly reactive” iron) have been shown to be useful indicators of degrees of 
pyrite formation. The highly reactive iron includes Fe (oxyhydr)oxides, Fe sulphides, Fe 
carbonates and dissolved Fe(II) (Poulton& Canfield 2005).7 

The ratios of FeHR/FeT and Fepy/FeHR, (Fepy: Fe in pyrite) have been shown to be 
indicators of redox conditions and of iron sulphide formation pathways (Figure B5-1) 
(Poulton & Canfield 2011). Thus, high FeHR/FeTratios are indicative of anoxic 
conditions in oceanic systems. High Fepy/FeHR ratios on the other hand indicate euxinic 
environments (sulphide-rich environment) whereas ferruginous environments (rich in 
iron and poor in sulphide) display low Fepy/FeHR ratios. Generally, “normal” marine 
sediments are sulphidic and pyrite formation is limited by iron, whereas freshwater and 
in-shore marine sediments are often Fe(II) rich and poor in sulphur (Figure B5-1). The 
consequence thereof is that marine sediments often display low dissolved Fe(II) and 
elevated sulphide levels, contrary to freshwater sediments with high dissolved Fe(II) 
and low sulphide levels. Some examples illustrating these differences are presented in 
the following section. 

 

                                                 

7FeHR is commonly determined via dithionite extraction which however does not remove all the Fe carbonate inventory (Poulton & 
Canfield 2005) 
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Table B5-1: Half-lives of iron minerals with respect to sulphidisation and reductive 
dissolution (Raiswell & Canfield 2012) 

 

 

 

Figure B5-1: Ratio of Fe-pyrite (Fepy) and “highly reactive”Fe (FeHR) as indicator of 
redox environment (left); cartoon showing how relative fluxes of Fe and sulphide can 
determine anoxic water chemistry (right), applies to marine systems (Figures from 
Raiswell & Canfield 2012). 

5.2 Selected examples 

In the following, we summarise two selected examples. The scope is to highlight the the 
relation between reactive iron, iron sulphide precipitation and dissolved sulphide 
concentrations.  

Black Sea 

The anoxic sediments of the Black Sea provide a prominent example of reactive iron 
affecting the cycling of sulphide. Due to a switch from freshwater to brackish 
conditions at the Pleistocene/Holocene transition and later progression to marine 
conditions, sulphur-rich and organic carbon rich conditions were established. As a 
consequence organic-rich (sapropel) sediments were deposited above limnic organic- 
and sulphur-poor sediments. At the interface, a 20  150 cm thick black iron sulphide-
rich layer was formed, consisting essentially of mackinawite and greigite. As already 

Iron mineral
Half‐life

sulphidisation

Half‐life

reductive 

dissolution

Ferrihydrite  2.8 hrs 5min‐12.3 hrs

Lepidocrocite  < 3days 10.9 hrs

Goethite  11.5 days 63 days

Hematite  31 days 182 days

Magnetite  105 years 72 days

Reactive Silicates  230 years

Sheet Silicates  84000 years

Poorly reactive Silicates  2‐4e6 years
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shown by early studies (e.g. Berner 1974), FeS precipitation and progressive 
“sulphidisation” is the result of diffusion of sulphide, generated by overlying sulphate 
reduction, and reaction with Fe from the Fe-rich freshwater sediments.  

Figure B5-2 shows porewater profiles for methane, sulphate and sulphide from 
continental margin sediments reported by Neretin et al. (2004). These indicate that 
sulphate reduction occurs in the sulphate-methane mixing zone and in fact it has been 
shown that therein bacterial sulphate reduction is linked to methane oxidation 
(Jørgensen et al. 2001). Sulphate progressively decreases from 20mM at the sea floor 
to about 2 mM at 5 m depth. Concurrently, sulphide levels exhibit a strong increase 
from 200 µM at the sea floor to 700 µM at 2.5 m depth from where a strong decrease 
to concentrations below detection is noted. The sulphide profile is inversely correlated 
to the amount of reactive iron (Figure B5-2), which is high in the freshwater sediments, 
but decreases substantially in the overlying marine sediments. In fact, the sulphide 
levels and degree of sulphidisation (formation of FeS and pyrite) are constrained by the 
availability of the reactive iron inventory (Fe oxyhydroxides, Fe carbonates, dissolved 
Fe(II)) diffusing from the freshwater sediments. The concentration of dissolved Fe(II) 
(not shown) is below detection limit above 3.8 m depth. 

The analysis of acid volatile sulphur (AVS) which mainly captures FeS phases and 
greigite and of pyrite contents reveals that the sulphide layer is dominated by metastable 
FeS and greigite, whereas above most of the reduced sulphur occurs as pyrite (Figure 
B5-2). The presence of these two iron sulphide inventories in the sediment has been 
explained by different reaction processes, the first involving “direct” precipitation of 
pyrite in a high sulphide environment and the second involves precipitation of 
metastable FeS(am), mackinawite and slow transformation to pyrite in a low sulphide 
environment (Neretin et al. 2004). The occurrence of greigite is explained either as 
intermediate during the FeS FeS2 transformation or by partial dissolution and 
oxidation pyrite. 
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Figure B5-2: Profiles of sulphate, methane, sulphide, “reactive” Fe and iron sulphide 
(pyrite and acid volatile sulphur) in continental margin sediments (station 7) of Black 
sea (taken from Neretin et al. 2004) 

Baltic Sea 

The salinity conditions in the Baltic have been variable in the past, passing from 
freshwater after the last glaciation to marine at the beginning of the Littorina age (about 
8 ka ago) and evolving from there to the present brackish conditions. The deep basins 
consist of organic-rich muds underlain by freshwater clay (Ancylus). The formation of 
pyrite in anoxic sediment cores from two different types of anoxic basins, the Bornholm 
deep and the Gotland deep was investigated by Boesen & Postma (1988). The 
Bornholm deep displays high rates of sedimentation and sulphate reduction leading to 
high, but variable sulphide levels in the marine mud. As illustrated in Figure B5-3, the 
core in the marginal part (ø7a) exhibited rather elevated S(-II)tot levels ( 1mM) 
throughout the cored section (3.5 m) whereas the central core (ø12) showed elevated 



235 

 

 

values ( 1mM) only in the uppermost section (to about 80 cm depth) below which 
negligible sulphide levels were measured. Both sections indicated comparable degrees 
of sulphidisation (DOS) of 0.2 – 0.55, where DOS = Fesulphide/Fetot, which are typical of 
marine sediments (Raiswell& Canfield 2012). However, the pyrite levels were very 
different in the two locations (Figure B5-3). In the marginal part virtually all sulphide 
was found to be bound as pyrite, whereas in the central part had a large fraction of FeS 
(determined as AVS). The difference may be explained by the difference in available 
reactive iron which is higher in the central part, thus limiting the levels of sulphide. 
Although not discussed by the authors, the lower pyrite–to–S(II)tot ratio therein, might 
be due to the low concentration of sulphide which may slow down pyrite precipitation 
(Rickard 1995). The turnover rate from FeS to pyrite in the central part was estimated to 
be about 500 years (Boesen & Postma 1988). 

In the Gotland deep, which was cored through the marine into the freshwater Ancylus 
clay, sulphide concentrations were generally lower than in the Bornholm deep (Figure 
B5-4). They exhibited concentrations of about 0.2 mM in the marine sediments, 
decreasing steadily below in the freshwater clays where Fe(II) concentrations started to 
rise to about 25 µM. Obviously, sulphide profiles are strongly affected by iron 
availability. The amount of unreduced Fe(III) is distinctly higher in the underlying 
freshwater sediments, leading to rapid capturing of sulphide diffusing down the 
sediments. Note also that in the freshwater sediments FeS formation occurs and 
pyritisation seems to be slow contrary to the upperlying marine sediments. 

In summary, in both situations, sulphate reduction via organic matter degradation 
occurs. FeS and pyrite formation and dissolved sulphide profiles are controlled by 
reactive iron, which limits the amount of precipitated FeS1+x. 

 

 

 

Figure B5-3. Porewater sulphate and sulphide (left) and FeS/FeS2 (right) profiles from 
two locations in Bornholm deep (Baltic sea) (from Boesen & Postma 1988) 
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Figure B5-4: Porewater sulphate and sulphide (left) and FeS/FeS2 (right) profiles in 
Gotland deep (Baltic sea). M: marine muds. F: freshwater clays (from Boesen & 
Postma 1988) 

5.3 Summary considerations 

The formation of FeS and pyrite in recent sediments is linked to sulphate reduction via 
biodegradation of organic matter or of methane. The nature and extent of this process 
depends to large degree on the availability of reactive Fe and two types of environments 
are typically encountered: 

 High sulphate and limited amounts of reactive iron, such as in typical marine 
sediments and euxinic basins: Here high sulphide and low Fe(II) concentrations 
occur in porewaters with usually high degrees of pyritisation. 

 Low sulphate and high (unlimited) amounts of reactive iron, such as freshwater 
sediments: here generally low sulphide concentrations and high Fe(II) occur in 
porewaters with generally low degrees of pyritisation, but often with extensive FeS 
(amorphous or mackinawite) and greigite formation. 

 The inventory of iron available for sulphidisation in sediments can be separated into 
a highly reactive part which includes iron (oxyhydr)oxides and ferrous carbonates 
and poorly reactive iron in the iron silicate fraction. Depending on the chemical 
nature of iron, the latter is also reactive towards sulphide over longer timescales, but 
knowledge of this process is still poor. 

Observations indicate that pyrite formation in recent sediments is not linked to low 
sulphide concentrations and metastable FeS to higher sulphide concentrations, as might 
be expected from a thermodynamic viewpoint. Rather the opposite is true. The 
availability of iron is the key factor which depends on i) the nature of the Fe mineral 
and (ii) the transport characteristics of the medium from the iron source to the sulphide 
inventory. 
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It should be noted that the presented examples refer to unconlidated recent sediments 
with variable amounts of organic matter. The reactivity and degradability thereof is 
expected to be far higher than that of the bentonite clays. 
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