Stral
sakerhets

ttttttttttttttttttttttttttttttt

Authors: Adrian Bath
Hans-Peter Hermansson

Research

Biogeochemistry of Redox at
Repository Depth and Implications
for the Canister

Report number: 2009:28 ISSN: 2000-0456
Available at www.stralsakerhetsmyndigheten.se






Title: Biogeochemistry of Redox at Repository Depth and Implications for the Canister
Report number: 2009:28.

Authors: :Adrian Bath and Hans-Peter Hermansson

Date: August 2009.

This report concerns a study which has been conducted for the Swedish
Radiation Safety Authority, SSM. The conclusions and viewpoints pre-
sented in the report are those of the author/authors and do not neces-
sarily coincide with those of the SSM.

SSM perspective

Background

The present groundwater chemical conditions at the candidate sites for a
spent nuclear fuel repository in Sweden (the Forsmark and Laxemar sites)
and processes affecting its future evolution comprise essential conditions
for the evaluation of barrier performance and long-term safety. This re-
port reviews available chemical sampling information from the site investi-
gations at the candidate sites, with a particular emphasis on redox active
groundwater components and microbial populations that influence redox
affecting components. Corrosion of copper canister material is the main
barrier performance influence of redox conditions that is elaborated in
the report. One section addresses native copper as a reasonable analogue
for canister materials and another addresses the feasibility of methane
hydrate ice accumulation during permafrost conditions. Such an accu-
mulation could increase organic carbon availability in scenarios involving
microbial sulphate reduction.

Purpose of Project

The purpose of the project is to evaluate and describe the available
knowledge and data for interpretation of geochemistry, microbiology
and corrosion in safety assessment. A conclusive assessment of the suf-
ficiency of information can, however, only be done in the future context
of a full safety assessment.

Results

The authors conclude that SKB'’s data and models for chemical and
microbial processes are adequate and reasonably coherent. The redox
conditions in the repository horizon are predominantly established th-
rough the SO,*/HS- and Fe**/Fe?* redox couples. The former may exhibit
a more significant buffering effect as suggested by measured Eh values,
while the latter is associated with a lager capacity due to abundant Fe(II)
minerals in the bedrock. Among a large numbers of groundwater features
considered in geochemical equilibrium modelling, Eh, pH, temperature
and concentration of dissolved sulphide comprise the most essential
canister corrosion influences. Groundwater sulphide may originate from
sulphide minerals and ongoing sulphate reduction as indicated by SRB
populations, and may be limited by organic carbon availability. Another
possible route for sulphate reduction is by coupling with anaerobic me-
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thane oxidation. However, during present day conditions methane levels
at Forsmark and Laxemar are probably too low for any essential sulphide
production by that route. Methane hydrate could accumulate in frac-
tures and repository void spaces beneath permafrost, but the potential
impacts would be minimised by low porosity in crystalline rocks down to
and below repository depth.

Future work

A more detailed understanding of geochemical processes at repository
depth may be needed to establish a firm basis for evaluation of groundwa-
ter corrodent concentrations. The same ranges of processes also need to
be analysed in more detail for scenarios involving major climate change.

Project Information

Project manager: Bo Stromberg

Project reference: SSM 2008/280

Project number: 200810237 and 200810238
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Executive summary

This report reviews the available biogeochemical data and the resulting
models for redox-controlling systems in the near field geosphere at reposi-
tory depth at SKB’s two candidate deep repository sites at Forsmark and
Laxemar. It focuses particularly on the processes that control present and
future concentrations of HS™ which is the main species of reduced sulphur in
these conditions and is a corrodant of copper metal. Data and models for the
near field are the main consideration here because these define the boundary
conditions for how corrosion conditions will evolve in the EBS, i.e. in the
bentonite buffer between the interface with rock and the rim of a canister.
Processes in the buffer itself are not considered in depth because they are the
focus of other work being carried out for SSM.

Data reported by SKB for populations of microorganisms in water samples,
assumed to be reasonably representative of in situ groundwaters, are com-
piled. The main patterns and relationships among the main types of microbes
and hydrochemical parameters are discussed. In addition, data from similar
investigations at the Finnish site at Olkiluoto can be compared with data
from Forsmark and Laxemar. Overall, comparison of the three sites indicates
a coherent biogeochemical model that covers the range of conditions. Or-
ganic carbon (DOC) availability is an important constraint on reduction reac-
tions.

A survey of literature for biogeochemical models for sulphate (SO,*) reduc-
tion in organic-rich sediments provides some indication of reduction rates,
but uncertainties and variability are large. It can be concluded that SO~
reduction by DOC is relatively rapid when it is mediated by microbial activ-
ity. Transferring that conclusion to the geosphere conditions at the crystal-
line rock sites requires some caution because of the constraints of low DOC,
low microbe populations and other geochemical aspects such as salinity. The
general significance of the biogeochemical pathway for SO,* reduction in-
volving methane (CH,), i.e. anaerobic oxidation of CH,4, remains inconclu-
sive, but it is likely to be minor or negligible with the present low CH, abun-
dance at repository depth at Forsmark and Laxemar whereas it is considered
to be more likely at the Finnish site at Olkiluoto at which concentrations of
CH, are many orders of magnitude higher. Relevant data for concentrations
of CH,4 and H, in groundwaters at the sites are sparse; data are not available
for acetate.

SSM’s compilation of SKB’s reported hydrochemical data for pH, E, and
redox-active solutes is updated. Geochemical modelling is used to evaluate
the effect of adjusting pH values for the possibility that CO, outgassed at
time of sampling and thus caused pH values to drift upwards. Geochemical
modelling is also used to calculate theoretical electrochemical potentials, Ej,
values, for the SO,#/HS™ and Fe(OH)s/Fe?* redox couples (Fe**/Fe** couple
is also modelled but Fe** data are too uncertain for that calculated E,, to have
any reliability). Comparison shows that site-measured E;, values are most
usually closer to the electrochemical potential calculated for the SO,2/HS
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couple. The potential for the Fe(OH)s/Fe** couple is usually lower, i.e. more
negative Ej, values. This provides further evidence that SO, reduction is
active, presumably because of mediation by SRB. Other lines of interpreta-
tion, and the fact that Fe** is much more abundant in the total system than
S04 or HS because of the Fe' reservoir in minerals, suggest that long-term
stability of reducing conditions is likely to depend on Fe”* redox reactions.

Maximum HS concentration in near-field groundwater will be attenuated by
precipitation of ferrous sulphide. That control is likely to persist into the
future if Fe?* buffering by water-rock reaction with mineral sources of Fe"
continue and pH conditions remain stable. Modelling of geochemical equi-
librium confirms that FeS rather than FeS,, pyrite, is the control for present
HS™ concentrations in near-field groundwaters. However pyrite is an acces-
sory mineral in bentonite and presumably is a significant buffer of redox in
the EBS. If pyrite were to control the concentration of Fe?* at a very low
level in the bentonite, then HS™ concentration could in theory be proportion-
ately higher in equilibrium with FeS, though SKB provides evidence that
production of HS™ in situ would be inhibited in highly compacted bentonite.

Biogeochemical conditions at the EBS-rock interface in the initial period
after closure of a repository could be affected by higher temperatures (typi-
cally 40-60°C for 1000 years) and higher radiation. These transients will be
precursors for the evolution of near-field conditions in the long term.

The scenarios for long-term variations of biogeochemical conditions away
from those presently observed, and the potential impact of those changes on
production of corrodants in the near field, are considered. The most signifi-
cant changes would probably be either greater penetration of fresh water
recharge carrying greater amounts of DOC and possibly also increasing mi-
crobial numbers and activity, or increasing salinity and influx of greater
amounts of SO, to the near field. Both possibilities could increase HS™ pro-
duction outside the EBS which would cause a greater diffusive flux of HS’
into the EBS. If HS™ will be limited by precipitation of FeS then HS™ concen-
tration is unlikely to exceed 0.1 to 1 mg/L. This is a reasonable interpreta-
tion, but needs to consider possibilities that availability of reactive Fe** buff-
ered by mineral Fe"' declines or whether there could be a big change of pH.

The stability of copper metal in terms of HS™ concentration and other ambi-
ent hydrochemical parameters is examined by thermodynamic analysis and
displayed in E,-pH space in Pourbaix diagrams. Corrosion of copper by HS®
could form rather complex products in the Cu-S-H-O system and the effec-
tiveness of immunity or passivation would be variable depending on those
products. The effect of salinity, i.e. increasing CI, is to increase the vulner-
ability of copper at a given Ej;,; increasing temperature has a similar effect, as
does decreasing pH.

Pourbaix diagrams constructed to take account of additional solutes Fe, ClI,
N and COg; investigate what controls the immune areas and solid equilibria
that influence corrosion. Amongst the issues is the potential effect of NH; on
corrosion although present natural concentrations are well below levels that
would have an impact.
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There are a rather small number of native copper occurrences in ore deposits
and of more minor occurrences worldwide that represent the preservation
(‘immunity”) of metallic copper against corrosion in those specific geologi-
cal and geochemical settings. Evidence about long-term stability or corro-
sion/alteration of copper metal in these various conditions is assessed. In
most if not all cases, geochemical conditions have probably remained fairly
constant and protective of the copper metal for much of their geological
ages. Exposure of native copper to ‘active’ open-system biogeochemical
fluctuations and processes has happened for rather shorter periods of time.
Alteration (‘corrosion’) products probably originate from these periods of
exposure. It is not presently possible to infer the relationship of these altera-
tion products to either specific environmental conditions (e.g. groundwater
compositions) or timescales.

Stability fields of copper metal in natural conditions, plus the areas in Ep-pH
space where passivating oxides are stable, are examined with Pourbaix dia-
grams for complex geochemical systems. Mixed Cu-Fe oxides are indicated
but these probably form only at high temperatures and are thus not relevant.
Previous work on these issues for SKN and SKI concluded that reaction
kinetics and metastable sulphide phases are probably important alongside the
thermodynamic equilibria.

In conclusion, this report has found that SKB’s data and models for biogeo-
chemistry of redox at repository depth provide a reasonably coherent under-
standing of how concentrations of corrodant solutes are controlled in the
near field. Data for in situ conditions are rather sparse but are judged to be
just adequate to underpin the interpretations, considering the difficulties of
sampling. Some data have yet to be reported and there are data gaps or large
uncertainties in some of the more “difficult’ biogeochemical parameters.
Relationships and spatial variabilities of parameters are not clear cut, there-
fore interpretations are tentative. The central theme of the biogeochemical
model is that microbial mediation causes redox reactions to achieve equilib-
rium much faster than they would otherwise. Therefore the system will be
reactive to external changes, e.g. increase of methane concentrations, and
also will be internally buffered by water-rock reactions, e.g. reactions with
mineral sources of Fe'. The models provide a basis for prognosis of the bio-
geochemical effects in scenarios for evolution of the system at repository
depth. SKB’s long-term safety case in SR-Site should be evaluated in terms
of its robustness to those scenarios on the basis of redox equilibria, outside
the EBS and probably also inside the EBS, being reached relatively quickly
and also on the basis of fluxes and mass budgets of chemical and microbial
species.
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1. Introduction and scope

Intellisci Ltd (Adrian Bath) and Studsvik Nuclear AB (Hans-Peter Hermans-
son) have collaborated since 2004 supporting SSM (and formerly SKI) in the
evaluation of geochemical data reported by SKB from their deep repository
site investigations at Forsmark (Osthammar) and Simpevarp-Laxemar (Os-
karshamn). In addition, the collaboration has involved the scientific review
of some geochemical issues that might influence post-closure performance
of the engineered barrier system, primarily understanding of the present and
likely future redox conditions and control in groundwaters at repository
depth.

The present document describes the tasks carried out during 2008 within the
collaborative work. The work is a continuation and development of geo-
chemical review and modelling carried out in the 2006-7 programmes of
work on “Variability and Uncertainties of Key Hydrochemical Parameters
for SKB Sites” and “Impacts of Future Glaciations on Geochemical Condi-
tions at Repository Depth: Review of SKB’s Approach”. These tasks were
reported in SKI research reports [1, 2].

The task descriptions below give an overview of the present collaborative
work.

1. Review site-specific and generic literature from SKB, SKI, Posiva
and other research (including underground labs and other tun-
nels/mines) on biogeochemistry in geosphere at repository depth of
redox and corrodants: dissolved oxygen (DO), sulphide (HS’), iron
species (Fe**, Fe**), N species, methane (CHy), hydrogen (H,).

2. Carry out modelling of redox processes, including considerations of
microbial mediation of reactions and of other effects such as solute
transport and mass budgets on concentrations of corrodants (espe-
cially sulphide) in vicinity of deposition holes.

3. Investigate potential impacts of changing corrodant and other geo-
chemical conditions (HS’, CI', N species, CH,4, H,, DO, DIC) on the
stability of components in the EBS, particularly of copper.

4. Review literature and other information about the occurrence and

geochemical stability/alteration of native copper, particularly with

respect to ambient biogeochemical conditions including redox spe-
cies, salinity, microbial populations, DIC.

Review electrochemical basis of natural analogues of native copper.

Evaluate experimental and theoretical evidence for copper stabil-

ity/instability under natural aqueous conditions, oxic or anaerobic.

o o
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2. Issues addressed

Knowledge of electrochemical redox conditions in groundwaters at reposi-
tory depth at the present time has been a target for geochemistry in SKB’s
site characterisation projects at Forsmark (Osthammar) and Simpevarp-
Laxemar (Oskarshamn). Knowledge of the factors that promote redox stabil-
ity and that control possible redox fluctuations in the short-term after closure
and through long-term future environmental changes will need to be demon-
strated in SR-Site. The important redox conditions for long-term repository
performance are those that control the abundance and supply of corrodants,
i.e. redox-sensitive species and other solutes, to the outer surfaces of canis-
ters.

In the short term after closure, these conditions around the canisters will
likely be the product of biogeochemical interactions between groundwaters
and engineered barrier system (EBS) components, principally buffer and
backfill materials. In the longer term, natural redox conditions may pre-
dominate within the EBS. For either case, the microbiological and geo-
chemical processes that control corrodant species should be understood. If
and when canisters are eventually breached and radionuclides released, re-
dox conditions will play an important role in speciation and mobility of
some radionuclides as well as affecting some sorbing solids.

Redox conditions, i.e. electrochemical tendency to reduction or oxidation of
solutes and specifically the activity of electrons and abundances of oxidising
or reducing corrodants, are the general issue. The potential for transport of
dissolved oxygen, which is an oxidising corrodant towards copper, in
groundwater flow to repository depth, and the geochemical attenuation and
consumption of any such oxygen especially under enhanced flow conditions
such as in sub-glacial hydrological conditions, was considered in [2, 3, 4].

This report focuses on the biogeochemical processes that control abundances
of corrodants, primarily sulphide, in reducing conditions. Microorganisms
play a potential key role by mediating these processes, e.g. the reduction of
dissolved sulphate to sulphide.

Biogeochemical conditions in a future repository should therefore be consid-
ered in the context of:

(@  Naturally-occurring microorganisms and sources of redox-active geo-
chemical species at repository depth: carbon as a microbial energy
source and other electron donors, i.e. reducing agents; sulphate and
other terminal electron acceptors, i.e. oxidised solutes.

(b)  Additions and changes to these natural biogeochemical systems aris-
ing from ‘introduced materials’ in the repository: for example, intro-
duction of labile organic carbon and of microorganisms could be a
relatively significant perturbation to the natural system which has low
organic carbon abundance and microbial activity.
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(c) Scenarios for future changes in these groundwater conditions:
groundwater composition changes over time, either towards higher or
lower total salinities and with corresponding changes of sulphate and
possibly also of other redox-active solutes; changes of abundances of
dissolved organic carbon and/or of microorganisms due to changing
surface environment; changes of dissolved methane concentrations
from either deep geosphere or shallow biosphere origins.

The implications for repository performance of biogeochemical conditions in
groundwaters around a repository volume are assessed by modelling the
chemical thermodynamics of redox development and resulting reactions that
would corrode copper canisters. In addition, the possible implications of
reaction mediation, specifically kinetics of redox transformations, by micro-
organisms are considered.

Insights into these geosphere processes and their potential effect on corro-
sion of copper might be provided by study of occurrences of ‘native’ copper
and of the geochemical conditions in which naturally-occurring copper has
survived for geological timescales in its metallic form, i.e. resisting corro-
sion. The second part of this report provides information on such occur-
rences, albeit rare, and discusses the issues relating to apparent stability of
copper in these cases.
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3. Contents of this report

Chapters 1 and 2 provide an introduction to the scope and background of this
report. In particular, the scope is limited primarily to biogeochemical condi-
tions in the near-field geosphere at the outside of the Engineered Barrier
System (EBS). EBS issues are considered in detail in reviews and reports in
other SSM projects. The scope also focuses on chemically reducing condi-
tions in the near field and the production and control of the main relevant
corrodant which is sulphide (HS’). Scenarios for oxidising conditions and
specifically the potential penetration of dissolved oxygen (DO) to repository
depth and its geochemical attenuation have been considered in a previous
report by these authors.

Chapter 4 summarises microbial and associated hydrochemical data from
groundwater sampling operations at SKB’s sites at Forsmark and Laxemar-
Simpevarp. Tables of these data are in Appendix A. The biogeochemical
significance of, and uncertainties in interpreting, these rather sparse data are
discussed.

Chapter 5 looks at what is available from the literature for constructing mod-
els for biogeochemical processes and for calibrating the rates at which the
processes might operate in the crystalline rock environment of interest. SKB
has a qualitative geomicrobiology model and also has quantitative geo-
chemical models for evolution of near-field and EBS chemistry including pH
and redox (Ep) which have various simplifications, mainly that of equilib-
rium, and do not attempt to couple the microbial effects on reaction kinetics.
Microbiological models in the literature for SO,* reduction in shallow sedi-
mentary geochemical systems are evaluated as indicators for processes in the
very different conditions of deep crystalline rock groundwaters.

Chapter 6 presents an updated compilation of pH, E;, and redox-related geo-
chemical data that SKB has reported for Forsmark and Laxemar. The tabu-
lated data are in Appendix B. It also reports the results of geochemical mod-
elling of redox couples so that calculated E, and measured in situ E;, values
can be compared and conclusions drawn concerning what controls the meas-
ured Ey and what biogeochemical processes are likely to control long-term
redox stability or variation. Then the possible scenarios for long-term varia-
tions of hydrochemistry and of redox-active species are discussed qualita-
tively and possible impacts identified in the context of the biogeochemical
models.

Chapter 7 puts the potential variations of near-field compositions of redox-
active solutes, and thus potential variations of chemistry in the EBS, in the
context of direct effects on copper corrosion. This is done by means of ther-
modynamic calculations and illustration of corrosion-related solution-solid
equilibria in E,-pH space as Pourbaix diagrams. Some points arising from
these are discussed, mainly concerning the sensitivity of corrosion processes
to other variables in these complex natural geochemical systems.
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Chapter 8 presents a brief review of information about native copper occur-
rences worldwide. It considers whether these provide ‘analogue’ information
that could be useful in understanding long-term corrosion resistance. It also
considers how much information is available about the specific biogeo-
chemical conditions that account for the preservation and altera-
tion/corrosion of these occurrences. Thermodynamic modelling and Pour-
baix diagrams are used to illustrate the complexity of redox conditions and
equilibria involved.

Chapter 9 presents a summary of the main points and conclusions arising in
this review. Some issues that are relevant in review and evaluation of SR-
Site are offered to SSM.

There are five appendices: A contains details of the microbiological analyses
and associated geochemical data from Forsmark and Laxemar-Simpevarp,
and also comparable data from Aspé and Olkiluoto; B contains the spread-
sheet that tabulates the redox-related hydrochemical data from SKB reports;
C presents an extended review and assessment of information that is perti-
nent to the question of whether methane hydrate ice could form in perma-
frost in these rock environments and what if any impact it could have; D
contains additional Pourbaix diagrams for variations of the main parameters
in the Fe-S-O-H system that supplement Figure 6 in Chapter 7; E also con-
tains additional Pourbaix diagrams for variations of the main parameters in
subdivisions of the Cu-Fe-CI-N-S-C-H-O system, supplementing Figures 7
to 12 in Chapter 7.
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4. Biogeochemistry in
Fennoscandian crystal-
line rocks

4.1 Data for microorganisms at Forsmark and Laxemar-
Simpevarp

The main methods that have been used to analyse microorganisms in deep
water samples from these sites are (a) counting total numbers of cells by the
AODC (acridine orange direct count) method, and (b) measuring most prob-
able numbers (MPN) of cultivable cells of the main types of anaerobic mi-
croorganisms by incubating inoculations of suitable media and analysing for
metabolic products or substrate consumption. The populations of cultivable
microorganisms as measured by (b) are generally a small fraction of the total
microorganism numbers as measured by (a).

It has been suggested that microorganisms with MPN populations >10° mL™
in water samples might have high biogeochemical influence, whereas lower
populations down to 50 mL™ are considered to have possible or low influ-
ence on groundwater chemistry. It is probable, however, that microbial
population densities on fracture surfaces are considerably higher than densi-
ties in corresponding groundwaters, and therefore that these ‘sorbed’ or
‘biofilm” microorganisms play a very significant role in biogeochemical
reactions. There is no information about populations and biogeochemical
activities of sorbed microorganisms in Fennoscandian crystalline rocks.

Prior to the present investigations at Forsmark and Simpevarp/Laxemar, total
cell numbers in deep groundwaters in the Fennoscandian Shield were con-
sidered to be typically 10° to 10° mL™ (cells per millilitre) and generally
independent of depth over the range of interest, to around 1000 m [5, 6].
Populations of sulphate-reducing bacteria (SRB) were estimated to be mostly
in the range 100-10000 mL™. It was suggested that there might be a correla-
tion between SRB prevalence and fracture-filling iron sulphide [7]. It was
also suggested that SRB numbers decline in the most saline groundwaters,
but evidence for this was inconclusive [5].

The recent investigations, of which there are details in Appendix A, have
indicated slightly lower populations of microorganisms. Reliable estimates
for total numbers of cells in deep groundwater samples from Aspé HRL,
Forsmark and Laxemar are in the range 4.5x10* to 1.7x10° mL™[8].

Some comments on the biogeochemical data that are compiled in Tables Al
and A2 in Appendix A are:

— SKB’s site descriptive model (SDM) v2.1 ‘R’ reports generally have only
graphical illustrations of microbiological data, so it has been necessary to
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obtain raw data values for KFMO6A & 07A and KLX03A samples from
SKB’s ‘P’ reports (in which likely data ranges for 95% confidence are
also given);

— Hydrochemical data for E, and redox-active solutes are not available for
some samples with microbiological data, e.g. all KFMO6A samples and
KLX03/196;

— There are no ‘historical’ MPN data for anaerobes, and only estimates of
total cell numbers, for KLX01 & 02 samples, so the only data for the
Laxemar sub-area are from four KLX03 samples.

— The reproducibility of the samplings and microbiological analyses is not
well enough known, although evidence is presented in ‘P’ reports and in
[8] that analytical reproducibility may be within a factor of 2. However
the issue of ‘in-borehole’ sample contamination, especially by mixing
with residual drilling or flushing water, also should be taken into account
(data for % of drilling/flushing water are in Tables Al and A2).

Cultivable SRB populations in repository-depth groundwaters at Forsmark
and Laxemar-Simpevarp, as measured by an appropriate MPN (most prob-
able number) method, have been found to be rather lower than previously
suggested: <0.2 to 500 mL™, with one outlier of 3000 mL™ in a sample from
Aspd [8]. SRB numbers in Forsmark water samples are low, <2 mL™, down
to repository depth and appear to have an inverse correlation with SO,* con-
centrations which is not evident in samples from Laxemar-Simpevarp, but in
both cases there are too few data to draw any firm conclusion. The depth
trends of SO, concentrations at the two sites are different: at Forsmark,
S0,* reaches a maximum of about 600 mg/L in brackish marine waters at
500-600 m depth and decreases with increasing salinity below that, whereas
at Laxemar, SO, increases in correlation with Cl reaching a maximum of
700-800 mg/L in saline waters at 1000 m depth.

4.2 Discussion of biogeochemical data

The numbers of water samples from Forsmark, Laxemar and Olkiluoto with
fairly complete data for microorganism populations and inorganic solutes are
low. Microbial data may have variable and quite high uncertainties as to how
representative they are of in situ conditions, although evaluation of replicate
samplings and analyses gives some degree of confidence about reproducibil-
ity [8]. Some tentative interpretations draw the information together and give
an idea of biogeochemical processes:

e In most water samples that were analysed for microorganisms, the num-
bers (MPN values) of the analysed anaerobes were generally low. Ac-
cording to SKB’s criteria, these low numbers are of low or negligible in-
fluence in mediating the relevant reactions. The numbers in only a few
samples were sufficiently high to have significant influence, so the in-
ferences that follow relate to a low proportion of a small number of
samples. Therefore the inferred relationship between microorganisms
and redox conditions appears to be heterogeneous and is uncertain.
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e Comparing microbiological data from Forsmark and Laxemar-
Simpevarp, the numbers of SRB have similar ranges and variability be-
tween the two areas, except for an isolated ‘historical’ analysis for a
sample from KLX01 which has to be regarded cautiously.

e The numbers of acetogens are generally rather higher in Laxemar-
Simpevarp samples than in Forsmark samples, but there are not enough
data to justify an interpretation of such differences. Three samples from
KLXO03 have significantly high numbers of acetogens and one of these
(which is from repository depth range) also had significant numbers of
methanogens and SRB. One sample from Forsmark, KFMO03A/943, has
notably high numbers of acetogens and SRB. Acetogens might facilitate
sulphate reduction via the oxidation of DOC or methane to acetate
which SRB then utilise. Population humbers of acetogens broadly corre-
late with hydrogen concentrations which suggests that acetogens are ac-
tive.

e Populations of methanogens are mostly low, with MPN >100 mL™ in
two samples from Forsmark and one from Laxemar. This indicates that
in situ methane production does not occur to a significant extent. There-
fore observed low concentrations of dissolved methane probably have
an external source, i.e. deep-seated ‘geogas’.

e The much higher present-day CH, at Olkiluoto does not correlate with
an increase in SRB numbers, though it does correspond to very low sul-
phate concentrations below 400 m depth.

From sparse data, Pedersen et al have tentatively inferred that SRB and the
reduction of SO,* dominate from about 100 m depth down to repository
depth range and also in a deeper zone to ~900 m depth at Laxemar, with
organic carbon and acetate respectively as the carbon sources (this is a simi-
lar model to that for Forsmark). DOC in these groundwaters is typically in
the range 1.4 to 21 mg/L. It had previously been observed in hydrochemical
interpretation that evidence of SO, reduction (i.e. lowered SO,* and raised
HCOj3 concentrations) in Aspd groundwaters tends to correspond with high
contents of DOC, >10 mg/L [9]. There is no evidence to suggest that SRB
use CH, rather than, or in addition to, DOC or acetate as the carbon source in
groundwaters at Forsmark and Laxemar.

This contrasts with Olkiluoto where it is thought that CH, might be involved
in SO, reduction. This is based on the changes of both SO,* and CH, con-
centrations that are observed at 300-400 m depth, although there is no direct
evidence for anaerobic CH, oxidation.

Unfortunately there are no data for acetate concentrations at any of these
sites. It would be interesting to know how these vary within and between
sites, in view of the role that acetogens and acetate might have in SO, re-
duction.
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4.3 Experiments on oxygen consumption

Studies of microbial oxygen reduction in the Redox Zone, REX and Mi-
crobe-REX experiments in the Aspo HRL focused on the transient prolifera-
tion of aerobic microbes due to perturbation of an anaerobic groundwater
regime by the introduction of oxygen [9, 10, 11, 12].

The Microbe-REX study comprised laboratory experiments to measure total
respiration rates and oxygen reduction rates in groundwater samples from
the Aspd HRL tunnel, attributing reactions primarily to methane-oxidising
bacteria (methanotrophs) [11]. Total cell counts in the unperturbed ground-
water samples were 10°-10° cells mL™. After introduction of oxygen, cell
counts were similar or higher, presumably due to introduction of aerobic
bacteria. Dissolved CH, concentrations were measured in the range 1-10°
uM and H, in the range 0.1-10 uM. Analyses of groundwater samples from
close to the tunnel wall showed that a major part of the microbial popula-
tions was methane- and hydrogen-oxidising bacteria, up to 2x10° cells mL™.
Laboratory experiments indicated O, reduction rates, mediated by those
aerobic bacteria, from 0.3 to 4.5 uM O, per day. It was concluded that CH,
oxidation is one of the processes in the attenuation of O, that would be in-
troduced during repository excavation and operation, and perhaps also dur-
ing a future glaciation. However the main process that would consume DO
in infiltrating groundwaters down to repository depth is considered to be the
oxidation of ferrous iron, Fe", released from iron-containing minerals. The
modelling of this oxygen-consumption and redox-buffering process is de-
scribed briefly in Section 5.1 below.

Rates of Fe' oxidation by O, were studied by in situ and laboratory experi-
ments in the REX project which also identified the roles of CH, and H; in
depleting oxygen in this environment [9]. The experiments focused on the
rates of O, depletion by reaction with Fe'-minerals on fracture surfaces,
which may be mediated by Fe-oxidising microbes. For the fracture mineral
conditions in the samples from Aspé HRL, the experimental rate of O, de-
pletion was between 50 and 1.3x10° uM O, per day, i.e. comparable or
greater than the rate of depletion in the Microbe-REX experiments.

4.4 Experiments on sulphate reduction

Initial evidence of SRB facilitating the reduction of SO,* in groundwaters at
these sites came from limited experimentation with groundwater from
KLXO01. Using lactate as the C source, the rate of HS™ production by unat-
tached SRB was measured as 8-114 pmol m>d™ and by SRB attached in a
biofilm was 0.2-9 umol m?d™ [13]. These empirical results are not directly
comparable because the former rate is per water volume whilst the latter rate
is per surface area, but they suggest that (a) SRB attached as biofilms to
mineral surfaces are more efficient at producing HS™ than when not attached,
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and (b) that up to 290 ug of H,S per day could be produced by SRB in a
biofilm per m? of the surfaces of a fracture with 1mm aperture. It is noted
that these experimental rates were apparently not constrained by available
carbon because an artificial source, i.e. lactate, was added. Thus the rates
would be expected to represent an upper limit relative to unperturbed natural
conditions where DOC and/or bacteriogenic acetate is the sole C source,
although the study described below suggests otherwise.

Observations made during a 90-day closed loop circulation ‘MICROBE’
experiment in a fracture 43.8 m from the tunnel wall at 447 m depth in Asp6
HRL, provided in situ evidence for sulphate reduction coupled with acetate
production and consumption in unperturbed deep groundwaters [8]. Inter-
preted rates of production of HS™ and acetate (HA") during the main part of
the MICROBE experiment were 0.08 mg(HS)L™*d™ and 0.14 mg(HA)Ld™.
The HS™ production rate converts to 2400 umol md™ which surprisingly is
several orders of magnitude higher than the rate in experiments (described
above) where lactate was the C source. Rates broadly corresponded with the
measured cell populations of SRB and acetogens in solution which were
inferred to be indicative of much larger populations of active microbes at-
tached to fracture surfaces in biofilms. It is speculated that the higher rate of
HS™ production in the in situ experiment compared with lab experiments
could be due to the difficulty of maintaining reducing anaerobic conditions
in the latter case, and perhaps also to a greater propensity for active biofilms
in the former case.

There is a general inference that microorganisms attached to rock surfaces in
biofilms have greater population density and are expected to be more active
in microbially-mediated redox transformations such as HS™ production than
microorganisms dispersed in groundwater. This means that analyses of cell
populations in water are just a proxy indicator of relative levels of biogeo-
chemical activity. Moreover it is likely that some rock surfaces are better
microbiological hosts than others, for example surfaces with labile redox-
active elements such as Fe. Rock surfaces that have been ‘contaminated’ by
deposits of insoluble organic carbon from substances introduced by reposi-
tory construction would probably stimulate the highest levels of microbi-
ological activity.
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5. Models for biogeo-
chemical processes in
the geosphere

5.1 Consumption of dissolved oxygen

Numerical models for the consumption of O, in: (a) shallow groundwaters in
fractures, involving reactions with dissolved organic carbon and with frac-
ture minerals; (b) saturated backfill, involving reactions with organic carbon
and with Fe" and sulphide minerals; (c) rock between surface and repository
depth and around a repository; and (d) saturated bentonite buffer, have been
reported by [10, 12, 14, 15, 16].

Reducing reactions and reactants involved in consumption of oxygen in geo-
sphere rocks are distinct from those involved in sulphide production, and
they have been reviewed in detail for SSM elsewhere [3, 4]. So only a brief
summary of the reactions and of the involvement of microorganisms in oxy-
gen consumption is provided here.

In (a) and (b), the kinetics of O, reaction have taken account of microbial
mediation. In (c) the rate of O, consumption in a transmissive fracture is
constrained by the rate of Fe' release by dissolution of fracture-filling biotite
or chlorite, as per the model of Guimera et al [17, 18] which does not contain
any microbial enhancement of dissolution rates. SKB’s approach to model-
ling the attenuation of DO in transmissive fractures has been reviewed for
SSMin [2, 3, 4]. The reviews conclude that SKB’s geochemical model has
uncertainties that potentially make the resulting predictions of O, consump-
tion non-conservative. The uncertainties occur in assumed maxima for
downwards sub-glacial water velocity and DO concentrations, and also in
the kinetics of release of Fe?* from biotite or chlorite. Modelling shows that
an uncertainty range of two orders of magnitude in the reaction kinetics is
significant in terms of O, attenuation. Along with uncertainties about the
duration of anomalous sub-glacial hydraulic conditions, it can be concluded
that there is a low but non-negligible probability of DO reaching repository
depth. Whether that oxygen could then have any impact on copper canisters
would depend on the performance of the near-field rock barrier and of the
bentonite buffer.

In (d), the consumption of O, in buffer is constrained kinetically by the rate
of in-diffusion and in mass budget terms by the amount of pyrite present in
compacted bentonite, i.e. not making any assumptions about microbial in-
volvement.
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Grandia et al’s model for O, consumption in saturated backfill [14] considers
a reference case in which pyrite in backfill is the early phase with reducing
capacity (RDC), and several sub-cases involving + pyrite, + siderite, + or-
ganic matter and biotite as the only Fe' containing phase. Whilst microbial
activity is implicated in the consumption of O, by organic matter, and a suit-
able kinetic formula for this has been adopted form the REX project [9], it
has been suggested that microbial mediation of pyrite oxidation is significant
only for a narrow pH-O, field which is acidic with Fe*" rather than O, as the
principal oxidizer and is therefore not significant for conditions in backfill
[14].

5.2 Microbial production of sulphide

5.2.1 Sulphate reduction in crystalline rock groundwaters

The model proposed by SKB for SO,* reduction in groundwaters at Fors-
mark and Laxemar utilises short chain organic acids, such as acetate (which
are produced by acetogenic bacteria) as the normal sources of carbon and
energy for SRB [8, 19]. The sequence of reactions is:

e  Production of acetate from H, and CO,, mediated by autotrophic aceto-
gens;

e Reduction of SO,* by acetate (possibly coupled with H,) or by DOC,
mediated by SRBs;

e Control of dissolved HS™ by reaction with Fe* to precipitate FeS and
FESZ.

The general implication of this model is that the sulphide production rate
potentially has a number of constraining factors: the fluxes of SO,*, DOC
and H, and possibly also of CH,, as well as the viability and activity of ace-
togens, SRB and maybe also methanogens. It is inferred that the generally
low populations of these microorganisms reflects the low concentrations and
fluxes of the main energy sources, i.e. DOC and H,. Equally, it is evident
that the overall constraint on sulphide production is the flux of dissolved
S0, (assuming that sources of SO, by mineral sulphide oxidation are rela-
tively minor). This appears to have been the case at Olkiluoto where sulphate
has been depleted in deep groundwaters, and it may be happening below
repository depth range at Forsmark where SO,* decreases. Within repository
depth range at both Forsmark and Olkiluoto, where SO,* remains at moder-
ate concentrations, it seems that other factors are limiting the process, e.g.
supply of naturally-occurring DOC and/or H,.

It is likely that natural DOC will be enhanced in the vicinity of a repository
by organic substances that would be introduced during construction and op-
eration. From an estimated inventory of such organics, and by consideration
of degradation pathways, maximum amounts of HS™ that could be produced
by SRB activity in deposition tunnels and other cavities in the repository
have been estimated [19]. These amounts are 1.22 and 36 uM respectively,
which equate to dissolved concentrations of 0.06 and 1.2 mg(HS) L™. The
same calculation was referred to in SKB’s SR-Can to infer that “the maxi-
mum amount of sulphide that can be generated microbially is ~10 moles for
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each deposition hole, which, if it was able to react completely with the canis-
ter, would be equivalent to a corrosion of less than 10 pm if distributed
evenly” [15]. The reasoning behind this interpretation of the original infor-
mation is not provided.

In addition to the constraint on microbial activity posed by availability of
energy sources, DOC and H,, there is the basic constraint on microbial vi-
ability which is posed by the availability and mass transfer of nutrients that
are necessary for cell growth. These nutrients include nitrogen and phos-
phate compounds. Minerals and groundwaters at repository depth in crystal-
line rocks are extremely poor suppliers of nutrients, i.e. an ‘oligotrophic’
environment. Dissolved nitrogen, mainly as NH,", is reported in the SKB
hydrochemical database at concentrations up to mg/L level; the higher con-
centrations of NH," in this range are found in groundwaters that are domi-
nated by the brackish Littorina water component. Dissolved phosphate oc-
curs at the pg/L level or below detection limit. Lower typical concentrations
of N and P are quoted for Laxemar and Forsmark groundwaters in [8]; the
reason for the discrepancy is not explained. A future evolution of groundwa-
ter composition at repository depth in which the concentrations of N and P
were significantly higher is not envisaged, so nutrient supply will persist in
the long term as a constraint on biogeochemical reactions.

In summary, the biogeochemical factors that need to be taken into account of
prognosing the likely maximum rate of production and maximum concentra-
tion of HS™ in geosphere groundwaters at repository depth are:

e SO,* concentration and inwards flux of SO,*-containing groundwaters;
e Population and viability of SRB and acetogens;

e Concentration and inwards flux of DOC that is one of the sources of C
to acetogens and SRB;

e  Temperature, salinity, minor nutrients (N & P compounds) and other
environmental factors that affect microbial proliferation and activity;

e Concentration and production rate of Fe** from dissolution of Fe-oxide
or Fe-containing aluminosilicate minerals, mediated by IRB, which re-
acts with HS™ to precipitate FeS and FeS,, and thus limits dissolved HS".
Specifically, the availability of these sources of Fe'' near to deposition
holes and the rate of supply of Fe* might need more consideration.

5.2.2 Rates of sulphate reduction

The rate of SO,* reduction, mediated by SRB, is dependent on several fac-
tors: population and activity of SRB, temperature, concentration of SO,
concentration of available labile DOC, and concentrations of other electron
acceptors that might compete for electrons produced by DOC oxidation.
There is not much literature on kinetic modelling of SO,* reduction, and
moreover all of this literature refers to biogeochemical conditions in sedi-
ments and sedimentary rocks, in which carbon and nutrient sources are gen-
erally higher than in crystalline rocks. So the studies of SO, reduction ki-
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netics described in the following paragraphs have generally assumed that
DOC is not the limiting factor, and may not be directly relevant to the car-
bon-poor and nutrient-poor geosphere environment of interest here. If or-
ganic C is sparse, SRB utilise H, or acetate as energy sources for SO, re-
duction, and there is little if any research on the kinetics of these reactions.

In the literature on SO, reduction in organic-rich sediments, it is coupled to
the rate of DOC oxidation, e.g. [20, 21]:

2CH,0 + SO, + H'— 2C0O, + HS + 2H,0

Utilization of DOC for microbial metabolism is represented by a Monod rate
expression [21]:

R, =R ﬂfor[EAk[EA]nm

i i [EA]Iim

where [EA] is the concentration of the electron acceptor, i.e. SO, in this
case, [EA]im is a limiting concentration above which the rate of reduction is
independent of [EA], and R is the rate of DOC oxidation where [EA] >
[EA]iim- When several competing electron acceptors and related microbes are
present, the total rate of DOC oxidation, R, comprises the sum of the rates
for individual EAs:

i=n

RC = R.

N

The fractional concentrations of each EA to R, depends on the relative ener-
getics of each pathway and the interactions/suppressions among the various
microbes.

In experiments with artificial labile organic substrates, SO,* reduction rates
varied from 0.007 - 0.17 kg m™ h™*, depending on initial SO,* concentration
which was varied from 1000 — 10000 mg/L [22].

[EA]im for SO, reduction has a range of literature values from 0.001 to 1.6
mM [20, 21]. The first order rate constant for oxidation of DOC, k°°°, is in
the wide range of 107 to 10 yr™ [20, 21], i.e. the rate of DOC oxidation
overall is:

RDOC - kDOC [DOC]

So that if DOC is, for example, 0.1mM, then R°®“ is likely to be in the range
102 to 10° mM yr'’. If SO,” is the dominant electron acceptor (as it is in the
deep geosphere) and exceeds 90 mg/L (i.e. 1mM, or possibly less), then the
corresponding rate of SO, reduction mediated by SRB will be in the range
10°® to 10 mM yr™. The lower part of this range is probably appropriate for
the deep geosphere. These reduction rates are considerably lower than the
empirical rate reported from experiments with labile organic matter which
are above 600 mM yr™ [22].
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There has been a lot of interest in the question of whether SRBs compete
with methanogens, or whether SO,* reduction and methanogenesis are mu-
tually exclusive in biogeochemical terms [23, 24] and in what conditions
S0, reduction might be driven by anaerobic oxidation of methane, AOM
[25, 26]:

CH, + SO, — HCO3 + HS + H,0

In AOM, SRB do not utilise CH, directly, but form a consortium with ar-
chaea (single-celled microorganisms without nuclei) to cause SO,” reduction
[25, 27]. Studies of AOM have found that the rate of SO,* reduction may be
very high where CH, abundance is not limiting, e.g. up to 5 pmol cm?d™
[26], or very low where CH, is not abundant (<1 nmol cm™ d'™%).

In cases where DOC is not the electron donor, the Monod rate expression is
not appropriate for SO,* reduction kinetics. The Michaelis-Menten kinetics
equation has been suggested for use [28]:

[EA]
" [EA]+ K,

where R is the rate of SO, reduction, Ry is @ maximum reduction rate (pre-
sumably similar to [EA];i in the Monod equation), [EA] is concentration of
electron acceptor (here SO,%), and K., is the Michaelis constant for the par-
ticular microbially-mediated reaction. Reaction rates for SO,* reduction,
derived like those above from surficial sedimentary systems, of 2.5 x 10™
mol SO,# d* cell™* [27].

For a deep location with only 100 SRB cells per mL, this would correspond
to a rate of about 0.1 mM SO, per year. This is roughly in the middle of the
range of SO, reduction rates inferred above (i.e. 10° to 10 mM yr™) for the
cases where DOC is the electron donor. It would mean, if representative, that
the microbially-mediated reduction of most or all of available SO,* (e.g. 96
mg/L or 1mM) could occur within a relatively short timescale. This indicates
that HS™ production would be constrained by SO,* flux and by SO,* concen-
trations and not by reduction Kinetics.
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6. Geochemical condi-
tions at the EBS inter-
face

6.1 Introduction

SKB’s knowledge and understanding of the possible range of chemical con-
ditions in the Engineered Barrier System (EBS), i.e. in a bentonite buffer
around copper canisters and in the tunnel backfill, were set out in SR-Can
[29, 30, 31]. Those reports were reviewed by SKI’s EBS Review Group
which concluded [32]:

“Redox conditions in the buffer and backfill will be established through
heterogeneous reactions between solutes in groundwater, and major and
minor solid phases in the bentonite/clay. The degree to which pH is buff-
ered and redox poised by the solid phases will depend on mass balance
(are there enough buffering minerals present?), mass action (is the solu-
bility of buffering minerals high enough?), and kinetics (is the reaction
rate of buffering minerals fast enough?).”

and

“Regarding redox buffering, SKB refers to the roles potentially played by
siderite and pyrite, and concludes that siderite dominates redox behaviour
[29]. The presence of sulphate/sulphide in groundwater and iron in
montmorillonite is apparently ignored, again seemingly without consid-
eration of mass balance, mass action, and kinetic constraints. SKB be-
lieves that sulphate/sulphide will not be relevant due to the non-viability
of sulphate reducing bacteria in highly compacted bentonite. The other
possible redox couple acting in the system, Fe'' /Fe'"" has been tested by
SKB [30], but the conditions expected in the system do not reach the
Fe'/Fe"' boundary. Therefore SKB concludes that the equilibrium with
pyrite and siderite (as occurs with present-day groundwaters in Forsmark
[30]) is the principal control of redox in the near field.”

This section of the present report is concerned with the chemical conditions
in the near field at the interface with the EBS. The chemical composition and
especially pH and redox of near-field groundwaters have to be characterised
and understood as bounding conditions for the evolution of buffer and back-
fill. Predictions of future stability or sensitivity to externally-driven changes
of groundwater compositions, supported by palaeohydrogeological evidence,
will also be expected from SKB in SR-Site. Some of the issues that SSM
should be aware of during review of SR-Site are considered here.

There is a brief overview in Section 6.3.2 of the modelling that has been
carried out by SKB and SKI to simulate the production of HS™ at the outer
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rim of the EBS and its transport through the EBS. The focus of this report is
on biogeochemistry in the geosphere and at the EBS interface, rather than on
processes in the EBS. Chemical evolution of the buffer and backfill is the
focus of work being carried out for SSM on alternative models for ground-
water-bentonite reactions, as indicated in the extracts above from the SR-
Can EBS review.

6.2 pH and redox in near-field groundwaters

Hydrochemical data that were available up to the data freeze for SKB’s v1.2
Site Descriptive Models as used in SR-Can were reviewed for SK1 in [1].
The approach used in that report to assess the variability and uncertainties in
the hydrochemical data reported by SKB has been used again here with an
updated hydrochemical data set.

Geochemical modelling with PHREEQC [33] is used for two purposes con-
nected with uncertainties and bias in pH and Ej: (i) to adjust pH to compen-
sate for CO, outgassing on the basis of an assumption that in situ groundwa-
ter should be at equilibrium with calcite, and (ii) to evaluate the hypothetical
E,, on the basis of assumed control by Fe®*'/Fe**, Fe(OH)s/Fe** and SO,#/HS
redox couples.

Adjusting the reported pH to compensate for CO, outgassing has been done
by using the mixing-reaction mode of the computer program to simulate
titration of CO, back into the water until calcite equilibrium is reached. Of
course, if a solution is already saturated or over-saturated with calcite, then
this does not work. However the majority of sample analyses are over-
saturated which supports the hypothesis that CO, outgassing might have
caused rising pH and over-saturation with respect to calcite.

These calculations have been carried out with current groundwater data from
Forsmark and Laxemar, and also from the v1.2 SDM for Simpevarp and the
Aspo HRL. Data for Forsmark and Laxemar were taken from the v1.2 data
set and also from ‘P’ reports of preliminary data from samples obtained and
analysed after the 1.2 data freeze and from a printout of data in SKB’s SI-
CADA database that was requested by SKI and delivered from SKB in early
2008 (note: data originating from SICADA have taken precedence over data
from identical samples in P reports, where there are discrepancies). A compi-
lation of all data used for the following calculations is in Appendix B.

The resulting adjusted pH values are shown in Table 1, in the column headed
‘Model pH at Sl =0’. Adjusted pH data for Forsmark and Laxemar samples
are typically 0.2 to 0.7 pH units lower than the measured values.

Ey, was calculated according to the thermodynamics of the redox couples
S0,%/HS’, Fe*/Fe** and Fe(OH)s/Fe**:

E, [SO4/HS] =
1

RT 9 1 1
23087 2 tog K, )+ 2 oga,. )+ 3 l0gae)- Slogas)|
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where log Kt = log Kygg - AH 1 - 1
IRr= 100" 5 303\ T°K 298

log Kes[SO4*/HS] = -33.65 and
AH[SO4*/HS] = 60.14 kcal mol™

Ep [Fe*"/Fe?"] = 2.303%[— logK; +loga,,, —loga,,,, ]

log Kaeg[Fe**/Fe?*] = -13.02 and
AH[Fe**/Fe*"] = 9.68 kcal mol™

The calculation for the Fe(OH)s/Fe?* couple was done with thermodynamic
data for the solubility of amorphous Fe(OH); suggested by Grenthe et al.
[34], based on a study of redox in deep groundwaters from various of SKB’s
early exploratory sites:

Ex [Fe(OH)y/Fe?] = E,” - 2.303%[3 pH +log[Fe* |

where E," = 0.771 + 2.303%Iog K
log Ks =-1.1

SKB have not analysed Fe** directly because concentrations are so low that
analyses using conventional methods would be unreliable for the purpose of
redox calculation. Fe** concentrations used here were obtained by subtrac-
tion of Fe?" from Fey. In a few cases Fe** > Feya and therefore no value
can be given for Fe**. It is evident that calculating Fe** as the very small
difference between two much bigger very similar values gives rise to very
large uncertainty so that these calculated values for Fe** are generally inva-
lid.

Measured and modelled redox values for groundwater samples from the
Forsmark, Laxemar and Simpevarp/Asp6/Avré areas are compiled in Table
2. E;, data and redox modelling results for Forsmark and Laxemar are shown
in Figures 1 and 2 respectively, excepting Ey(Fe*/Fe’*) which are invalid
calculations for the reason discussed above.

If redox couples are modelled using the adjusted pH values (i.e. the pH val-
ues in the right hand column of Table 1), slightly different E, values are ob-
tained because of the intrinsic pH dependence of the SO,*/HS and
Fe(OH)s/Fe** redox couples, and also the effect of pH on speciation for all of
the redox equilibrium calculations. The adjusted pH values are lower than
the measured pH values. The results are illustrated in Figures 3 and 4.
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Table 1. Data for pH adjustment calculations based on assumption that in

situ waters are saturated with respect to calcite.

Sample Depth, m pH' | pH® | pH® |HCO; | Satindex | Log
mg/L (calcite) Pco2 | Mod
pH
at
Sl.=
0
Forsmark
KFMO1A/115 110.1-120.77 7.68 7.62 7.47 61 0.22 31| 743
KFMO01A/180 176.8-183.9 7.41 7.41 7.60 99 0.20 27| 721
KFMO01D/432 428.5-435.6 8.10 8.10 7.55 36 0.65 -3.8 7.38
KFM01D/572 | 568.0-575.1 8.40 8.10 7.40 20 0.60 43| 763
KFMO02A/512 509-516.08 6.83 6.93 7.18 125 -0.17 -2.0 n/a
KFMO03A/452 448.5-456.6 7.29 7.27 7.42 93 0.13 -2.5 6.98
KFMO03A/642 639-646.12 7.38 7.48 7.55 22 -0.16 -3.3 n/a
KFMO03A/943 939.5-946.6 7.32 7.53 7.78 9 -0.29 -3.7 n/a
KFMO06A/357 353.5-360.6 6.91 7.33 741 48 -0.21 -2.7 n/a
KFMO07A/925 848-1001.6 8.04 8.05 8.00 6 0.19 -4.7 7.84
KFMO08A/687 683.5-690.64 8.00 8.00 7.79 10 0.14 -4.3 7.88
KFMO08D/673 669.7-676.8 8.40 8.30 8.14 7 0.33 -4.9 7.95
KFM10A/302 298-305.1 8.10 8.20 21 0.24 -3.9 7.77
KFM10A/483 | 478-487.5 7.70 7.70 7.13 169 0.69 27| 701
KFM11A/451 | 447.5-454.64 7.53 7.54 7.58 24 -0.09 3.4 n/a
Laxemar
KLX01/458 456-461 8.60 8.70 8.20 78 0.91 -4.0 7.70
KLX01/691 680-702.11 7.80 8.10 24 0.10 -3.7 7.65
KLX03/412 408-415.3 8 7.89 189 0.72 -2.9 7.27
KLX03/742 735.5-748.04 75 7.41 34 -0.02 3.2 n/a
KLX08/202 197-206.65 8.1 8.4 8.29 296 0.30 -2.9 7.94
KLX08/398 396-400.87 8 8.3 8.32 290 0.14 -2.8 8.01
KLX08/481 476-485.62 7.6 8.1 7.87 32 -0.06 -3.5 n/a
KLX08/614 609-618.51 8.4 8.4 8.19 21 0.34 -4.3 8.00
KLX13A/435 432-439.16 8.5 8.3 8.33 75 0.23 -3.6 8.16
KLX13A/503 499.5-506.66 8.2 8.1 8.10 87 0.13 -3.3 8.00
KLX17A/426 416-437.51 8 8 7.92 118 0.16 3.0 | 7.82
KLX17A/671 642-701.08 8.3 8.36 238 0.10 -3.0 8.21
Simpevarp, Aspd, Avrd
KSHO1A/161 156.5-167 8.17 7.36 25 0.36 40| 775
KSHO01A/253 245-261.5 8.08 7.34 17 0.22 -4.1 7.79
KSHO01A/556 548-565 8.15 7.63 11 0.12 -4.4 8.02
KAS02/208 202-214.5 7.5 7.4 71 0.27 -2.9 7.23
KAS02/532 530-535 7.73 8 10 -0.13 -4.0 n/a
KAS03/131 129-134 8 8 61 0.12 -3.4 7.89
KAS03/931 860-1002.06 8 8.1 11 0.40 -4.5 7.66
KAS04/338 334-343 8 69 0.68 -3.4 7.28
KAS04/460 440-480.98 8.1 8.1 21 0.42 -4.1 7.94
KAV01/422 420-425 6.9 7.35 186 0.05 -2.2 7.30
KAV01/526 522-531 7 81 -0.34 -2.2 n/a
KAV01/560 558-563 7.2 42 -0.17 -2.8 n/a

pH' = pH measured with borehole Chemmac system
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sz = pH measured with surface Chemmac system; these values were used as the basis for

modelling the pH adjustment for KSH samples.
pH3 = pH measured in laboratory; these values were used as the basis for modelling the pH

adjustment for all samples except the KSH samples.
n/a = no adjustment of pH because Sat Index <0.
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Table 2. Measured E, and redox-sensitive solutes and results from geo-
chemical modelling of E;, for the SO,*/HS’, Fe**/Fe?*, and Fe(OH)s/Fe**
redox couples for groundwater samples from boreholes at Forsmark, Sim-

pevarp, Aspo and Avro.
Sample Depth, m | E\® [pH [ S0, |HS® | Fey Fe®* = E2 | E,®
® |mgll |mg/L |mglL |mglL |sos |Fe |Fe©
HS Fe* | H)s
IFe*
Forsmark
KFMO01A/115 | 110.1-120.8 -195 | 7.65 316 <0.03 1.00 0.953 | -203 | 180 | -274
KFMO1A/180 | 176.8-183.9 -188 | 7.41 547 <0.03 0.54 0475 | -188 | 239 | -218
KFMO01D/432 | 428.5-435.6 263 | 8.10 125 0.01 2.08 2.040 | -236 -378
KFM01D/572 | 568.0-575.1 260 | 8.25 38 0.01 1.24 1.230 | -251 -394
KFMO02A/512 | 509-516.08 -143 | 6.88 498 0.01 1.85 1.840 | -157 | 219 | -174
KFMO3A/452 | 448.5-456.6 -176 | 7.28 511 0.05 1.10 1110 | -187 | 181 | -227
KFMO3A/642 | 639-646.12 -196 | 7.43 197 0.23 0.233 -224
KFMO03A/943 | 939.5-946.6 245 | 7.42 74 0.060 0.22 0.208 | -216 | 172 | -230
KFMO6A/357 | 353.5-360.6 -155 | 712 157
KFMO7A/925 | 848-1001.6 9 8.04 99 0.171 0.19 0.162 | -254 -315
KFMOBA/687 | 683.5-690.6 209 | 8.00 92 0.006 0.72 0.726 | -235 -344
KFM08D/673 | 669.7-676.8 260 | 8.35 101 | <0.006 | <0.006 0.006 | -257 -282
KFM10A/302 | 298-305.1 -281 215 0.027 1.45 1.430 | -230 -350
KFM10A/483 | 478-487.5 258 | 7.70 400 0.065 15.30 15.4 | -213 -359
KFM11A/451 | 447.5-454.6 203 | 753 264 0.012 0.25 0.240 | -199 -231
Laxemar
KLX01/458 456-461 -280 | 8.65 106 0.460 0.04 0.040 | -283 -379
KLX01/691 680-702.1 -265 | 7.80 351 2.500 0.03 0.029 | -232 -213
KLX03/412 408-415.3 -270 | 8.00 127 0.007 0.44 0.429 | -229 -329
KLX03/742 735.5-748 220 | 750 398 0.006 0.92 0.903 | -194 -260
KLX08/202 197-206.65 266 | 8.25 13 0.004 0.12 0.112 | -246 -335
KLX08/398 396-400.87 -245 | 815 14 0.037 1.02 1.020 | -251 -384
KLX08/481 476-485.62 210 | 7.85 132 0.008 0.28 0.275 | -225 -307
KLX08/614 609-618.51 239 | 8.40 145 0.010 <0.01 | <0.005 | -262
KLX13A/435 432-439.16 -287 | 8.40 37 0.003 0.01 | <0.006 | -262
KLX13A/503 499.5-506.6 277 | 815 46 | <0.006 0.05 0.044 | -251 -322
KLX17A/426 416-437.51 -297 | 8.00 24 0.019 0.89 -240
KLX17A/671 642-701.1 -303 8.3 6 | <0.006 0.69 0.682 | -256 -394
Simpevarp, Aspd, Avrd
KSHO1A/161 | 156.5-167 257 | 817 32 1.413 1.397 69 | -367
KSHO1A/253 | 245-261.5 -160 | 8.08 51 1.318 1.296 76 | -364
KSHO1A/556 | 548-565 -173_| 815 230 0.523 0.511 111 | -323
KAS02/208 202-214.5 -257 75 106 0.500 0.502 0483 | -211 | 185 | -244
KAS02/532 530-535 -308 | 7.73 550 0.180 0.244 0.240 | -229 -282
KAS03/131 129-134 -275 8 31 0.710 0.125 0.123 | -247 -302
KAS03/931 860-1002.1 -275 8.1 709 1.280 0.078 0.077 | -270 -328
KAS04/338 334-343 -275 8 220 0.410 0.327 0.324 | -245 -328
KAS04/460 440-481 -280 8.1 407 0.600 0.259 0.256 | -247 -326
KAV01/422 420-425 215 | 7.35 43 0.590 1.600 | -208 -266
KAV01/526 522-531 -310 7 118 1.200 2.230 | -189 -217
KAV01/560 558-563 -225 7.2 220 0.810 1.02 1.020 | -200 -228

En™ = Ej, as reported from borehole and/or surface Chemmac measurements.
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En® = modelled Ej, for the Fe**/Fe®" couple using a Fe** value calculated as the
difference between Fey and Fe?*.

En® = modelled Ej, for the Fe(OH)s/Fe*" couple using the thermodynamic data for
amorphous Fe(OH); recommended by Grenthe et al. [34].

pH® = pH that was used in redox modelling: Chemmac downhole or surface values
or mean of both measurements, or lab-measured pH (note that the ‘adjusted’
model pH values as shown in Table 1 above were not used for the modelled Ej,
values shown here, but were used in a set of alternative models from which the
results are shown in Figures 3 and 4).

HS® Recent studies have revealed that measured concentrations of HS™ are sensi-
tive to sampling procedure and to the prior history of perturbation by pumping etc.
[35]
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O Eh(Chemmac) X Eh(SO4/HS) X Eh(Fe(OH)3/Fe2+)

millivolts

Borehole/sample depth (m)

Figure 1. Compilation of calculated and measured E;, data points
from the selected set of hydrochemical data from Forsmark.

O Eh(Chemmac) X Eh(SO4/HS) X Eh(Fe(OH)3/Fe2+)

millivolts

Borehole/sample depth (m)

Figure 2. Compilation of calculated and measured E;, data points
from the selected set of hydrochemical data from Laxemar.
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O Eh(Chemmac) X Eh(SO4/HS) X Eh(Fe(OH)3/Fe2+)

millivolts

Borehole/sample depth (m)

Figure 3. Compilation of calculated and measured E;, data points
from the selected set of hydrochemical data from Forsmark. Ey, values
have been modelled using the pH values that have been adjusted for
CO; outgassing (i.e. adjusted to give calcite saturation).
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Figure 4. Compilation of calculated and measured E;, data points
from the selected set of hydrochemical data from Laxemar. E;, values
have been modelled using the pH values that have been adjusted for
CO; outgassing (i.e. adjusted to give calcite saturation).
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Comparison of Figures 3 and 4 with Figures 1 and 2 indicates that using the
adjusted pH values tends to give slightly higher, i.e. less negative, values of
E, for the SO,*/HS” and Fe(OH)/Fe** couples, more so for the latter than
the former. This has the effect of making the E,(Fe(OH)s/Fe*") values closer
to the measured E;,. In other words, it is less clear-cut as to whether the
measured Ej, is reflecting the SO,%/HS™ or Fe(OH)s/Fe** redox equilibria.

It has been inferred by SKB that pyrite (FeS,) and siderite (FeCOjz) control
redox in the bentonite buffer in which they occur as accessory minerals (see
Section 6.1).

Concerning redox controls in groundwaters, calculations with PHREEQCI
indicate that the reported compositions of water samples in Appendix B,
specifically data for Fe?*, HS", HCO4 and pH, are:

— strongly oversaturated (between six and ten orders of magnitude) with
respect to FeS,,

— close to saturation (mostly + 1 order of magnitude) with respect to FeS,

— slightly undersaturated (between zero and two orders of magnitude) with
respect to FeCOs;,

— strongly oversaturated with respect to goethite (FeOOH) and hematite
(Fe,O3) (six to eight and thirteen to seventeen orders of magnitude re-
spectively) and slightly oversaturated (zero to two orders of magnitude)
with respect to amorphous Fe(OH)s.

This is compelling evidence that FeS and/or FeCOs; equilibria are controlling
dissolved [Fe?*] and probably also [HST in near-field groundwaters. This
indicates that these solid phases and their biogeochemical equilibria may be
the main long-term buffer for redox at repository depth. However the results
of the comparisons of measured E;, versus modelled E;, in Figures 1 to 4 sug-
gests that the SO,%/HS” redox couple may be a stronger influence on meas-
ured Ey, i.e. on the electrochemical potential measured at the Chemmac elec-
trodes, than the Fe(OH)s/Fe** couple. The SO,*/HS  redox couple is a ho-
mogeneous equilibrium, i.e. both species are in solution and are evidently
biogeochemically active, whereas the Fe''/Fe" redox couple involves hetero-
geneous reactions between groundwater and Fe'- and Fe'"'-containing miner-
als. Therefore transient local redox behaviour at the measuring electrode
being controlled by SO,*/HS" is to be expected whilst long-term “bulk’ re-
dox is controlled by Fe''/Fe".

Siderite, FeCOs3, has not been reported as a common secondary mineral in
fracture mineral assemblages at either Forsmark or Laxemar (Fe-containing
carbonates are however reported to be in bentonite). This suggests that FeS
is the dominant sink for Fe**, as well as for HS". The observation of pyrite,
FeS,, rather than amorphous FeS in fractures suggests that FeS transforms
over time to more stable pyrite.

In the EBS, pyrite is an accessory mineral in bentonite and presumably is a
significant buffer of redox due to irreversible reaction, for example consum-
ing residual oxygen after emplacement as suggested in SR-Can [29]. If, as
assumed by SR-Can, microorganisms are excluded from compacted ben-
tonite then HS™ production and FeS precipitation will be strongly diminished
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in the buffer (see Section 6.3.2). However it can be noted that, if equilibrium
with pyrite were to control the concentration of Fe®* at a very low level in
the bentonite, HS™ concentration could rise to a proportionately higher level
before being limited by precipitation of FeS. The possibility of such a model,
whereby Fe?* would be controlled by pyrite and maximum HS™ by FeS equi-
librium, should be considered when modelling pore water chemistry in the
EBS.

6.3 Scenarios for redox-active species

6.3.1 Initial post-closure conditions

Biogeochemical conditions at the EBS-rock interface in the initial period
after closure of a repository could be affected by higher temperatures (typi-
cally 40-60°C for 1000 years) and higher radiation. These transients will be
precursors for the evolution of near-field conditions in the long term. Higher
ambient temperatures will shift geochemical equilibria including those in-
volving redox-active species, and will also increase microbiological effects
on reaction kinetics. The natural biogeochemical regime in the near field will
re-establish itself as the thermal and radiation perturbations diminish. More
detailed considerations of these effects are outside the scope of this report.
The impacts and potential variant scenarios of these early post-closure con-
ditions should be fully considered in SR-Site.

6.3.2 Long-term changes in groundwater at repository
depth
Interpretations and models of present-day conditions provide some insights
into the possible sensitivity of the biogeochemical system to future changes
of deep groundwater conditions.

The ways that long-term evolution of the groundwater system could change
the chemical conditions at repository depth include:

e Increasing dominance of fresh (‘meteoric’) water recharge and circula-
tion as land rise continues, relative sea level declines and the Baltic
shoreline recedes, so that groundwater at repository depth will become
more dilute. Drawdown during the excavation and operational phases of
a repository will tend to accentuate this effect transiently.

e Increasing salinity if the hydraulic conditions change, so that the pres-
sures in deep saline groundwater due to regional gradients increase rela-
tive to the pressure due to local recharge of fresh water. Salinity at re-
pository depth might also increase transiently due to upconing during
the excavation and operational periods when groundwater pressures are
lowered.

e Sub-glacial enhanced recharge of fresh oxygenated melt waters, so that
aerobic and oxidising conditions might persist to greater depths than un-
der normal recharge conditions. This might also cause dilute water to
penetrate to repository depth under steeper hydraulic gradients and
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higher flow rates, potentially causing erosion and colloidal dispersion of
bentonite buffer.

o Permafrost formation in overlying soils and rocks, causing salts to be
excluded as fracture- and pore-filling ice forms and making the underly-
ing residual groundwater more saline. Another potential process related
to permafrost formation could be the trapping of methane (‘geogas’) as
methane hydrate. This is discussed briefly below and more fully in Ap-
pendix C.

For increasing dominance of fresh water recharge, specific biogeochemical
changes in deep groundwaters could be increasing or decreasing DOC con-
centrations, depending on soil conditions for biomass development and deg-
radation, and associated changes of microbial populations. Increasing mete-
oric water infiltration would also increase dissolved oxygen input, though
much or all of that would be attenuated by redox reaction with DOC in soils
and shallow groundwaters and then by redox reactions with rock minerals,
e.g. pyrite and Fe" minerals.

Future increases of flux of DOC to repository depth would probably increase
activity of SRB and thus increase rate of HS™ production in near-field
groundwater. HS™ production is limited by the availability of SO,*. Thus the
scenario for highest HS™ production is probably a groundwater regime that
supplies both DOC and SO, at higher fluxes/concentrations into the near-
field geosphere. A possible alternative source of DOC, apart from natural
DOC derived from soils and transported to repository depth with infiltrating
water, would be organic substances introduced to the repository as ‘foreign
materials’.

For the case of increasing salinity, one of the main changes with potential
biogeochemical significance would be increasing or decreasing SO,* con-
centrations. The direction of change would depend on relative SO,* contents.
At Forsmark, as at Olkiluoto in Finland, it is clear that SO, has a maximum
at an intermediate depth, typically 200-300 m, and then decreases to low
concentrations in the deep saline groundwaters at and below repository
depths. At Laxemar, SO, increases progressively with increasing depth so
that it reaches the maxima of observed concentrations in the deepest saline
groundwaters. Thus increasing salinity at repository depth at Laxemar would
be associated with increasing SO,*, whereas increasing salinity at Forsmark
would probably be associated with decreasing SO,*. The HS™ concentrations
at both Forsmark and Laxemar do not seem to vary systematically with
depth or salinity, and remain generally low, so SO,* changes would probably
not correlate directly with HS™ changes.

The specific question of whether fresh sub-glacial meltwaters retaining dis-
solved oxygen might reach repository depth has been considered in a previ-
ous report for SSM [2, 3]. Whether dissolved oxygen, if it were to reach
repository depth according to the unlikely conditions described in [2, 3],
could then come into contact with canisters and cause oxidative corrosion
would depend on attenuation by the buffer. Thus a ‘worst case’ scenario
would be conditions whereby infiltrating sub-glacial meltwaters could erode
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buffer in addition to transporting DO without consumption by redox reac-
tions in the intervening rocks. Whether sub-glacial infiltration will be always
be oxidising or could be reducing remains uncertain — there is little if any
direct observation of redox under ice sheets. Sub-glacial recharge might also
cause fast transport to repository depth of anomalous quantities of e.g. DOC,
microorganisms, NH4" and other biosphere solutes and species, thus perturb-
ing the biogeochemical system.

If permafrost were to cause significant salinity increase in underlying
groundwater due to ‘salt exclusion’, the general effects at repository depth
would be similar to those due to normal salinity changes as groundwater
evolves. However one potentially significant difference is that SO, would
increase at both sites, whereas present deep saline groundwater at Forsmark
has low SO,*. The increase of SO,* could be markedly high at Forsmark
because present groundwater at intermediate depth, i.e. 200-300 m, is al-
ready high. As in the case of glacial infiltration, the changes in hydrochemis-
try that would be associated with permafrost thaw are uncertain, e.g. possi-
bly higher DOC and microorganism inputs especially from peat.

Trapping of CH, in permafrost as methane hydrate is mentioned as a hypo-
thetical feature of the glacial stage of the normal long-tem evolution scenario
in SR-Can. A related scenario is the trapping and accumulation of CH, be-
low permafrost, both as methane hydrate and as CH,4 gas. Potential accumu-
lation of methane hydrate over the duration of a permafrost period would
depend on upwards CH, flux; theoretical considerations suggest that it could
take on the order of hundreds of thousands to millions of years for substan-
tial amounts of methane hydrate to accumulate, even in fairly porous rocks.
No evidence has been found by the present authors for methane hydrate ac-
cumulating in permafrost in fractured crystalline rocks with low porosities,
and a scoping calculation suggests that it would take a very long time to
develop a significant accumulation (see Appendix C). However, if perma-
frost were to reach repository depth, it is conceivable that methane could
accumulate and be trapped as hydrate in voids in the tunnels.

CH, concentrations and fluxes in deep groundwaters at around repository
depth in crystalline rocks in the Fennoscandian Shield are apparently rather
variable. In the deep boreholes at Forsmark and Laxemar, dissolved CH,4
concentrations are low: typically <1 mL/L (= 0.04 mmol/L) whilst at Olkilu-
oto they are significantly higher and close to or at saturation, up to 800 mL/L
(= 36 mmol/L) below 800 m depth.

If this natural CH,4 flux were trapped as hydrate or in some other way during
a period of permafrost, then CH, concentrations should be expected to rise
transiently when the permafrost thaws. At the same time as CH, would be
released, DOC and microbial activity might also increase in shallow
groundwaters. Enhanced CH, concentrations could possibly promote SO,*
reduction, as might be the case at present at Olkiluoto (see Section 5.2.1),
but the production of HS” would be limited by SO,* concentration and the
concentration of HS™ would probably be limited by sulphide precipitation if
Fe*" is sufficient. However, no evidence has been found to suggest that cou-
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pled permafrost-CH,-HS™ biogeochemical processes have been significant
during glacial cycles in the past.

Thus future concentrations of HS™ in near-field groundwaters around deposi-
tion holes will depend on interplay of many biogeochemical properties and
processes: influxes of SO,%, DOC, CH, Fe?* and perhaps other redox-active
solutes (including DO) in deep groundwater movements, quantities of lo-
cally “introduced’ organics and SO, originating from the repository itself
(including buffer and backfill materials), microorganism populations, and
natural sources of Fe'" and sulphide in local rock.

6.3.3 Biogeochemical model for sulphide in the EBS

The processes that constitute the conceptual model for the production and
maximum concentration of corrodant HS™ in pore water in the bentonite
buffer adjacent to an emplaced copper canister are:

 Diffusion or advection of SO,%, SRB, H,, acetogens/acetate, DOC, CH,
to a location where SRB are viable and reduction of SO,* is mediated:;

e Reduction of SO, to produce HS outside the buffer, i.e. in near-field
geosphere and in backfill;

e Diffusion of HS™ through the buffer from the interface with rock or
backfill towards the buffer-canister contact;

o Moderation of HS™ concentration by precipitation of FeS/FeS, solid
phase(s), in near-field geosphere, backfill and buffer, depending on the
availability and rate of supply of Fe**. SR-Can [29] asserts that HS™ con-
centrations would be controlled at low levels (e.g. <10° M) due to
equilibration with iron sulphide (FeS) in the near-field geosphere and
with pyrite (FeSy) in the buffer.

This conceptual model makes the assumption that SRB are eliminated from
the buffer due to the physical and biogeochemical conditions. This assump-
tion is based mainly on experimental evidence that SRBs do not remain vi-
able in the pores of bentonite buffer compacted to more than 1800 kg m* [7,
31, 36, 37, 38, 39]. The experiments have been carried out with various ben-
tonite mixtures, pure and sand mixtures, various compaction densities, vari-
ous temperatures and in both laboratory and URL (Swedish and Canadian)
conditions. They have shown that the rate of HS production and, by infer-
ence, the population of active SRB declines as the swelling pressure and the
density of compacted bentonite is increased. There is some remaining uncer-
tainty about whether SRB numbers decline fully to zero and whether they
could be reactivated if swelling pressure reduced. SKB have concluded that
SRB praobably cannot be active in the design conditions of intact compacted
buffer in deposition holes, i.e. at density of 2000 kg m*. The thermodynamic
activity of water, {H,QO}, in the bentonite pores at this compaction density is
about 0.96 and it has been suggested that this might be a factor in the viabil-
ity of microorganisms [39]. Experimental results have suggested that spores
are rather more resilient but are eventually destroyed. Therefore it is as-
sumed that all microbes and spores introduced in the bentonite and in
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groundwater or added ‘technical’ water in deposition holes will be elimi-
nated by the low initial water content, and eventual swelling pressure. How-
ever, Pedersen has stated that “....it is theoretically possible that sulphide
producing microbes may be active inside a buffer, although the experiments
so far have shown the opposite” [40]. So it is appropriate to be cautious
about assumptions that microbes will inevitably be excluded and/or inactive
in the buffer.

Transport of natural microbes and spores in groundwaters outside the depo-
sition hole into the buffer has also been discounted, on the basis of experi-
mental observations [7]. However the experiments showed that bacteria mi-
grate “at least 3 mm’ into buffer over an experimental timescale of 28 weeks.
A comment on these observations is that migration of 3 mm in 28 weeks
does not seem to be sufficient evidence to totally discount diffusive migra-
tion over a much longer timescale. Therefore the buffer as a barrier to physi-
cal migration is not proven, per se, although of course the evidence that bac-
teria do not survive the high densities and low water activities of compacted
rehydrated bentonite supports the microbial barrier concept.

In contrast, backfill is not expected to act as a microbial barrier. 1t would be
expected to sustain a SRB population that would be capable of mediating the
SO4*-HS’ reduction, given a suitable electron donor such as DOC or H, [7].

SKB’s model of EBS geochemistry as used in SR-Can has been described in
[16, 41, 42]. This model represents ion exchange, protonation/deprotonation
at smectite surfaces, and geochemical equilibria with solid phases including
redox equilibria with pyrite/FeS and/or siderite. It assumes that microbes
will not be viable in the buffer and therefore SO, reduction to HS™ is ex-
cluded from the model of the buffer.

A quantitative process model for biogeochemical conversion of SO,* to HS,
for microbial mobility and viability, and for transport of SO, and HS' in the
EBS would represent the processes and limitations on microbial viability and
transport as described above. The coupled transport-reaction models of Liu,
Sidborn and Neretnieks [28, 43, 44] make progress towards this with the
fundamental assumption that there will be no microbial activity within the
buffer. There are scoping models with other assumptions and simplifications
in how they represent biogeochemistry outside the buffer. The models are
based on SO, reduction taking place in a rock fracture that intersects the
rim of a deposition hole. Produced HS™ then partly diffuses into the buffer
and migrates towards the canister and partly is advected away and does not
enter the buffer. The SO, reduction at the rock fracture-buffer interface is
assumed to be kinetically fast due to microbial mediation by SRB, so that all
supplied SO, is transformed effectively to HS".

Neither of the models includes the moderation of HS™ concentrations due to
equilibrium with FeS or FeS,, so that the modelled HS™ source concentra-
tions at the diffusive outer boundary are determined either by fluxes to that
interface of either SO, or the energy source for SRB which is DOC, acetate,
H, or possibly CH,.
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The concentrations of HS™ in groundwaters at and below repository depth are
mostly <2x10°® M and <3x10”" M at Forsmark and Laxemar respectively
(Table 2). Corresponding concentrations of Fe** are mostly <4x10®° M and
<2x10” M respectively. If concentrations of Fe** and/or HS in either buffer
pore water or near-field groundwater were to be controlled by equilibrium
with FeS; then the values would be many orders of magnitude lower. As
discussed above (Section 6.2), these concentrations are evidently controlled
at the observed values by FeS equilibrium.

It is reasonable to expect that control of HS™ by FeS equilibrium will con-
tinue in the long-term evolution of the near field, backfill and buffer. For the
concentration of HS™ in the near field to be kept low, the concentration of
Fe** must be maintained by release from dissolving minerals and by advec-
tion/diffusion in solution at about the same rate as HS™ is being produced.
Although it can be inferred from FeS equilibrium in groundwater composi-
tions that these sources of Fe?* operate generally, there is evidence in local-
ised high HS™ concentrations (e.g. 5x10°M in KFM07A/925, 7x10° M in
KLX01/691) that there are locations at repository depth where fluxes of Fe*
may be lower than elsewhere. Mineralogical and geochemical data that
would give indications of the spatial variability of mineral sources and re-
lease rates of Fe*" are not available.

Pyrite is an accessory mineral in bentonite and presumably is a significant
buffer of redox in the EBS as suggested in SR-Can [29]. If equilibrium with
pyrite were to control the concentration of Fe?* at a very low level in the
bentonite, then HS™ concentration could in theory rise to a proportionately
higher level before being limited by precipitation of FeS. However this hy-
pothesis assumes that there would be no other limitations on HS’, e.g. due to
microbial inactivity inhibiting SO, reduction.

Liu’s and Sidborn’s models do not constrain the rate of SO, reduction ac-
cording to the kinetics of the microbial mediation process, i.e. according to
Monod kinetics or Michaelis-Menten formula (see Section 5.2.2). Monod
kinetics might apply if the utilisation of DOC as energy source for SRB were
directly the rate-determining process, whereas Michaelis-Menten Kkinetics
might apply in the case where acetate, H, or CH,, rather than DOC, is the
electron donor. Alternatively, neither of these kinetic formulations would be
appropriate if the rate of SO, reduction is controlled by the numbers of ac-
tive SRB, the population of SRB being sparse in this deep geosphere envi-
ronment.

Liu’s model [28, 43] assumes that SO, reduction is instantaneous, whilst
Sidborn’s model [44] assumes a reduction rate of 10° kmol™ m?a™ (where
the m™ refers to rate per m? of a biofilm that is assumed to be the location of
SRB activity at the rock-buffer interface). The latter also implies that SO~
reduction in the model is effectively instantaneous.

A worst case scenario conceptual model for activity of SRB and production
of HS corrodant at the interface between buffer and copper canister was
proposed in Pedersen’s review paper [7]. This scenario is contrary to the
‘normal’ model described above. It considers the possibility that SRB would
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be viable at the buffer-canister interface with energy from DOC or ace-
tate/CH, produced by action of methanogens on inorganic carbon (i.e. dis-
solved HCO;™ and CO,). Microbial growth has the dual results of production
of HS™ and of a biofilm of metabolic by-products which would tend to en-
hance sulphide production in the most critical location, i.e. on the copper
surface.

Another worst case scenario has emerged as a significant consideration in
SR-Can [29, Sections 9.2.4 and 10.6]. It involves the possibility that buffer
could be eroded if the frictional drag due to water flow were to exceed the
cohesion between clay particles in the buffer, followed by mass loss of
buffer and exposure of the canister directly to advective transport of corro-
dants such as HS". Buffer erosion is thought to be more likely in the opera-
tional and early post-closure stages when potential buffer piping could lead
to erosion. However erosion might also be a hazard to buffer integrity during
a future glaciation over the repository, if enhanced advection of fresh water
to repository depth destabilised the buffer.

For these scenarios in which SO, reduction is assumed to occur adjacent to
canisters, the biogeochemical processes that should be added to the above
list of processes for the normal conceptual model for maximum concentra-
tion of corrodant HS™ are:

 Diffusion of SO,” through buffer, enhanced by internal mineral source
of SO,* within buffer;

e Possibility of SRB not being eliminated in proximity of canister because
of failure of buffer as designed, e.g. due to erosion, loss of swelling or
colloidal dispersion/peptisation.
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/. Implications for gen-
eral corrosion of copper

The objective of this specific part of the work is to investigate potential im-
pacts of changing corrodant and other geochemical conditions (HS", CI, N
species, CHy4, Hy, DO, DIC) on the stability of components in the EBS, par-
ticularly of copper, and to describe important qualitative aspects of near-field
groundwater biogeochemistry that could, in any way, have an effect on cor-
rosion.

The descriptive work focuses on chemical equilibria in subparts of the sys-
tem Cu-Fe-CI-N-S-C-H-O as described in accounted Pourbaix diagrams and
the discussion on impacts on copper and iron corrosion of changing corro-
dant and other geochemical conditions in the repository has this information
as a starting point.

7.1 Method

As a first step of work ‘normal’ corrosion processes that can be expected in a
repository are outlined. Thereafter the ‘normal’ chemical environment is
sketched. A selected set of Pourbaix diagrams is thereafter shown. Those are
used as a background material in the subsequent discussion of the influence
of changing corrodant conditions on EBS corrosion. The focus is here on
copper corrosion.

Changes in corrodant concentrations have been discussed in previous works
i.e. in [1-3] and relevant results from these are used here. Some other rele-
vant works in this context are also accounted in [45-51]. Relevant descrip-
tions and data from the mentioned references are partly excerpted and ac-
counted here again to form a background to subsequent calculations. Data
from [1-3] and [45-51] have been selected to cover the ranges of changed
corrodant concentrations that could influence the stability of components in
the EBS and particularly of copper but also of iron.

The thermodynamics of copper and iron, specifically in relation to sulphide
and in saline environments, form an important part of the basis for this work.
It gives the framework for subsequent modelling discussions and provides a
convenient way to present calculated results as Pourbaix diagrams, each
calculated for a specified set of conditions, which act as chemical maps and
background to discussion of the potential impacts of changing corrodant and
other geochemical conditions (HS", CI', N species, CHy4, Hz, DO, DIC) on the
stability of components in the EBS. Because of the complexity of the total
chemical system, the calculations here are limited to parts of the chemical
system Cu-Fe-CI-N-S-C-H-0 at 25 °C. Calculations for the Pourbaix dia-
grams presented here have been done using Puigdomenech’s set of programs
(MEDUSA) and also in part the related thermodynamic database (HYDRA)
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[52]. Thermodynamic data in the MEDUSA database have been compared
with thermodata used in other geochemical models, including PHREEQC, in
Appendix 4 of [1].

Selected Pourbaix diagrams are presented in Section 7.4 and supplementary
diagrams are in Appendices C and D.

7.2 Some introductory comments on EBS corrosion

7.2.1 Background

Copper can be exposed for both general and different kinds of localised cor-
rosion in the repository. The complex mechanical, chemical and microbial
environment with high pressures varying in time and location and with oxy-
gen, chloride, sulphur and carbon-bearing compounds present will cause dif-
ferent types of attacks that are going to prevail during different time periods.
The procedures of production, handling and treatment of the canister
throughout the processes of filling, transportation and deposition could be
crucial for its later, corrosion-related integrity throughout the storage period
in the repository. There is also a risk that due to systematically induced
faults, many canisters may have later corrosion related problems of the same
kind.

There will certainly be an operational and initial post-closure period when the
repository will have oxidising conditions due to residual O,, after which re-
ducing conditions are expected to establish as O, is consumed. As discussed
elsewhere oxidising conditions might conceivably return at later stages, for
example during glaciation events [3, 4, 29]. During a glaciation, complex
pressure gradients could change the directions and rates of groundwater flow
and cause sub-glacial intrusion of DO which, if not consumed by reaction
with reducing minerals, could provide a driving force for the corrosion proc-
esses. An inhomogeneous environment with respect to pressure, heat and
chemistry would promote corrosion.

Several potential corrosion mechanisms, principally due to HS’, have to be
considered for the long periods for which reducing conditions will be main-
tained in a repository. Preliminary findings from recent laboratory experi-
ments have been interpreted to suggest that copper might experience H,-
evolving corrosion in anoxic pure water [53]. If these findings were con-
firmed, the view on copper thermodynamics and the models for copper cor-
rosion would have to be revised. As the mentioned work [53] is as yet unveri-
fied by others, its consequences are not further treated here.

Different periods of the repository lifetime are going to be exposed to differ-
ent driving forces for groundwater movement. This is valid both on a re-
gional and a local scale. Groundwater flow controls the rates at which key
corrodants could be transported towards the deposition holes. A few mecha-
nisms for variable flow rates could be mentioned, but others are probably
also possible. Groundwater flow during normal present-day conditions is a
first. Changes of hydraulic gradients during glaciation periods is a second.
Anthropogenically caused changes is a third. Gas evolution due to processes
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in the repository or as a flow of geogas is a fourth possible mechanism for
changing groundwater movements. A fifth is the presence of temperature
gradients.

Alongside thermodynamic modelling, these transport limitations should be an
important factor in a comprehensive assessment of corrosion rates. If ther-
modynamics indicates that copper is vulnerable in a particular solution envi-
ronment, then the rate of corrosion and the overall degree of attack might be
controlled by the rate at which the key corrodant can be transported to the
copper surface and/or corrosion product can be transported away from the
copper surface.

7.2.2 General corrosion

As already mentioned there are several chemical environments around and
inside the canister that can be foreseen. During oxidising conditions in a
concentrated CI” solution, there will be general corrosion of copper. Accord-
ing to thermodynamic calculations copper is not stable in such an environ-
ment. Such a homogeneous attack is, however, not a major problem for cop-
per integrity, as long as transportation rates of reacting matter are low.

The immunity E;, limit, below which metallic copper is the stable phase,
descends as a function of temperature at high CI" concentrations. It is possi-
ble that copper could be neither noble (i.e. immune) nor passive at higher
temperatures in a repository environment containing high concentrations of
CI'. Thus, in such an environment, copper might be protected from serious
general corrosion only by keeping fluxes to the copper surface of reacting
species very low. High CI" concentrations from upconing of highly saline
groundwater combined with other factors such as rapid flow and solute
transport plus buffer erosion would be detrimental for copper canister integ-

rity.

In a “‘normal’ case E;, has to go far above the values accounted in Figures 1
and 2, up to E,, values about +250mV, before there is any risk for the canister
to corrode. An increasing pH value will protect from this effect as CuO is
stabilized. There is no essential problem for copper canister corrosion to be
foreseen until HS™ concentration reaches the same level as copper solubility
at ambient temperature which could occur only at low E;, values in strongly
reducing conditions.

7.2.3 Microbially enhanced corrosion processes

It has been suggested [31, 36] that SRB will be absent from the interface
between buffer and canister surface if buffer density exceeds 1800 kg m™
and thus pore water activity in the bentonite, {H,0} is <0.96 (see discussion
in Section 6.3.3). If for any reason those conditions are not fulfilled in the
buffer, SRB will be viable and could transform SO,* into HS". At a low
enough Ej, the latter can react with copper in an anoxic environment to form
copper sulphide with hydrogen evolution (2Cu(s)+2H,0+S* —
H2+CU2S+2OH-).
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7.2.4 Changing repository conditions

One objective of this work is to outline processes in the repository that could
influence copper corrosion under changing conditions due to biogeochemical
effects e.g. on the S, N and C systems. This can be assessed by using model-
ling of the thermodynamic limits for corrosion in the repository environment,
but a comprehensive assessment would take account also of the microbi-
ological kinetics and corrodant transport aspects that have been discussed in
previous sections. A rough overview of the thermodynamics for important
parts of the system Cu-Fe-CI-N-S-C-H-O is therefore given to form a general
background for the work. Data are normally accounted as Pourbaix diagrams
that are valid at indicated conditions and, if not otherwise indicated, at 25 °C.

There are many studies of canister corrosion accounted in literature. This
work is, however, not intended as a literature survey and the reader is there-
fore urged to find such information directly in literature or in already existing
surveys. However the mechanisms for corrosion can be expected to differ
greatly for different situations, the general conclusion of the repository ori-
ented literature data is that copper is a suitable canister material. It is foreseen
to have a very long lifetime in the intended environment. There are, however,
uncertainties in the estimation of the lifetime indicated in literature, espe-
cially at deviating conditions like those supposed to prevail at glaciation (CI,
DO, groundwater flow and solute transport patterns) and at the uncertain
influences of agents like HS™ and bacteria.

The effects of changes in those conditions (parameters) on copper (and iron)
corrosion are the focus of this section.

7.3 Chemical environment at repository depth

7.3.1 General issues

SKB’s data for the hydrochemical environment at repository depth were
reviewed and evaluated in detail, especially with respect to redox and pH
conditions and the related uncertainties, in a previous report for SKI [1]. An
update of that approach, taking account of recent data reported since the 1.2
data freeze, is reported in Section 6 above. Those considerations provide the
basis for the description of the chemical environment that is used in the fol-
lowing redox modelling.

The maxima of hydrostatic pressures at repository depth suggested in SR-
Can [29] are 5 MPa (no glaciation, normal hydraulic conditions) and 30 MPa
(glaciation, assuming that the load of the ice sheet is directly propagated into
the groundwater column). There is an estimation of a probable maximum of
14 MPa. The pressure influences mechanical systems and groundwater flow
and thereby solute transport patterns, but its influence on chemical equilibria
that do not involve gaseous components is small and is therefore negligible
for present purposes.

The temperature in the repository will roughly vary with time in a manner,
which could give a maximum close to a canister of about 85°C a short time
after repository sealing. Thereafter the temperature will decrease and will
after some time adopt the surrounding rock temperature, about 10-15°C.

SSM 2009:28 41



Lower temperatures could appear in connection with a prolonged glaciation.
All calculations in this section of the report have been performed at 25°C as
input data are normally given at that temperature. The difference to 15°C is
judged to be negligible compared with other uncertainties.

As groundwater flows through the repository its composition can vary with
time for different reasons, for example in connection with glaciation and as a
function of other climate and environmental changes. The water contains
chloride, carbonate and sulphide/sulphate in concentrations and relations that
could vary. The ambient concentration of CI" could rise to about 1.5 M.

Furthermore there will exist very low concentrations of reducible species, for
example Mn""" and Fe"", possibly bound as complexes together with e.g.
chloride and organic complexing agents. In addition to low natural abun-
dances, the latter species could be derived from introduced materials includ-
ing organic material in the bentonite. Introduced substances are assumed to
influence the prerequisites for corrosion.

At closure, the repository environment will be aerobic and therefore oxidis-
ing. The total amount of free O, in the aerated repository consists of O, left
in pockets of air and as DO, for example in the bentonite pore water. The
bentonite will also have open porosity partly filled with air. As an illustrative
calculation, it is supposed that the bentonite pore water would be oxygen
saturated (8 mg/L at normal pressure and temperature). Then the bentonite in
a deposition hole (about 12 m® of bentonite) is going to contain about 28 g
DO in water if the bentonite moisture content is about 28 vol. %. If this O,
were consumed only in some mechanism(s) of attack on the canister, it
would correspond to dissolution of about 200 g of copper metal.

Due to slow kinetics, reducible species might still be present in the masses of
bentonite after the oxidising period. Those can serve as electron sinks in
combination with other processes, for example formation of copper sulphide.
The repository pH is assumed to be buffered by the bentonite, which implies
a pH of about 7-9. Pyrite (~FeS,) will occur and also residuals of organic
materials.

The repository might be exposed to events which would involve penetration
by water with high salt- and/or O, concentrations. There can also be events,
which result in crack formation in or peptisation of the bentonite. Such
events can, if they would happen, be supposed to strongly influence the
chemical environment of the repository. Furthermore, it shall be pointed out
that if the rock fracture system is not already biologically contaminated, the
very opening and construction of the repository will imply a biological con-
tamination. Therefore it is probable that microbes will exist in the repository
after closure [19].

In summary it can be said that the global pH in the repository will be in the
range of 7-9, buffered by the bentonite. The redox potential (E) will proba-
bly evolve through an initial period of oxidising conditions and gradually
turn into a reducing after sealing. Redox conditions might fluctuate, espe-
cially during glaciation periods. An extreme fluctuation could conceivably
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occur from reducing to oxidising potentials, although SR-Can [29] makes the
case that reducing conditions will very probably be maintained even in the
scenario that oxygenated sub-glacial water with DO at 3x10™ M is recharged
into groundwater with an enhanced downwards hydraulic gradient caused by
ice-loading. The evidence and modelling in support of that case have been
reviewed and the uncertainties have been examined for SKI in [2, 3].

The most important chemical entities related to copper corrosion in the re-
pository would be:

Metals: Cu and Fe

Simple anions: CI', SO,*, HCO3, NO5, and HS’

Simple cations: Na*, Ca**, Mg*, Cu*, Cu®*, Fe**, and Fe**

Complexes: CuCl,™", CuCl,>", FeCl,2", FeCl,>", Cu(OH),"", Cu(OH),*",
Fe(OH),2", Fe(OH),*", Cu(C0Os),"", Cu(CO3),>", Fe(CO3),>™,
Fe(COs),", Cu(HCO3),"™, Cu(HCO5), 2", Fe(HCO,),~", and
Fe(HCO3),>"

Solids: CuO, CuO,, Fe;03, Fes04, CuFe,0,, CuFeO,, CuCl,:3Cu(OH),,
CUCO3, CU2CO3(OH)2, CUzs, CU1,758, CU1,g3S, CUS, and zFESZ

Colloids: Dispersed bentonite, organic material

Organic matter: For example humic and fulvic acids

Surfaces: Bentonite, rock minerals and metals

Gases: Dissolved Oy, N, and other chemical components that at a proper
pressure and other circumstances might generate gas (i.e. ‘geogas’ or
methane).

After closure of the repository, groundwater will have access to the whole
system and there will be a groundwater flow through the repository. The
flow rate and composition of the water is determined by the outer (surface)
conditions as well as by the repository conditions. Values for selected
chemical and environmental isotopic parameters in water samples taken
from the deep boreholes at the Forsmark and Laxemar sites are provided in
Appendix B.

The composition of the bentonite to be used in the repository is important in
many respects and is discussed e.g. in SR-Can [29]. The composition varies
but the main components are clay minerals (>80 %), predominantly smectite
(>70 %). The main chemical elements are Si and Al and lesser concentra-
tions of Na, Mg, Fe, K and Ca. The concentration of sulphides and organic
material should be below 200 mg/kg. The most common sulphide phase is
pyrite, FeS,.

A discussion of microbial influences can be found in the first part of this
report and in [7]. A concern for the performance of copper canisters is that
SRB may be present in the buffer and induce canister corrosion by produc-
tion of reduced sulphur (HS"). As discussed above, water activity has been
suggested to be a strong limiting factor for activity of bacteria in compacted
bentonite [31, 36]. SO, reduction is an in situ process but the resulting HS’
rich water can be transported to other locations. A more vigorous SO, re-
duction takes place when DOC is high (>10 mg/l DOC), which is the case in
sub-seabed sediments and groundwaters [54], and it is suggested above (Sec-
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tion 5.2.1) that DOC concentrations may be the limiting factor for SO,* re-
duction in the groundwaters in crystalline rocks.

The chemical parameters in Table 3 are selected as the basis for the calcula-
tions of dissolved redox couples and related solid phase equilibria as shown
in the following Pourbaix diagrams.

In order to evaluate the sensitivity of the corrosion processes on the main
parameters pH/E;, [CI] and [HST], values for these and other parameters
have been compiled from SKB reports (R- and P-series) and also from a
recent data printout provided by SKB from their SICADA database. This
compilation is in Appendix B. The pH and E,, data for samples in which both
parameters have been reported, and are believed to be reliable, are shown in
Figure 5.

It can be seen that the spread in Ey, is around 150 mV, from about -140 to -
350 mV, and the spread in pH is around 1.5 units, from about 6.9 to 8.7. The
correlated variation of measured E,, with pH is consistent with the theoretical
dependence of E, on pH in the case of E;, being controlled by the SO,#/HS
redox couple, as shown by the calculated slope shown in Figure 5.

This work will consider broader intervals of pH and especially of E:
7<pH<10 and -500 mV<E;<+500 mV. The values of the main chemical
parameters together with the concentration values of main species found in
Table 3 are the “reference’ values used in the following calculations.

Table 3. Selected chemical parameter ranges from various sources. The
ionic concentrations are selected from different sources to represent a
groundwater on 500 m depth at a repository site.

Parameter | Units | Selected Minimum Maximum
value value value

pH 8 7 10

En \Y/ -0.3 -0.1 -0.5

HCO;y mg/I 100 100 300

S0,” mg/l |8 5 500

CrI mg/I 200 170 6500 (50000)

HS mg/| 0.1 0.5

Ca™ mg/l |80 40 2000

Na" mg/I 100 60 2000

Fe” mg/l | 0.1 1

K* mg/| 5 5 20

Mg”* mg/l |9 20 130

LogPo> bar -2.8 -2.8

0, mg/l 8
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Figure 5. Compilation of pH/E;, data points from the selected sets of
groundwater data from Forsmark and Laxemar (see Appendix B). The line
represents the redox equilibrium of the couple SO,#/HS at 10°C.

7.3.2 Sulphide sources and equilibria in the Fe-S-O-H sys-
tem

HS™ has two main potential sources. One of them is sulphide coming from
dissolution of sulphide minerals like pyrite, FeS,. The other is from SO,*
via the action of SRB (see Section 5.2). The stability of iron sulphides and
oxides in the simple system Fe-S-O-H is shown at different conditions in
Figures 6 and D1 to D5 (in Appendix D). ‘“Typical’ concentrations noted for
Fe?* and HS™ in [1] for the near field have been used here for Pourbaix dia-
gram calculations. A more detailed discussion of Fe** and HS™ concentra-
tions and modelling of FeS and FeS; equilibria are given in Section 6.2.

7.3.3 Reduced nitrogen species

Copper and NH3; form chemical complexes together and thus increase the
solubility of copper. Other, simple nitrogen containing species like nitrate
would have a negligible influence. As seen in following Pourbaix diagrams
(Section 7.4.9 and Figure E8 in Appendix E), the limiting concentration for
[NHj3] influence is about 2 mM at a total copper concentration of 1 pM.

7.3.4 Chloride

Chloride has a strong influence on copper behaviour/solubility at higher
concentrations, which has been outlined in [45] and can also be seen in the
Pourbaix diagrams in the following sections. High CI concentrations could
cause a complete loss of passivation ability of copper.
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Figure 6. Stability of iron sulphides and oxides in the simple system Fe-S-O-
H at shown conditions. This diagram shows the case in which [HST] is at the
upper end of the expected range (10 uM = 0.35 mg/L) and [Fe*'] is also
typical (10 uM = 0.56 mg/L).

7.3.5 Carbonate alkalinity

Carbonate phases and hydroxycarbonates can be formed on copper at higher
Ey, conditions. This has been outlined in [45] and can also be seen in the
Pourbaix diagrams in the following sections. The influence on copper behav-
iour would be minor.

7.3.6 Dissolved oxygen and hydrogen

The Pourbaix type of diagrams used in this work inform about stability of
species in a chemical system in the pH/Ex-plane at given total concentrations
of components. There is, however, no information to be found directly about
DO in a pH/E, point of such a diagram. Ey, is determined by pH and the pre-
dominating redox couple at that point, which in a specific case could be the
0,/OH" couple, but in a geological system is more likely to be Fe''/Fe"" or
similar geochemical couples.

The chemical activity of O, can be calculated from Nernst’s equation and the
redox equilibrium data between oxygen and water. It is thus possible in the-
ory to calculate equilibrium [O,] for any ‘background’ En/pH point in the
Pourbaix diagram. However it is not possible to specify DO ‘threshold’ con-
centrations for shifts in corrosion behaviour. Such considerations have to be
expressed using corresponding Ey/pH values of which Ey, is determined by
the dominant redox couple. For the same reason, H, concentrations are not
either used in the discussion.
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7.4 The chemical system Cu-Fe-CI-N-S-C-H-O

7.4.1 Data and calculations

The material accounted in [55] tries to complete the picture from other in-
vestigations (as in [47, 56]) for the system Cu-Fe-CI-N-S-C-H-O. This is
done by including iron, HS  and HCO5" as well as performing calculations
for very high salinities. Calculations were also performed at an elevated tem-
perature of 150 °C for the subsystem Cu-CI-H-O in [56], but these are not
accounted here. The calculations have been done using MEDUSA and the
HYDRA thermodynamic database [52]. The calculations performed on the
system Cu-CI-H-O to higher salinities and temperatures (150 °C) were, how-
ever, partly done using data published in [47].

7.4.2 The sub-system Cu-CI-H-O

In [47], three different total concentrations (10, 10, and 10°® molal) for
dissolved copper were used for the calculations. It is stated in [47] that cop-
per is a noble metal. However there are constraints to this immunity since
copper corrodes with H; evolution at low pH above 125 °C with a copper
concentration of 10° M and above 50 °C with a concentration of 10° M . The
oxides (Cu,O (cr) and CuO (cr)) are stable at all temperatures and concentra-
tion levels > 10® M, with the exception of 10® M at T > 100°C. The Cu"
hydroxide, Cu(OH),(cr), is not thermodynamically stable in the interval in-
vestigated. Cu™ predominates at T > 80 °C at all concentrations levels. CuUOH
(aqg) appears in the Pourbaix diagrams only at the lowest concentrations and
in the predominance diagram for dissolved species at 125 and 150 °C.
Cu(OH), predominates at all temperatures and concentrations investigated.

At acidic pH, an increasing temperature decreases the immunity area, and
therefore the risk for corrosion of copper increases. At alkaline pH-values the
risk for corrosion also increases with temperature due to decrease of both the
passivity and immunity areas.

Examples of Pourbaix diagrams for the sub-system Cu-CI-H-O that could be
used in the present work are shown in Figures 7 to 9. They are calculated for
25 °C and [Cl]i= 0.001, 0.1 and 1.5 M, respectively.

Figures 8 and 9 indicate that in the simple system of Cu-CI-H-O there is no
protecting, passivating layer on copper in highly saline media in large pH/E,
regions. This “vulnerability’ of copper develops rapidly as [CIT] increases and
is relevant to the impact of introduction of saline waters into the repository. If
the diagram in Figure 7, which is calculated for 25°C, is compared with such
for higher temperatures as presented in [47, 56], it can be seen that the im-
munity limit for copper also descends as a function of temperature at high CI
concentrations. This means a possibility that copper could be neither noble
(immune) nor passive at elevated temperatures in a repository environment
with high concentrations of CI. Higher reaction rates related to the increased
temperature would also affect corrosion for conditions far from equilibrium.
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Figure 7. Pourbaix diagram for the system Cu-CI-H-O at indicated condi-
tions. This diagram shows the case in which [CI] is low, i.e. fresh water (1
MM = 35 mg/L) and [Cu**] is much higher (1 uM ~ 64 ug/L) than its likely
range. Note: In this and following diagrams, [Cu®*]+or relates to total cop-
per concentration, including solid phases containing Cu, and not just the
dissolved ionic species.
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Figure 8. Pourbaix diagram for the system Cu-CI-H-O at indicated condi-

tions. This diagram shows the case in which [CI] is moderate, i.e. brackish
water (100 mM = 3500 mg/L) and [Cu?*] is much higher (I uM =~ 64 ug/L)

than its likely range.
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Figure 9. Pourbaix diagram for the system Cu-CI-H-O at indicated condi-
tions. This diagram shows the case in which [CI7] is high, i.e. very saline
water (1.5 M = 53000 mg/L) and [Cu**] is extremely high (0.1 mM = 6.4
mg/L).

7.4.3 The sub-system Cu-S-H-O

The selected set of diagrams shown in Figures 10 and 11 (also Figure E1 in
Appendix E) were calculated at indicated conditions in order to be able to
find critical concentrations for copper sulphide formation. A comparison of
those and other diagrams not given here show that the corrosion behaviour of
copper depends strongly on HS™ and CI” concentrations and the variation of
the pH and E;,. The ionic strength itself, caused by generally high salinity,
seems to have very little or no influence.

7.4.4 The sub-system Cu-Fe-S-H-O

Pourbaix diagrams for part of the system Cu-Fe-S-H-O were calculated and
accounted in [56]. In certain types of environment HS™ and also iron would
have an influence on copper stability. HS™ is important at low potentials. Iron
is important for example if there would be a break through of the copper. Iron
is also present “normally” in the repository environment.

Depending on conditions, two bi-metallic oxides can be found in the chemi-
cal system Cu-Fe-S-H-O beside the metals and simple oxides. The bi-
metallic oxides are delafossite, CuFeO, and cuprospinel, CuFe,O4. However
present evidence suggests that these phases only form at high temperatures,
so they are probably not relevant to long-term evolution and corrosion in the
EBS of a repository. There is also a bimetallic sulphide, CuFeS,. Examples
of Pourbaix diagrams for this sub-system are displayed in Figures 12a and
12b, showing copper containing species and iron containing species respec-
tively.
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Figure 10. Pourbaix diagram for the system Cu-S-H-O at indicated condi-
tions. This diagram shows the case in which [HS] is lower (1 uM =~ 35 ug/L)
than typical values and [Cu?*] is much higher (I uM =~ 64 ug/L) than its
likely range.
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Figure 11. Pourbaix diagram for the system Cu-S-H-O at indicated condi-
tions. This diagram shows the case in which [HS] is at the high end (0.1 mM
~ 3.5 mg/L) of the typical range and [Cu*"] is much higher (1 uM ~ 64 ug/L)
than its likely range.
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Figure 12a. Pourbaix diagram for the system Cu-Fe-S-H-O at indicated
conditions. Copper containing species are shown. This diagram shows the
case in which [HS] is lower (35 pg/L) than typical values, [Fe*'] is at the
lower end (0.056 mg/L) of its range and [Cu“*] is much higher (64 pg/L)
than its likely range.
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Esne/ V

t= 25°C
Figure 12b. Pourbaix diagram for the system Cu-Fe-S-H-O at indicated
conditions. Iron containing species are shown. This diagram shows the case
in which [HST is lower (35 pg/L) than typical values, [Fe**] is at the lower
end (0.056 mg/L) of its range and [Cu®*] is much higher (64 pg/L) than its
likely range.
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It can be seen that CuFeS, and Cu,S both appear in the pH/E, area of interest
with respect to repository conditions.

7.4.5 The sub-system Cu-Fe-S-CI-H-O

An example of a Pourbaix diagram calculated for the system Cu-Fe-S-CI-O-
H at 25 °C and [Cl]i=1.5 is shown in Figure E2 in Appendix E.

One important feature that can be observed in Figure E2 is that the immunity
limit of copper is further lowered in the S+CI system compared with systems
not containing sulphur. This could have consequences for copper corrosion in
a reducing environment if a sulphide film had any significant passivating
effect, but this is considered not to be the case.

7.4.6 The sub-system Cu-CI-C-H-O

The system Cu-CI-C-H-O is shown in Figure E3 for CI and HCO; concen-
trations at which copper species containing those components start to appear.
It is found that the first chloride complex to appear is CuCl, at a ClI" concen-
tration slightly above 1 mM. The first carbonate complex is CuCOZ’, appear-
ing at a total HCO;™ concentration of 0.5 mM.

The same system is also shown in Figure E4 at the solute concentrations cho-
sen for the system model as shown in Table 3. It can be seen that at those
concentrations of CI" (2 mM) and HCOj3 (6 mM), CuCl; is still the predomi-
nating copper-chloride species. Among copper carbonates, malachite
(Cu,CO3(0OH),) appears beside the simple copper carbonate CuCOs.

7.4.7 The sub-system Cu-CI-S-C-H-O

In Figure E5 a diagram for the subsystem Cu-ClI-S-C-H-O is accounted for
25°C. It can be seen that sulphides and oxides predominate at low redox po-
tentials, CI at intermediate and carbonates at high potentials. HS™ decreases
the immunity area of copper with only slight dependence on the total HS
concentration within the calculated range. An increased chloride concentra-
tion has little effect on the sulphide predominance.

7.4.8 The sub-system Cu-Fe-CI-S-C-H-O

In Figure E6 a diagram for the system of Cu-Fe-CI-S-C-H-O is accounted for
25°C at the conditions given in Table 3. In Figure E7 the same system is
shown at a very high total CI" concentration of 5 M, i.e. brine. Only copper-
containing species are shown in the diagrams. These are the most generalised
diagrams for the repository system when iron is also present. However, to
calculate the diagrams it has been necessary to reduce the number of species
participating in the calculation. The selection of species to be included in
calculations depends on specific aims; the aim here has been to exclude spe-
cies with a low probability of appearing within the ‘envelope’ of environ-
mental conditions of the repository.

Figure E6, in the central parts of the diagram, demonstrates that copper sul-
phides dominate at low CI" concentrations. There are also indications in the
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diagram that the calculation program cannot properly select the predominat-
ing species at every point. The information should therefore be used with
caution.

Figure E7 shows that copper sulphides still dominate in central parts of the
diagram at high CI" concentrations, but only at low potentials. At intermedi-
ate potentials CuFeO, predominates. The program had difficulties to con-
verge in this calculation and the information should be used with the same
caution as for that in Figure E6.

7.4.9 The sub-system Cu-Fe-N-S-H-O

In Figure E8 a diagram for the subsystem Cu-N-H-O is accounted for 25°C.
At these concentrations ([NHs] = 2 mM) the complex Cu(NH,)," starts to
form and thus increases the solubility of copper dramatically. In Figure E9 a
diagram for the subsystem Cu-N-S-H-O is accounted for 25°C. At the se-
lected total concentrations (note that [Cu®]ror relates to total copper concen-
tration, including solid phase Cu, and not just the dissolved ionic species), the
copper behaviour is similar as in the simple systems Cu-N-H-O (Figure E8)
and Cu-S-H-O (Figure 10), respectively. It suggests that which of S or N will
dominate copper behaviour is dependent on the E,, value. Thus there seems to
be no synergistic effects of the simultaneous presence of N and S in the sys-
tem as they are active on copper at different E;, values. S dominates the be-
haviour at low E, and N at high E;, at pH values about 9 for indicated condi-
tions. In Figure E10 a diagram for the entire subsystem Cu-Fe-N-S-H-O is
accounted.

7.5 Changing corrodant conditions and influences on EBS
corrosion

7.5.1 Summary of the main parameters that could change
The main parameters influencing the thermodynamics of copper (and iron)
corrosion are temperature, pH, E;,, and concentrations of corrodants. Beyond
thermodynamics, corrosion rates may also be effectively limited by the rates
at which corrodants are transported in solution towards the copper surface
and by the rates at which corrosion products are transported away from the
surface.

The temperature in the repository will roughly vary with time and will after
some time adopt the surrounding rock temperature, about 15°C. All calcula-
tions in this section of the report have been performed at 25°C as input data
are normally given at that temperature. The difference between 25°C and
15°C is judged to be negligible.

Concerning chemical parameters, the envelope of pH/E,, defined from Figure
5 can be written as the intervals 6.8<pH<8.7 (main: 7.3<pH<8.4) and -
-300mV<Ex<-150mV. This work will treat broader intervals: 7<pH<10 and
especially in Ey: -0.5V<E;<0.5V.
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Concentrations of HS’, CI', N species, DO, DIC (dissolved inorganic carbon)
are considered to influence corrosion behaviour of copper in the EBS. Cata-
Iytic effects of microbes are also of importance, especially concerning HS’
(see Section 5.2). The work therefore focuses on chemical equilibria in se-
lected subparts of the chemical system Cu-Fe-CI-N-S-C-H-O.

The [HST] range in present groundwaters is mostly within 107 to 3x10° M
and is controlled by FeS equilibrium (see Section 6.3.2). The higher end of
this range has been selected as “typical’ for these calculations. [HS7] concen-
trations lower than 107 M could conceivably occur if more oxidising
groundwaters penetrated to repository depth, for example due to inflow of
oxygenated sub-glacial meltwater. [HS] concentrations higher than 3x10™
M might occur in near-field groundwaters in certain conditions where SRB
promoted rapid reduction of SO,* and the availability of Fe** were inade-
quate to maintain buffering of HS™ by FeS equilibrium (as discussed in Sec-
tion 6.3.2).

The ambient concentrations of dissolved CI” in present groundwaters at re-
pository depth range from fresh water, i.e. close to 0 M, to around 1.5 M, ~
50000 mg/L.

The most important nitrogen containing species influencing copper is NHs.
According to Figure E8 there is likely to be an influence only at high redox
potential and a total concentration of >2x10™ M to see an influence. [NH,']
in present-day groundwaters varies from 0.01 to 3 mg/L, i.e. 5107 to 2x10™
M. Higher NH; concentrations could conceivably derive from anthropogenic
substances that could be introduced during construction and operation of a
repository, i.e. affecting near-field chemistry during operation and the initial
post-closure stage.

DIC is mainly HCO3; and much smaller concentrations of CO5? anions,
which start to influence copper corrosion at a total concentration of >0.5 mM
and at higher potentials at neutral pH, see Figure E3. [HCO3] in present
groundwaters at repository depth varies from 5 to 400 mg/L, i.e. 8x10™ to
6x10° M, and is generally inversely correlated with salinity so that the more
saline groundwaters have the lower [HCOg31].

7.5.2 Sulphide and SRB

[HST] in present-day groundwaters at repository depth is mostly between
10" and 3x10® M and is controlled by FeS equilibrium (Section 6.3.2). FeS,
present in the bentonite is expected to control total reduced sulphur concen-
trations at <10 M [29]. Already in this range there could be sulphide
phases on copper, see Figures 10 and D3.

If for any reason conditions in the buffer allow microorganisms to be viable
at the buffer-canister interface, SRB could transform SO, into HS™ adding
to the amount of HS available for copper sulphide formation. If all SO,*
indicated in Table 3 were converted by SRB to HS, the latter concentration
would increase to the range 5x107° to 5x10° M. This would increase the
stability areas of both FeS, and of copper sulphides with respect to pH and
En. The probability of sulphide formation would thus increase in a broader
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range of pH/E;. At high [HS] concentrations and low E,, copper can react
with H, evolution to form copper sulphide. See for example Figure 10.

2Cu(s)+2H,0+S% — H,+Cu,S+20H

A systematic summary of the above can be made by reference to the Pour-
baix diagrams already accounted above. Starting from the ‘typical’ chemical
environment as defined above, the following evolution will be possible:

— Lowering E;, further would cause evolution of H,. This would, however,
be the stopping point for any further E, drop in a undisturbed repository
long after time of closure.

— If [reduced S]i; decreases <10 M, copper sulphides would disappear in
favour of metallic copper stability. See Figures 10 and E1. As a result,
corrosion influenced by HS™ would tend to decrease. This would perhaps
also be the case in a closed and undisturbed repository with a gradient of
decreasing HS™ concentrations towards the canisters.

— Increasing E;, at [reduced S]i = 10° M will also cause copper sulphides
to be replaced first by metallic copper at about E, = -0.1 V and thereafter
by Cu,O at about E, = +0.1 V. See Figure 11. As a result, corrosion influ-
enced by sulphide would tend to decrease. This would be the case if more
oxidising water were to penetrate to repository depth, for example due to
penetration of oxygenated sub-glacial meltwater.

— Lowering pH at [reduced S]i: = 10° M would not cause any substantial
change. The already existing copper sulphides would stay. See Figure 10.

— Increasing pH at [reduced S]i, = 10° M would cause copper sulphides to
disappear at about pH=9 and be replaced by metallic copper. See Figure
10. As a result, corrosion influenced by HS™ would have a tendency to de-
crease.

— Increasing [reduced S]i; above 10 M, for example due to SRB activity
and other conditions discussed above, will further increase the En/pH re-
gion of copper sulphide stability. Compare Figures 10, 11 and E1. As a
result, corrosion influenced by HS™ would tend to increase.

It should be noted that the presence of iron could cause the formation of
bimetallic sulphides (and possibly also oxides) that would increase the pas-
sivation of copper. Instead of immune metallic copper, passivating films of
bimetallic sulphide would appear. The overall influence on corrosion behav-
iour is still uncertain.

7.5.3 Chloride

CI has a strong influence on copper behaviour/solubility at higher concen-
trations, i.e. >0.1 M CI', which has been outlined in [45] and can also be seen
in the Pourbaix diagrams. Very high CI" concentrations could cause a com-
plete loss of passivation ability of copper. The global concentrations of dis-
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solved CI" in the repository could rise from fresh water, ~0 M, to roughly 1.5
M. The typical value would be about 6x10°M (Table 3), at which CI" does
not have any influence. See Figure 7.

Increasing [CI7] will cause corrosion due to formation of copper-chloride
complexes. See Figures 7, 8 and 9. This situation could develop with upcon-
ing of high salinity water.

If HS  is present at [HS] > 10® M, copper sulphide formation will dominate
over CI" complex formation when all other parameters are as in Table 3. See
Figures E2, E5, E6 and E7.

Beside the direct influence by changing [CI] as discussed above, a simulta-
neous decrease in pH and increase in E,, would increase the influence by CI
on copper corrosion.

7.5.4 Nitrogen species

Copper and NH; form chemical complexes and thus increase the solubility
of copper. As seen in the Pourbaix diagrams, the limiting total concentration
for [NH,] influence is about 2x10® M at a total copper concentration of 10
M. See Figure E8. pH has to exceed 8 and E;, exceed about 0 V to get an
influence.

If HS™ is present at concentrations previously discussed, HS  and NHz will
influence corrosion at different combinations of E/pH. There will thus be no
synergism between the two in attacking the copper.

Increasing [NHs] over 2x10° M will increase the stability of NH,* com-
plexes and thus also increase ammonia-influenced corrosion. Copper sul-
phide formation is likely to dominate aver ammonia-copper species forma-
tion in most conditions.

7.5.5 Carbonate (DIC)

Carbonates and hydroxycarbonates can be formed on copper at higher E;,
conditions. This has been outlined in [45] and can also be seen partly in Fig-
ures E3, E4 and E5. The influence on copper behaviour at present groundwa-
ter conditions and within the range of possible changes would be minor. E;,
has to be increased above + 0.2 V for an influence to occur at [DIC] <
2x10°M. This would be seen only at the time of construction and shortly
thereafter.

It should be noted, however, that other carbon containing compounds
(mostly organic compounds) could act as complexing agents, increasing the
corrosion on copper. The origin for such compounds could for example be as
anthropogenic substances introduced during the construction and operation
phases.

7.5.6 Summary

The main parameters influencing copper (and iron) corrosion are tempera-
ture, pH, Ey, and concentrations of corrodants.
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Changes of concentrations of HS", CI', N species and carbonate (DIC) have
been considered in relation to external changes (glaciation, anthropogenic
actions, etc) that could give rise to deviations from presently observed
groundwater conditions at repository depth. The influences on corrosion
behaviour of copper in the EBS have been discussed.

The result is that beside redox potential E, and pH, HS™ is likely to be the
dominant agent influencing copper corrosion behaviour in most if not all
likely conditions, with CI', NH; and HCOs™ having subsidiary effects.

Ey, changes as results of residual O, in the initial phase after closure, penetra-
tion of oxidising water for example during a glaciation, or changes in the
controlling near-field biogeochemical systems would affect corrosion in two
ways: the speciation and stability of corrodants, mainly HS’, and the stability
of the corrosion products.
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8. Natural system studies
of native copper

8.1 Introduction

The objectives of this specific part of the work are:

- to review literature and other information about the occurrence and geo-
chemical stability/alteration of native copper, particularly with respect to
ambient biogeochemical conditions including redox species, salinity and
microbial populations;

- to review electrochemical basis of natural analogues of native copper and
to evaluate experimental and theoretical evidence for copper stabil-
ity/instability under natural aqueous conditions, oxic or anaerobic.

8.2 Method

The approach used here has involved:

- search for literature describing native copper occurrences and physico-
chemical conditions for stability/alteration;

- definition of thermodynamic conditions under which native copper is
stable;

- evaluation of experimental and theoretical evidence for copper stabil-
ity/instability under natural aqueous conditions, oxic or anaerobic.

8.3 Native copper

8.3.1 Occurrences and their formation conditions

This is not intended to be a comprehensive geological/mineralogical descrip-
tion of the formation in nature of native (metallic) copper. Reviews of that
already exist and the reader is referred to those for such information [e.g. 57,
58].

There are four main types of copper occurrences in nature: porphyry copper
ores, sedimentary copper ores, massive sulphide copper ores and copper/gold
ores. Native copper can be found in conjunction with all of those principal
ores and it was the first metal to be used by man some 10,000 years ago due
to its relatively easy, natural availability and easy handling to produce tools
and weapons.

However, deposits of native copper are normally very small in volume. The

principal ‘bulk’ copper-containing mineral is chalcopyrite (CuFeS,) in por-
phyry-type ores and native copper specimens are today seen more as inter-
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esting souvenirs. Among other principal minerals of copper than chalcopy-
rite there are deposits of copper sulphides as ~Cu,S (constituting a family of
minerals) and copper oxides mainly as cuprite (Cu,O) and tenorite (CuO).
Among carbonates, azurite (Cu(COz3)2(OH),) and malachite (Cu,CO3(OH),)
could be mentioned as examples.

A generalized map of copper mining areas (all types of findings, sometimes
including small amounts of native copper) around the world and valid for
2002, can be seen in Figure 13 [58].

Fov. 2

Figure 13  Copper mines in operation 2002 [58].

In Table 4 some examples of places are accounted where native copper has
been or still is found. Native copper has been mined for centuries and is still
found in limited quantities in some of the once-active native copper mining
regions. However, these finds are today valuable only as mineralogical
specimens and natural analogues of copper preservation. There are also some
data on formation and preserving environment. The expected, theoretical
stability of natural copper at some given chemical conditions is evaluated in
the later sections and compared with the conditions in Table 4.

Major copper producing nations include Australia, USA, Canada, Chile,
China, Mexico, Russia, Peru, and Indonesia. Of the copper ore mined today
in the United States, the majority is produced in three western states: Ari-
zona, Utah, and New Mexico, though up to the 1960s the Keweenaw prov-
ince in Michigan was a prime producer. Many ore deposits have native cop-
per as one of the copper-containing minerals beside sulphides, oxides and
carbonates. The native copper part of the total deposit is, however, as a rule
very minor.
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Table 4. A couple of examples of finding-places for native copper
Finding- Coordinates | Native Ageltype of | Geochemical
place/ Ref. copper formation environment
form
Keweenaw [59, | Michigan, USA Big Precambrian Reducing hydro-
60] lumps/plates sandstone, thermal low-
(up to 10 m). conglomerates, sulphur fluids with
ash and basalt, late supergene
alteration
Yunnan [61, Yunnan province, Permian basalts | Reducing hydro-
62] China and bituminous thermal fluids
sediments
Darhand [63] Iran Round or Tertiary basalts
ellipsoidal overlain by
grains (upto 2 | limestones

cm)

Littleham Devon, SW GB Small plates Permian clay Reducing early
Cove/GB/[64, (up to 160 mm | shale, mud- and | diagenetic pore
65, 66] long and 1-4 sand-stone waters and later
mm thick). alteration by CI
COos”
Hyrkkola [67] Southwest Microscopic Pegmatite veins
Finland grains in Precambrian

crystalline rock

The Keweenaw deposit is an exception from this rule; about 5 million tons
of refined copper was recovered from 380 million tons of ore, however most
of it is not as native copper. It is famous for large, metre-scale masses of
native copper: the largest piece of native copper ever reported was discov-
ered there in 1857. Its estimated mass was over 500 tonnes and the piece was
14 mlong, 5.6 m wide and roughly 2.5 m thick. Other large pieces of native
copper have been found in the Keweenaw district, one of which was recov-
ered from the bottom in a shallow part of Lake Superior (Figure 14). It oc-
curred in a vein within basalt that was exposed through a veneer of organic-
rich lake sediments. In Figures 15 and 16 are shown a couple of souvenir-
sized pieces from the Keweenaw district. A lightly polished example is

shown in Figure 15 and an un-polished example in Figure 16.

The general theory for the formation of native copper deposits in the Ke-
weenaw-type setting is that it precipitated from chemically-reducing copper-
enriched hydrothermal fluids, depleted in sulphur possibly due to outgassing

[59, 60].

Similar deposits of native copper, but less massive in nature, have been
found in Yunnan province in China [61, 62]. It is thought to have an epige-
netic hydrothermal origin, copper having been leached from basalt into the
fluids and then deposited when the fluid entered the fissured interface be-
tween basalt and overlying bituminous clay-rich sediments. At Darhand in
Iran, native copper occurs as small (2 cm) round or ellipsoidal grains in Ter-
tiary-age basalts which have been epigenetically altered by hydrothermal
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fluids, and in this case are overlain by limestone [63]. In all these cases, sul-
phide-poor reducing conditions are believed to be a central factor in native
copper formation.

Figure 14  Bob Barron and the 17-ton copper plate he found diving
in Lake Superior along Michigan’s Keweenaw Peninsula.

Figure 15 Native copper nugget (6 cm) from Keweenaw Peninsula,
Michigan, USA. Souvenir piece, lightly polished to remove surface deposits.
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Figure 16 Native copper nugget (5 cm) from Keweenaw Peninsula,
Michigan, USA. Unpolished.

The Littleham cove occurrences of native copper in southwest Devon (UK)
have been specially investigated by SKB as a natural analogue [64, 65, 66].
It is especially important as a natural analogue as native copper sheets (cm-
scale) are found in clay shale, mudstone and sandstone of Permian age (Fig-
ure 17). The copper sheets are associated with complex uranium-vanadium
concretions and they are altered to oxides, arsenides and sulphide with some
nickel content (though reinterpretation considers the arsenides and sulphides
to be superimposed rather than alteration products [66]). Deposition of the
copper and most alteration are interpreted to have taken place at an early
stage of sediment diagenesis before compaction. The sedimentary burial
environment was reducing, having green reduction spots where pyrite occurs
instead of hematite and chlorite instead of smectite. The copper occurs in
micro-fractures parallel to sediment bedding and is thought to have precipi-
tated from low-sulphide diagenetic pore fluids that leached copper from the
Permian sediments. Late-stage weathering, after erosion and exposure of the
sediments to chloride and carbonate in groundwaters, has resulted in some
surficial alteration.

trreirrrnrtnntt e e EFERS R

Figure 17 A 176 million years old copper (mm scale at the bottom)
plate found embedded in clay in Littleham Cove, Devonshire, GB
(from a presentation 2007-12-05 by L. Werme, SKB).
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Those examples and the fact that native copper can be found in many more
places in nature than those indicated here, show that copper is stable as a
metal in a variety of natural conditions.

The Hyrkkola U-Cu mineralization contains native copper in an open frac-
ture zone in crystalline rocks at about 8.3 m depth [67]. The native copper is
associated with uranium mineralization in granite pegmatite veins 0.05 — 0.5
m thick. Unusually, copper sulphides also occur but these are thought to
result from alteration by groundwater.

8.3.2 Environments of preservation and alteration

The Keweenaw copper, and most if not all of the other more minor native
copper deposits are now found to have surface alteration that results in de-
posits or staining that is coloured green, brown and blue. Alteration of the
large copper slab that was recovered from the lake bottom would be interest-
ing with respect to corrosion. It is likely that the vein in which the copper
was located would have been exposed to supergene alteration by groundwa-
ters and lake water after glacial erosion of the Palaeozoic cover rocks during
Pleistocene glaciation, i.e. within the last 2-10 million years [59, 60]. Prod-
ucts of this alteration are thin coatings of oxide, carbonate and chloride min-
erals. Supergene alteration has been detected in the host rocks here to about
300 m depth. Lake water that interacted with the large slab is of course fresh
and aerobic.

Early diagenetic alteration of native copper in Permian mudstones at Little-
ham was dominantly to oxides such as cuprite [66]. The subsequent pore
water environment during and after burial would have remained reducing
until erosion exposed the beds in cliff faces and landslips. Sulphide minerali-
sation is thought to have occurred at a relatively late stage and is to some
extent intergrown with native copper so that it can be said that some degree
of sulphide corrosion has occurred at that stage. It is reported that 30-80% of
the original thickness of copper sheets (typically 1-2 mm and up to 4 mm
thick) has been preserved. Subsequent exposure to oxidising groundwaters
seems to have converted some of the sulphide to sulphate and there are also
copper oxide and carbonate products. More information about the likely
timescales and hydrochemical conditions of oxidative corrosion and prior
reductive alteration would help to understand more about the context of 20-
70% of original native copper having been judged to have been lost, but it is
unlikely that much more firm interpretation is possible because these and
other variables are not well constrained.

8.4 Conditions for native copper stability

8.4.1 Important parameters

The stability of native copper is dependant on the ability of copper to either
stay immune or be effectively passivated in the physical and chemical envi-
ronment. This is influenced by the presence or absence of chemical species
that could act as corrodants. The transport of corrodants to and from the cop-
per surface is also likely to be important.

SSM 2009:28 63



The parameters that would be potentially significant for the stability of na-
tive copper in a natural geochemical environment have already been dis-
cussed in relation to corrosion of copper canisters in the EBS of a repository.
These are T, Ex/pH, [reduced S]iet, [CIT, [NHaJwot, [CO3* Tt and combinations
of them, which have been discussed in Section 7.5 and also in e.g. [45-51].
There are additional factors governing transport of these reactants, i.e. ad-
vection or diffusion of reactants and reaction products to and away from the
surface of copper metal, which apply equally to native copper as well as to
emplaced copper canisters.

8.4.2 Native copper stability

In earlier reports for SKN and SKI on the stability of copper in the KBS-3
disposal concept, evidence from Cu and Cu-Fe sulphide minerals in natural
conditions was used to construct conceptual models for how metallic copper
might corrode in oxidising and reducing groundwater conditions [57, 68,
69]. The conditions under which native copper has been deposited are also
described in these reports, but there is no information relating directly to the
nature and extent of alteration of native copper in oxidising and reducing
geochemical environments. Potential alteration of copper metal in geo-
chemical environments is inferred only indirectly by interpretation of the
relative stabilities of Cu and Cu-Fe minerals. Three types of geochemical
alteration environments in ore deposits corresponding to different corrosion
situations were discussed:

1. Under oxidizing and low CI" conditions, passivating oxide type of lay-
ers form on the copper surface.

2. Under oxidizing and high CI" conditions, the species formed may all
be dissolved.

3. Under reducing conditions, non-passivating sulphide type layers form
on the copper surface.

Amcoff [57, 68, 69] concluded that mineral formation and mineral transitions
on the surface of copper canisters in the geochemical environment of a re-
pository will be governed by reaction kinetics and transient formation of me-
tastable sulphide phases rather than by thermodynamic stability relations
alone. This suggests that the conclusions reached on the basis of thermody-
namic calculations in Section 7 of this report are insufficient if not combined
with available kinetic information. It was inferred that the dominating kinetic
control on copper alteration by HS™ in reducing geochemical conditions
would probably be the transport of reactants, i.e. HS’, to the surface of copper
canisters, especially when surrounded by bentonite as a diffusing medium.
Another kinetic factor determining which sulphide phases might form would
be the diffusion of copper ions through the surface layer of existing copper
sulphides.

Thus it is not possible to formulate a general model for the stability and al-
teration of native metallic copper. Some values or limits of important single
parameters have been used to calculate the Pourbaix diagram in Figure 18.
The meaning of ‘limiting’ in this respect is that an attack on copper by that
component can be found at and above the ‘limiting” concentration. In Figure
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19, the Pourbaix diagram for the pure system Cu-H-O is shown for compari-
son.

If the concentration of a component as shown in Figure 18 is decreased be-
low the ‘limiting” value, that type of attack will disappear, but on the other
hand it will probably increase if concentrations are increased. Exactly how is
not evaluated here but can be partly found elsewhere [e.g. 51]. HS™ starts to
attack at low Ej,, values at virtually all pH (see Section 7.5.2). CI starts at low
Ey and low pH, NHj; at intermediate E;, and slightly elevated pH and HCO3
and phosphate at neutral pH and elevated E;. It should also be noted that
there seems to be no synergistic effects between the corrosive agents. Their
corrosive effects could thus within limits be discussed independently of each
other.

Native copper should be preserved when copper in its environment is either
immune to attack, passivated by a protecting stable oxide or otherwise pro-
tected by a very low transportation rate of corrodants or by high temperature
(virtually no water present) or at freezing temperatures. Within the water
stability area of Figures 18 and 19, copper immunity (copper metal stable) is
marked with orange and passive areas (passivating and protecting oxides
stable) with orange lines (Cu,0) and black (CuO) respectively.

I= varied

[Cl']l.,p= 10.00 mM [COBQQTOT: 2.00 mM
[HS]nr= 1.00 uM [HPO,;* 1.op= 2.00 mM
[Cll+]TOT= 1.00 u™M [NHS]TOT: 2.00 m™M

2 T e wed T T T T T T
i O (OH)>
L O il

Eeue/V

rH t= 25°C

Figure 18 Pourbaix diagram for the system Cu-S-CI-N-C-P-H-O at indi-
cated (limiting) conditions. Within the water stability area copper immunity
(copper metal stable) is marked with orange and passive areas (passivating
and protecting oxides stable) with orange lines (Cu,QO) and black lines (CuO)
respectively.
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Figure 19 Pourbaix diagram for the system Cu-H-O at indicated condi-
tions. The same marking code is used as in Figure 18.

It could be summarized from Figures 18 and 19 that in a pollution-free,
slightly alkaline environment without NHs;, native copper would survive for a
long time even if HS™ and CI" are present to some extent.

If also iron is present the situation could be summarized as in Figure 20 in
which a Pourbaix diagram for the system Cu-Fe-S-CI-N-C-P-H-O is shown
at indicated (limiting) conditions. Due to calculational approximations, there
are large uncertainties in this diagram. However, if the information in Figure
20 is compared with that found in Figures 18 and 19, some comments can be
made:

o  Copper is never immune at conditions in Figure 20.

e HS takes away the immunity of copper at low potentials all the way to
pH 10 when iron is present. However, the extension of the sulphide area
is not as large as in the absence of iron (Figure 18).

o  Mixed copper-iron oxides seem to supply an impressively large area of
passivity on copper when iron is present. CuFeQ, is the main “passiva-
tor” over large areas of pH/E,, within the water stability area, also for ex-
tended pH ranges. At high E; conditions this function is over-taken by
CuFe,0,.

e In presence of iron, the area of total passivity is much larger than sup-
plied by the simple copper oxides (Figure 19).

e As a consequence of the extended areas of passivity that the mixed cop-
per-iron oxides provide, the problematic influences on copper stability
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of CI', phosphate, HCO3" also seems to be much less or virtually abol-

ished. HS influences remain but are diminished.

[HS 1y o=

1.00 uht

I= varied

[PO I 2.00 mM [Fe? ] pepr— 1.00 uM
[NH3]TOT= 2.00 mM [CL|+]TOT= 1.00 uht
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Figure 20 Pourbaix diagram for the system Cu-Fe-S-CI-N-C-P-H-O at

indicated (limiting) conditions. Within the water stability area copper immu-
nity (copper metal stable) is marked with orange and passive areas (passivat-
ing and protecting oxides stable) with orange lines (CuFeO,) and black
(CuFe30y) respectively. Due to calculational approximations the validity of
this diagram could be questioned.

8.5 Discussion and conclusions

Many copper ore deposits have native copper in their mineral assemblages
along with sulphides, oxides and carbonates. The native copper part of the
ore is generally very minor. The Keweenaw occurrence in the US is an ex-
ception, in which native copper appears on a large scale from microscopic
beads up to chunks weighing over 500 tonnes, being 14 m long, 5 m wide
and 2 m thick. In most cases, native copper has been preserved in situ, in its
mode of deposit, for long periods of geological time. For example, an occur-
rence in Permian mudstones in the UK is more than 200 million years old.

As native copper can be found in many different types of places in nature it
can be inferred that it is stable as a metal at a variety of natural conditions,
where it either stays immune or is effectively passivated or reactions are
otherwise inhibited in the physical and chemical environment. Immunity and
passivation are strongly influenced by the presence or absence of chemical
species that could act as corrodants. Transport of corrodants to and from the
copper surface is also important. A slow or hindered transport mechanism
would slow down an otherwise active corrosion process.

The parameters T, E,/pH, [reduced S, [CI], [NH3Jio: and [CO3* Jiot @and

combinations of them as well as corrodant transport factors are all important
for the stability of native copper. If iron is also present together with relevant
corrodants copper is never immune, but passivated over large areas of pH/E;.
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The extended areas of passivity that the mixed copper-iron oxides provide
would decrease the negative influences on copper stability of CI" and HCOy3/,
though there is doubt whether these phases would form at low temperatures
due to kinetic factors. HS™ influences remain but are diminished when iron is
present. It could thus be summarized that in a transport-limited, slightly alka-
line environment unperturbed by external contaminants especially ammonia,
with dissolved iron being buffered by iron minerals and typical natural con-
centrations of HS™ and CI, native copper survives for a long time.
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9. Summary and conclu-
sions

9.1 Issues to be considered in review of SR-Site

o SKB have carried out state-of-art biogeochemical characterisation (sam-
pling and analyses) at both sites. Data can be compared with similar data
from OlKkiluoto. There are also background data and experimentation car-
ried out at Aspd HRL. In general, the interpretations of abundances and
distributions of microorganism populations and of correlations between
populations and water chemistry are not conclusive because of the densi-
ties and variabilities of data. However some compelling interpretative
concepts and models about biogeochemistry have resulted from SKB’s
investigations and these are significant inputs to SR-Site.

o Numbers of microorganisms in deep groundwater samples from Fors-
mark and Laxemar are low relative to shallow environments. All major
types are present (SRB, IRB, MRB, acetogens, methanogens). Distribu-
tions are heterogeneous, with a tendency to IRB being dominant at shal-
low depths and SRB being dominant at repository depth and below.

e In general, SRB are higher in locations with lower Ej, i.e. more reducing.
Higher SRB also correlate with lower SO,* at Forsmark. Correlation of
higher SRB with HS™ at Laxemar is inconclusive because data are sparse.
There are no clear patterns for acetogens and methanogens except that
populations of acetogens are greater than those of methanogens and
SRB.

e DOC and CH, concentrations in water samples are low, mostly <5mg/L
and <0.1 mL/L respectively. These potentially are the energy sources for
microbial respiration, so low abundances would account for low micro-
bial populations. Acetate is an intermediate product in respiration path-
ways utilising either DOC or DIC, but there are no data for its concentra-
tions in these groundwaters. CH, at Forsmark and Laxemar contrasts
with much higher concentrations of CH, at Olkiluoto, >100 mL/L below
500m depth where SO, concentrations are very low. CH, may be linked
with SO, reduction at Olkiluoto where anaerobic CH, oxidation (AOM)
has been suggested. CHy, is probably too low at Forsmark and Laxemar
for AOM to be a major cause of HS™ production at present. DOC is
probably the dominant energy source for microbial respiration.

e The implication of these interpretations of present-day biogeochemistry
is that SO, reduction is dependent on many variables in the microbial
and geochemical conditions. Future changes of any of these variables
would very probably affect the rate at which SO, is reduced and HS™ is
produced in groundwaters at repository depth. The maximum HS™ con-
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centration could theoretically equal SO,* concentration in inflowing
groundwater, but supply of DOC or CH, would probably be the limiting
factor in SO, reduction.

o Maximum HS™ concentration would also be attenuated by precipitation
of iron sulphide. Geochemical modelling indicates that FeS solubility is
the effective limit in present-day groundwaters at repository depth, re-
sulting in HS'<0.1 mg/L (<3x10° mM). That control is likely to persist
into the future if Fe** buffering by water-rock reaction with mineral
sources of Fe'" continue and pH conditions remain stable. With data for
reactive Fe' available in the rock surrounding the deposition holes, it
would be possible to estimate the amount of SO,, supplied by ground-
waters and then reduced to HS", that could exhaust the Fe"" supply and
therefore increase the possibility that at some time in the future HS™ con-
centrations might cease to be kept low due to FeS precipitation.

e Whilst FeS; equilibrium is not indicated for near-field groundwaters,
pyrite is an accessory mineral in bentonite and presumably is a signifi-
cant buffer of redox in the EBS as suggested in SR-Can [29]. If equilib-
rium with pyrite were to control the concentration of Fe®* at a very low
level in the bentonite, then HS™ concentration could in theory rise to a
proportionately higher level before being limited by precipitation of FeS
(though empirical evidence suggests that production of HS™ in situ would
be inhibited because microbes are not viable in highly compacted ben-
tonite). The possibility of such a model, whereby Fe** would be mini-
mised because of its pyrite source and HS™ would be controlled at a rela-
tively higher concentration by FeS equilibrium, should be considered
when modelling pore water chemistry in the EBS.

e A small amount of experimental work in Aspé HRL has confirmed that
SO, reduction to HS does take place in in situ conditions at typical re-
pository depth range. It also suggested that biofilms may be effective
hosts for promoting SRB activity.

e SKB’s mass budget calculation of SO,* reduction limited by DOC sup-
ply indicates that the concentration of HS™ adjacent to a deposition hole
would be 0.06 mg/L. This is inferred to be equivalent to a total of 10
moles of HS™ per deposition hole. The assumptions and reasoning in this
scoping calculation should be checked. SKB’s calculation of this limit on
sulphide corrosion assumes that present-day biogeochemical conditions
persist.

e Review of literature on SO, reduction rates in marine sediments, where
SRB population and DOC are not such limiting parameters, indicates
S0, reduction rates over a wide range of 107 to 10° mM yr™. SO, re-
duction rate by AOM would be about 10™ mM yr*, with very large un-
certainty, for an environment with low SRB populations. Overall, reduc-
tion rate of SO,”is likely to be relatively rapid so that HS™ production
will be controlled by microbe populations, DOC/CH,, and SO4%, as dis-
cussed above.
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e Geochemical modelling of hydrochemical data for redox-active couples
shows that the measured Ej, values are most usually closer to the electro-
chemical potential calculated for the SO,%/HS” couple. The potential for
the Fe(OH)4/Fe** couple is usually lower, i.e. more negative E;, values.
This provides further evidence that SO, reduction is active, presumably
because of mediation by SRB. Other lines of interpretation, and the fact
that Fe?* is much more abundant in the total system than SO,* or HS™ be-
cause of the Fe'" reservoir in minerals, suggest that long-term stability of
reducing conditions is likely to depend on Fe?* redox reactions. It is also
possible that CH,4, though present only at low abundance, might also in-
fluence redox because of its relatively strongly reducing character — that
would depend on biogeochemical reactivity with methanotrophic bacte-
ria (i.e. microbes utilising CH,4 as energy source).

o Biogeochemical conditions at the deposition holes in the initial period
after closure of a repository could be affected by higher temperatures
(typically 40-60°C for 1000 years) and higher radiation. These transients
will be precursors for the evolution of near-field conditions in the long
term. Higher ambient temperatures will shift geochemical equilibria in-
cluding those involving redox-active species, and will also increase
microbiological effects on reaction kinetics. The natural biogeochemical
regime in the near field will re-establish itself as the thermal and radia-
tion perturbations diminish. More detailed considerations of these effects
are outside the scope of this report. The impacts and potential variant
scenarios of these early post-closure conditions should be fully consid-
ered by SKB in SR-Site.

e The quantity and reproducibility of SKB’s data for the microbial and
hydrochemical parameters justify these provisional conclusions, but the
variability of microbial data is quite high and the data are sparse, consid-
ering the complexity of the system. There are many uncertainties and po-
tential alternatives in the interpretations because of the various aspects of
biogeochemical interdependence. There are also data gaps with varying
significance, for example in concentrations and variability of DOC, CH,,
H,; there are no data for acetate. The uncertainties and alternative models
for these biogeochemical conditions and scenarios should be taken fully
into account in the near-field and EBS models for SR-Site.

e A consideration in review of SR-Site will be the possibilities for substan-
tial variations of biogeochemical conditions away from those presently
observed, and the potential impact of those changes on production of
corrodants that could challenge the integrity of the engineered barrier
system (EBS) of a repository and ultimately impact long-term safety.
Corrodants could, in theory, be produced in the EBS itself or be pro-
duced in the near-field geosphere and migrate through the EBS buffer to
the canisters. Concerning the latter scenario, the most significant changes
would probably be either greater penetration of fresh water recharge car-
rying greater amounts of DOC and possibly also increasing microbial
numbers and activity, or increasing salinity and influx of greater amounts
of SO, to the near field. In principle, both possibilities could increase
HS™ production outside the EBS which would cause more a greater diffu-
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sive flux of HS™ towards the canisters. There is a strong argument that
HS will, however, be limited by precipitation of FeS so that HS™ concen-
tration is unlikely to exceed 0.1 to 1 mg/L unless the availability of reac-
tive Fe** buffered by mineral Fe' is exhausted. FeS will gradually trans-
form to FeS,, pyrite, and will accumulate in fractures and matrix pores.
SR-Site should consider whether there is any scenario that could remobi-
lise that sulphide as a ‘pulse’ of HS’; acidic conditions could cause that
but are thought not to be a significant possibility.

e The stability of copper metal in terms of HS™ concentration and other
ambient hydrochemical parameters can be examined by thermodynamic
analysis and displayed in E;-pH space in Pourbaix diagrams. These are
indications of chemical equilibria but do not give any indication of reac-
tion kinetics or of other factors, e.g. passivation and/or transport limita-
tions for corrodants and products, that might inhibit equilibrium being
achieved or corrosion continuing to occur. Corrosion of copper by HS',
whether general corrosion or localised corrosion, could form rather com-
plex products. Passivation would be variable depending on those prod-
ucts.

e A Pourbaix diagram for the Fe-S-O-H system with typical HS™ and Fe**
concentrations shows FeS, (pyrite) to be the thermodynamically stable
solid phase at equilibrium, rather than crystalline FeS. Geochemical
modelling with PHREEQC suggests that the amorphous FeS in that
model’s thermodynamic database is the more likely equilibrium solid.

e Pourbaix modelling of the Cu-CI-H-O system shows that there is no
passivating layer on copper in highly saline (e.g. 1.5 M CI') solutions at
E, more oxidising than about -100 mV. This illustrates the increasing
vulnerability of copper as salinity increases. This vulnerability is also in-
creased as temperature increases. The E,-pH space over which copper is
immune to corrosion also decreases as the pH decreases, so stability of
pH in the EBS is another factor to be considered. Ej, of -100 mV is
slightly above the E;, range that has been measured in groundwaters at
repository depth.

o Pourbaix modelling of the Cu-S-H-O system shows that a range of com-
plex sulphide phases account for copper corrosion at reducing Ey values.
Temperature, CI” concentrations, and pH are the main variables that af-
fect the immune area for copper metal. Comparable Pourbaix diagrams
constructed for more complex chemical systems, e.g. with Fe, CI', N and
CO5” added, illustrate greater complexity in what controls the immune
areas and solid equilibria that influence corrosion. It is worth noting that
the Cu-N-H-O system with NH; would affect copper corrosion signifi-
cantly, but only at relatively high NH3 concentrations, typically 2 mM,
which are much greater than observed in present groundwaters at reposi-
tory depth. Perturbations that could increase NHj significantly should be
considered, but are thought to be unlikely, though it can be noted that the
source of the presently observed concentrations of NH3 at mg/L levels,
apparently in the brackish Littorina water component, is not fully ex-
plained.
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e The long-term stability of copper metal in certain geosphere conditions
is evidenced by a rather small number of native copper occurrences in
ore deposits and in more minor occurrences. With such special and rare
phenomena, the possibility should be considered that there might be
other environments where native copper could have existed originally
but has since been corroded away by the particular groundwater condi-
tions. However the occurrences of native copper represent the preserva-
tion (immunity) of metallic copper against corrosion in varying geologi-
cal and geochemical settings. In most if not all cases, geological condi-
tions have probably protected the copper against external changes of
geochemical conditions for much of their geological ages.

e Exposure of native copper to active open-system biogeochemical fluc-
tuations and processes has happened for rather shorter periods of time,
but nevertheless substantial periods in terms of analogue interest. In most
cases, that exposure period has been initiated by erosion, e.g. glacial ero-
sion in the case of Keweenaw copper in Lake Superior and cliff erosion
in the case of Littleham Cove. In most or all native copper occurrences,
the copper has surface alteration or corrosion deposits. These are thin
coatings of oxides, carbonates and chlorides. Copper sulphide phases
also occur in the Littleham Cove occurrences. It is not possible to make
any firm conclusions about the relationship of these alteration products
to either specific environmental conditions (e.g. groundwater composi-
tions) or timescales.

o Stability fields of copper metal in natural conditions, plus the areas in E;-
pH space where passivating oxides are stable, have been examined with
Pourbaix diagrams for complex geochemical systems. It is observed in
these diagrams that the possibility for formation of mixed copper-iron
oxides would increase significantly the area of passivity and thus dimin-
ish the Ex-pH spaces in which CI', phosphate and HCO3” would enhance
corrosion. However it is thought that these Cu-Fe oxides form only at
high temperatures, so are probably not relevant for these scenarios. Pre-
vious work by Amcoff and others for SKN and SKI on alteration of cop-
per in natural conditions concluded that reaction kinetics and transient
metastable copper sulphide phases, in addition to thermodynamic rela-
tionships, will govern corrosion of copper canisters under KBS-3 condi-
tions.

e Inconclusion, this report has found that SKB’s data and models for bio-
geochemistry of redox at repository depth provide a reasonably coherent
understanding of how concentrations of corrodant solutes would be con-
trolled in the near field, assuming that the present natural biogeochemi-
cal conditions persist. Data for in situ conditions are rather sparse and are
judged to be only just adequate to underpin the interpretations. There are
data gaps or large uncertainties in some of the more “difficult’ biogeo-
chemical parameters, e.g. acetate and H,. Relationships and spatial vari-
abilities of parameters are not clear cut, therefore interpretations are ten-
tative. The central theme of the biogeochemical model is that microbial
mediation causes redox reactions to achieve equilibrium much faster
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than they would otherwise. Therefore the system will be reactive to ex-
ternal changes, e.g. increase of CH, concentrations, and also will be in-
ternally buffered by water-rock reactions, e.g. reactions with mineral
sources of Fe"'. The models provide a basis for prognosis of the biogeo-
chemical effects in scenarios for evolution of the system at repository
depth. SKB’s long-term safety case in SR-Site should be evaluated in
terms of its robustness to those scenarios on the basis of redox equilibria,
outside the EBS and probably also inside the EBS, being reached rela-
tively quickly and also on the basis of fluxes and mass budgets of chemi-
cal and microbial species.
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Appendix A. Biogeochemi-
cal data

A.l Data for groundwaters at Forsmark

Data for the identities and abundances of microorganisms in water samples
taken from deep boreholes at Forsmark have been reported by SKB in the
Site Descriptive Models (SDM) versions 1.2 and 2.1 [70, 71, 72]. Data for
each metabolic group of microorganisms and discusses the microbial model
for Forsmark groundwaters in an overview report for SDM-Site [35]. These
data for Forsmark, plus some data from Laxemar and from underground
boreholes at the Aspé HRL, are also published and discussed in an overview
paper by Hallbeck and Pedersen [8].

Data for six water samples in three deep boreholes (i.e. KFM samples) were
reported in SDM v1.2; data for a further four water samples were reported in
SDM v2.1, though at that time only MPN (‘most probable number’ of culti-
vable microbes) data were available. These microbiological data plus rele-
vant chemical data are presented in Table Al and are summarised below:

e Total numbers of cells in water samples were all <10° mL™, of which
the proportion of cultivable anaerobic cells was <1% except at
KFMO01A/115m and KFM03A/943m.

e Microbial populations in shallowest groundwaters are dominated by
iron-reducing bacteria (IRB) and manganese-reducing bacteria (MRB);
these groundwaters also have relatively higher redox potentials. IRB
numbers decrease with depth from 4000 mL™ in KFM01A/115m to <10
mL™ in KFM03A/943m and /990m.

e SRB numbers are low, <2 mL™, in samples down to repository depth
and higher at >600 m with a maximum of 5000 mL™ in KFM03A/943m.
SRB and SO,* generally have an inverse correlation, with the deeper
water samples having low SO,* and higher SRB.

e At repository depth range, numbers of methanogens and acetogens are
variable over several orders of magnitude with no clear dominance or
patterns; in KFM02A/512m, methanogens were the dominant anaerobe.

e In KFM03A/943m, both acetogens (23900 mL™)and SRB (5000 mL™)
had relatively very high abundances suggesting a microbial respiration
system whereby SRB use acetate to reduce SO, to HS". This water also
had the lowest E;, value. In contrast, KFM07A/925 has very low MPN
values for all four anaerobe types, and also has an anomalously high Ej,
value. Otherwise, there is no obvious relation between microbe popula-
tions and redox potential.
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Table Al. Microbiological and related hydrochemical data for water samples taken from deep boreholes at Forsmark (up to SDM 2.1 data freeze). MPN
= ‘most probable number’ of cultivable microorganisms; A&H = total of autotrophic and heterotrophic cells. Where *~’ values for microorganisms are
shown, these values have been estimated from data points in graphical illustrations in SDM reports.

Total | IRB SRB Methan- | Acet- | Ep SO~ | HS Fe** Fet DOC | CH, H, Drill
no of MPN MPN | ogens ogens | mV mgL* | mgL* | mgL' |[mgL" |mgL* |mLL"? uL Lt | water
cells mL™* mL™* A&H A&H
mL™* MPN MPN
mL™* mL™
KFMO1A 58000 | 4000 1.2 1.2 -175 316 <0.03 0.95 1.00 15 - - 0.7%
115.4m
KFMO1A 39000 |4 0.2 1.7 -170 547 <0.03 0.48 0.54 2.3 - - 4.8%
180.4m
KFMO02A ~10 ~1 ~10 ~100 - - - - - - - - -
??2142m*
KFMO02A 59000 11 14 160 0.8-1 -140 498 0.01 1.84 1.85 2.1 0.04 199 6.7%
512.5m"
KFMO3A ~10 ~20 ~100 ~1 - 472 <0.03 0.92 0.92 1.2 - - 0.25%
450.5m
KFMO3A 21000 22 30 1.7 28 -200 197 0.23 0.23 1.6 - - 4.3%
642.6m
KFMO3A 61000 <0.2 5000 17 23900 -245 74 0.06 0.21 0.22 - - - 8.8%
943m
KFMO03A 58000 | <0.2 24 5 32 (-150) | 46.7 0.03 0.026 0.033 1.4 0.05 <3.8 3.8%
990m
KFMO6A 72000 | 30 0.8 0.2 54 -155 157 - - - - 0.03 370 7.10%
357m/a*
KFMO6A 52000 | 23 0.4 0.6 48 -155 157 - - - - 0.03 370 7.10%
357m/b*
KFMO6A 17000 | 2.3 0.2 <0.2 8.8 (-200) | 36 0.02 - - - 0.09 <3.2 1.60%
771lm*
KFMO7A 60000 <0.2 <0.2 0.2 0.7 +9 99 0.17 0.16 0.19 <1 0.04 <4.8 0.35%
925m*
Notes: * Microbiological data in SDM 2.1 only; ~ Microbiological data in SDM 1.2 only.
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e  Qverall, this compilation of microbiological and geochemical data does not offer a clear
picture of the biogeochemical processes and relationships at repository depth at Fors-
mark.

A.2 Data for groundwaters at Laxemar

Data for the identities and abundances of microorganisms in water samples taken from deep
boreholes at Laxemar have been reported by SKB in the Site Descriptive Models (SDM) ver-
sions 1.2 and 2.1 [73, 74, 75]. There is an overview report for SDM-Site that evaluates data
for each metabolic group of microorganisms and discusses the microbial model for Laxemar
groundwaters [76]. These data for Laxemar, plus data from Forsmark and from underground
boreholes at the Asp6 HRL, are also presented and discussed in an overview paper [8].

Data for three water samples from different intervals in deep borehole KSHO1A at Simpevarp,
plus sparse pre-existing microbial data from historical boreholes at Laxemar, Aspé and Avro,
were reported in SDM v1.2. Data, mostly total number of microorganisms only, had been
obtained for water samples from nine points in boreholes KLX01 and KLX02 at Laxemar
(samplings in 1990 and 2000 respectively), four points in borehole KAV01 at Avr, and eight
points in boreholes KAS02, 03 and 04 at Aspd. Data for four water samples from intervals in
borehole KLX03 were reported in SDM v2.1. Microbiological data plus relevant chemical
data are presented in Table A2 and are summarised below:

e Variations of SRB populations in one sample from KLX01 and two samples from KAS04
correlate broadly with concentrations of HS", but overall SRB and HS™ data are too sparse
to justify interpreting such a comparison. HS™ data are missing from samples from
KSHO1A. SO, increases regularly with depth to a maximum of about 1000 mg/L in
KLX02 but there is no depth trend of HS".

¢ Methanogens and acetogens were analysed in two samples from KSHO1A and in four
samples from KLXO03A. Populations of acetogens were consistently higher, mostly by 1-
2 orders of magnitude, than populations of both methanogens and SRB. The maximum
population of acetogens was 2500 cells mL™ at 412m depth. Although no methanogen or
acetogen data were reported for the KAS borehole samples, high numbers of methano-
gens were measured in samples from Asp6 HRL [77, 78].

A.3 Groundwaters at Olkiluoto (Finland)

Similar biogeochemical investigations have been carried out by Posiva in deep boreholes at
the Olkiluoto/ONKALO site in Finland [79, 80]. The main observations are summarised as
follows:

e Total numbers of microorganisms in shallow groundwaters (0-20 m depth) were 8 x 10°
t0 2.5 x 10° mL™* and in deeper groundwaters (20-500 m) were up to 1.5 x 10° mL™* with
an average of 5.7 x 10 mL™. Up to 14% of these totals, i.e. 10° to 10> mL™, are cultiva-
ble using MPN methods. Numbers of cultivable heterotrophic aerobic bacteria are typi-
cally 3 x 10°mL™ and do not vary much with depth.
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Table A2. Microbiological and related hydrochemical data for water samples taken from deep boreholes at Simpevarp-Laxemar (up to SDM 2.1 data
freeze). MPN = *most probable number’ of cultivable microorganisms; A&H = total of autotrophic and heterotrophic cells. Where ‘~’ values for micro-
organisms are shown, these values have been estimated from data points in graphical illustrations in SDM reports.

Total no of | IRB SRB Methan- | Acet- | Ep SO~ | HS Fe** Fet DOC | CH, H, Drill
cellsmL* | MPN MPN | ogens ogens | mV mgL* | mgL®* | mgL' |[mgL' |mgL* |mLL"? uL Lt | water
mL™* mL™* A&H A&H
MPN MPN
mL™ mL™
KLX01 ~200000 - 48 0.53 0.129 0.129 15 0.11 - 4.6%
274.5m
KLX01 ~300000 - 106 0.46 0.04 0.041 14 - - 13%
466m
KLX01 ~300000 56000 - 351 2.5 0.029 0.032 1.2 0.22 - 2.6%
691.1m
KLX01 ~10000 - 670 0.07 0.214 0.219 - 0.025 - 0.1%
835.5m
KLX01 ~20000 - 770 0.32 0.051 0.052 - 0.027 - 0.8%
915.5m
KLX01 ~60000 - 695 0.18 0.356 0.364 - - - 1.8%
1038.5m
KLX02 ~500000 330 - 265 <0.01 1.43 1.44 11.5 - - -
1160m
KLX02 ~400000 0 - 1020 0.03 0.56 0.58 90 - - -
1350m
KLX02 ~3000000 | O - 1205 0.05 3.45 3.44 - - - -
1388.5m
KLX03 84000 3.4 <0.2 10.3 1100 -275 - - 0.25 - 20 0.87 <19 -
196m*
KLX03 - 2.3 220 530 2500 -270 127 0.01 0.43 0.44 13 0.62 110 1.88%
412m*
KLX03 10000 50 17 6.3 800 -220 398 0.01 0.90 0.92 4 0.21 190 10.8%
742m*
KLX03 20000 <0.2 <0.2 2.3 60 - 758 0.09 <0.01 <0.01 14 0.059 <2.3 0.04%
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Total no of | IRB SRB Methan- | Acet- | E, SO, | HS Fe”* Feuot DOC | CH, H, Drill
cellsmL* | MPN MPN | ogens ogens | mV mgL* | mgL* | mgL' |[mgL" |mgL* |mLL"? uL Lt | water
mL™* mL™* A&H A&H
MPN MPN
mL* mL*
970m*
KSHO1A 140000 2.1 160 - - -220 31.7 - 1.40 1.41 0.9 0.06 <3.4 2.4%
161.8m
KSHO1A 100000 2.1 22 700 900 -210 51.1 - 1.30 1.32 <1 - - 8.0%
253.2m
KSHO1A 72000 3.3 35 2.6 47 -230 230.5 - 0.51 0.52 <1 0.04 81 10%
556.5m
KSHO02
~400m*
KSHO02
~550m*
KAS02 ~200000 -257 106 0.5 0.48 0.50 6 0.03 - 0.81
208.5m
KAS02 ~100000 -350 270 0.01 0.788 0.794 2.4 - - 0.62
316.5m
KAS02 - 291 0.15 0.624 0.719 2 - - 0.71
326m
KAS02 ~300000 - 290 0.13 0.941 0.964 3 - - 0.38
465.5m
KAS02 -300 550 0.18 0.24 0.244 1 - - 0.28
532.5m
KAS02 -150 522 0.01 0.023 0.027 0.5 - - 0.22
863m
KAS02 -150 519 0.72 0.049 0.051 <0.5 0.034 - 0.22
892m
KAS03 ~200000 -275 31.1 0.71 0.123 0.125 2 0.016 - 0.06
131.5m
KAS03 - 39 0.15 0.283 0.289 <0.5 - - 1.04

SSM 2009:28




Total no of | IRB SRB Methan- | Acet- | Ej SO, | HS Fe?* Feror DOC | CH, H, Drill
cellsmL* | MPN MPN | ogens ogens | mV mgL* | mgL* | mgL' |[mgL" |mgL* |mLL"? uL Lt | water
mL™* mL™* A&H A&H
MPN MPN
mL* mL*
249.5m
KAS03 - 300 0.11 0.194 0.196 <0.5 - - 2.13
466.5m
KAS03 - 470 0.05 0.068 0.072 1.1 - - 2.23
616m
KAS03 - 680 0.11 0.047 0.053 <0.5 - - 2.57
846m
KAS03 ~200000 -275 709 1.28 0.077 0.078 <0.5 0.037 - 0.13
931m
KAS04 ~600000 1600 -300 180 1.1 0.04 0.041 6.9 - - 0.16
230.5m
KAS04 ~300000 <100 -275 220 0.41 0.324 0.327 5.3 0.028 - 0.52
338.5m
KAS04 ~100000 -280 407 0.6 0.256 0.259 1.3 0.004 - 0.08
460.5m
KAV01 ~2000000 -215 43 0.63 1.68 1.69 9.6 - - 9
420m
KAV01 ~400000 - 118 1.2 2.23 2.23 6.4 - - 10
522m
KAV01 ~400000 -225 220 0.81 1.02 1.02 3.9 - - 15.3
558m
KAV01 ~200000 - 390 <0.01 0.43 0.438 <0.5 - - 0.5
635m
Notes:

* Microbiological data in SDM 2.1 only
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e IRB range from >10° to ~0 mL™. IRB predominate in groundwaters at the Palmottu natu-
ral analogue site and correlate with iron oxide abundance [81].

e SRB range from ~10° to ~0 mL™ and do not show a clear depth trend. Dissolved HS" is
low, <0.1 mg/L, down to ~200 m depth and then is higher between 200-300 m reaching a
maximum of ~10 mg/L, whilst SO,* peaks to ~500 mg/L between 100-300 m depth and
is very low below 500 m.

e Methanogens range from >10 to ~0 cells mL™ and acetogens range from 10°to ~0 mL™.
Methane-oxidising bacteria vary from >10° to ~0 mL™; the greater abundance relative to
methanogens is probably related to the high methane concentrations which increase regu-
larly with depth to a maximum of 10%-10° mLgrp/L below 500 m depth.

Thus there are no clear differences apparent between microbiological populations at Olkiluoto
and at Forsmark and Laxemar-Simpevarp. There is a substantial contrast in methane concen-
trations between Olkiluoto and the Swedish areas, and there might be a corresponding con-
trast in numbers of methane-oxidising bacteria but there are no data in this respect for the
Swedish areas.

Anaerobic oxidation of methane (AOM) coupled with sulphate reduction is suspected to be a
significant, perhaps major, process of Olkiluoto [80]. The peak of dissolved HS" at around
300 m depth corresponds to a step increase of CH4 (10-100 mL/L), a locally higher population
of SRB (up to 100 cells mL™), and slightly higher populations of methanogens (up to 40 cells
mL™). It is thought that SRB and methanogens are able to cooperate to oxidise CH, to pro-
duce H, and then use this H, to reduce SO,* to HS™ [80]. The property of Olkiluoto deep
groundwaters that may trigger this process is the higher concentration of CH, relative to the
deep groundwaters at Aspd, Forsmark and Laxemar. If AOM does operate here then the rate
of HS™ production from SO,* at <300m depth is possibly limited by the CH, flux. Below
300m depth, AOM is possibly limited by decreasing SO,* concentrations. This would then
suggest that HS™ production by AOM could be accelerated at repository depth if excavation of
ONKALO were to cause drawdown of SO,*-containing groundwaters to mix with groundwa-
ters with higher CH,. However evidence that microbial populations are capable of mediating
AOM has not yet been confirmed here. On the evidence of biogeochemical data considered in
this review, there is no convincing basis for interpreting that AOM occurs at Olkiluoto.
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Appendix B. Hydrochemical
spreadsheet
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Temp i pH Eh
5KB Drill iChem-iChem! pH | pH | pH [Chem Fe™ Charge
Sample Mo i Depthrange fwater | mac § mac® i surf™ @ lab® imod*! mac | pe Ma K Ca i Mg iHCOsi CI S0, 5 {Fedobi Fe™ | calc | NH, hal Data sources
m hgl % o Y mgil %

FORSMARK
KFMO1AM115 4538:1101-120.77: 076: B.81: 7H8: 7A2: 747 ThO: 1095 :-348! 740! 256: B74: 142 B1: 4863 316i=0.03 1.00: 0.95: 0.04: 1.07 -165:P-03-94 R-05-17, R-05-18
KF 01 A 80 4724:176.8-183.9 4.80; TEOD: ¥41: TA1: TEO: 741 188 :-3.36 2000: 29,2 §34: 204 99: §330: 547:=0.03 054: 048! 0.06: 1.01 -3.80:P-03-94, R-05-17, R-05-18 & SICADA 28-03-08
EFMO1D0432 (12326:428.5-435.6 6.30; 965 810; 810 785! 810: -263 :-4.70 1860 9.0; 1430 20 36; 4940: 1257 0.01 208 204 0.20 -0.6:SICADA 28-03-08
KFMO1Ds572 (123541868.0-575.1 0.90; 10758 8.40; 8.10¢ 740i 8.25: -260 :-4.64 1770 7.7: 1830 14 20: 5800 38 0.0 1.248 1.23 012 1.6:P-06-227
KFMO2AM512 8016:509-516.08 6.77: 11.40: B83 693 718 G688 -143 :-2.55: 2040; 3420 934! 336: 125 5410: 498: 0.01: 185: 1.84: 0.01: 2300 -3.11:P-04-70, R-05-17 R-05-18
KFMO3A452 8284144854866 ¢ 040 1070: T2 7T FAL ¥OB 7R :-314:  2180¢ 27.4: 1070; 216 93 5330: &11: 0088 1108 1.11 1.4:P-04-108 & SICADA 28-03-08
KF03AGA2 H273i639-646.12 4.36: 13.10; ¥.38: T48: Th5 743 196 :-3.50 16ED: 14.3: 1440 53 22 5430: 1497 0.23: 0.23: 000 046 -278:P-04-108, R-05-17, B-05-18 & SICADA 28-03-08
KFM03A943 0281:939.5-946.6 8.80% 17.200 ¥.32 T.A53 7O 7.42:-2451-4.38 1890: 10.4: 3100 18 9: BaE0 74! 0.06: 022 0.21% 0.01 -0.815:P-04-108, R-06-38 & SICADA 25-03-08
KFMOBAET 0838i353.5-360.6 F0; 8948 B9 7330 7411 7121485 277 1470¢ 13.4: 1280 74 48: 4ga0: 147 -2.30:P-05-178, R-06-38
KFMOTAGZS 8879:848-1001.6 0.35: 14.20: 804! 805: 8.00: 804: 9 017 28580: 13.7: 5840: 20 614800 99: 047 019 016 0.02 -0.14:P-05-170, R-06-38
KFMOBABBY (12000i6835-690 64: 505: 11.80: 8.00: 800 779 800:-209 :-373 1660¢ 106 2080 14 10: 8100 92: 0.0 072: 073 0.09 0.0:51CADA 28-03-08
KFMOBDIETS (12818 669.7-676.8 5.40; 11.70; 8.40: 8.30: 8141 8.35: -260 :-4.54 1900: 5.4: 2740 g Ti 74B0F 101:i=0.006:=0.006:=0.006 0.04 1.8iP-07-150
EFM10A302 (125521288-305.1 4.50; 8560 8.10; 8.20 -281 :-5.02 1350¢ 6.E: 1130 30 21: 40508 215% 0.03; 1450 1.43 -0.5:P-07-42 & SICADA 28-03-08
KFM10AMB3 $12517:478-4875 360 946 7700 770: 713: 7.70: -288 -4.61 1410: 2810 731: 151 169! 3690: 400: 0.07: 15.30: 1540 -1.8iP-07-42 & SICADA 28-03-08
KEM11AMET 112727447 54084 4: 8588: 0871 7483 754 758 7583 -203 1-363: 12400 480: 12800 38 24: 4210¢ 2641 0.01: 0248 0.24 0.05 -1.2:81CADA 28-03-08
LAXEMAR
KLx01/458 1528:456-461 13.70 8.60; B8.70: B8.20! 8.65: -280 ;-5.00 gE0: B.10; 223: 18.0 7O 1700: 106: 046; 004: 0.04: 0.00; 0.06; -1.18:TR-02-19{p 246) TR-98-03, R-04-74, R-05-08, R-06-12, R-06-70 (Appd Ta
ELX01/691 T816i680-702.11 2.60 7.80 8.10: 7.BO: -265 :-4.73 1680: 7.10; 1400: 23.0 240 4870: 351 250 003: 0.03i 0.00; 0.00 0.08:R-06-10 (p 376), TR-98-03, R-04-74 R-05-08, R-06-12, R-06-T0 (App3 Tah
KLK031412 10091:408-415.3 1.88 ] 7.89: B.00: -270 -4.82 TO1: 580 234 11: 189 1390: 127 0010 0.44: 043 0.028 2.41R-06-70 tApp3 Tabs 1-1 & 4-1a) & SICADA 28-03-08
KLX03/742 10242:7355-748.04: 10.80 75 TA1: ¥A0: -220 :-383 1450: 10.8: 1080 13 34: 3940: 3888 0.01 092: 0490 0.0132 -0.4:R-06-70 (App3 Tabs 1-1 & 4-1a)
KLK08r202 10649:187-206.65 1.29 8.7 8.1 .40 828: 825 -266 :-4.75 9g: 3.4 19 4: 206 13 13; 0.00: 0128 011 0.094 1.3i51CADA 28-03-08
KL+08/398 10747:396-400.87 1.14; 115 g 8.3] 832 815 -245 :-4.38 103; 2.4 15 2: 2490 14 14! 0.04: 1.02: 1.02 0.057 0.2:51CADA 28-03-08
KLX08/481 11183:476-485.62 5.89: 12.685 7.6 81! 787 7.B5 -210 (-3.75 799: 349: 2094 T 320 1600: 1328 0.01 0.28: 0.28 0.028 1.8i51CADA 28-03-08
KLKOBME1 4 11228i609-618.51 1 10.70; 13.49 8.4 8.4: 819 840 -239 -437 947: 549! 367 g 21: 2030: 145: 0.01i=0.005:=0.005 0.036 -0.2i51CADA 28-03-08
KLK13A4435 111609i432-43916 :10.40: 138 8.5 8.3i 833 840 -287 :-513 449: 118 a1 3 780 718 37: 0.00: 0.01:=0.006 0.011 -0.3:51CADA 28-03-08
KL¥13A503 (11544140809 5-506.66; 15.90; 14.8 8.2 81! 810: 8156 -277 :-4.85 459: 21 50 4 87 740 46i=0.006; 005! 0.04 0.039 0.3i5ICADA 28-03-08
KL¥17A426  11810:416-437 .51 1.71 12.2 g g9 7.82i 8.00; -297 :-5.30 329: 4.0 58 10¢ 118; 4576 24! 0.02; 089 0.056 -0.2:SICADA 28-03-08
L1 TAET 11692i642-701.08 0.21 8.30 836! 8.3 -303 :-5.41 88! 1.3 12 2i238 17 Gi=0.006; 069! 0.6S 0.028 1.2:51CADA 28-03-08
SIMPEVARP, ASPO, AVRO
KSHOTAMG1 5263:1456.5-167 2.39 6.3 817 736 BA7:-257 :-480: 3280: 14.7: Q60: 71 25: 5400 32 0: 1.413: 1.397: 0.02: 0.095 -1.669:P-04-12, R-04-74, R-05-08, R-06-70 Tab 4-1a in Appendix 3
KSHD1 A263 5268:245-261 5 8.02 808: 734: B.08: -160 :-2 86 2430: 13.2: 1180 B5 17: B2498 51 0: 1.318: 1.296: 002 0.079: -2401:P-04-12 R-04-74, R-05-08, R-06-70 Tab 4-1a in Appendix 3
ESHD1 AS56 5288:548-565 10.74 3 8.18: 7E3I: 815 173 :-3.09 3500: 77.0: 1900 47 11: 8876: 230 0.523: 0.511: 0.01: 0.048: -0.392:P-04-12 R-04-74, R-05-08, R-06-70 Tah 4-1a in Appendix 3
KASOZ2i208 1548:202-214.5 7.5 7.4 7.5 -257 i-4.59 1300;: 6.E: 980 la}] 71! 3820: 106 0.5! 0.502: 0.483: 0.02 0.4 0.2528!TR-92-31, TR-98-03, R-04-74, R-05-08
KAS02/532 1433:530-535 15.3 7.73 8: 7.73:-308 :-5560: 3200 1880 10: B330: 550 0.18; 0.244: 024! 0.00: 0.03; 0.0579:TR-82-31, TR-98-03, R-04-74, R-05-08
KAE03M 31 1869:129-134 10.2 8 8 8 -375 :-4.01 G13: 24! 1621 3 B1: 1220 3: 0718 0.125: 0123: 0.00: 0.04: 0.7375:TR-92-31; TR-98-03, R-04-74, R-05-08; R-06-70 Tahle 1-1 in Appendix 3
KASD3831 1682:860-1002.06 205 g 8.1 8.1:-275 :-4.0 3020: T.3: 4380 50 1112300  709: 1.28: 0.078: O.077: 0.00: 0.005: -0958:TR-92-31; TR-98-03, R-04-74, R-05-08
EAS04/338 1603:334-343 1215 g 8 -275 -4.01 1180 61: 740 30 B9: 3030: 220: 0.41: 0.327: 0.324: 0.00: 0.08: -0.075:TR-92-31, TR-98-03, R-04-74, R-05-08
KASO4/460 1588:440-480.95 8.1 8.1 8.1: -280 :-5.00 1890: 7.8: 1660 61 21: 5840: 407 0.6: 0.259: 0.256: 0.00; 0.05 -0.854:TR-92-31,TR-98-03, R-04-74, R-05-08, R-06-70 Tahle 4-1a in Appendix 3
KAVO17422 1390:420-425 12.9 G.9: 735 735! -215:-3.84 2585 47! 156 21 186! 474 43: 0.458 1.60 1.5iR-04-T4 R-06-70 Tahs 1-1 &4-1ainAppendix 3
KAVO1I526 1383i522-531 1449 7 7i-310 :-5.54 7a0i T4 440; 42 81: 1870: 118: 1.20 2.23 -0.9:R-04-74: R-06-70 Tabs 1-1 & 4-1a in Appendix 3
KAVO1ISED 1374:558-963 15 7.2 7.2:-225:-402:  1800: 6.0: 1100: B0 42: 4300: 320: 0.81: 102: 1.02: 0.00: 0.08: -0433:R-04-74 R-05-08; R-06-70 Tahs 1-1 & 4-1a in Appendix 3
*pH Chemmac = pH measured by downhole Chemmac module; pH surf= pH measured by surface Chemmac module; pH lab = pH measured in static sample in lahoratory, pH mod = pH value selected for COo-lass modelling

Data reported as moast reliahle in SKB repaorts H

Reported data but 'not representative’ or to be used with caution’
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Appendix C. Potential im-
pact of methane hydrate ice

C.l1 Introduction

Trapping of methane in permafrost as methane hydrate is mentioned as a
hypothetical feature of the glacial stage of the normal long-tem evolution
scenario in SR-Can. Natural methane hydrate is known to occur world-wide
at the present day in polar regions, usually associated with permafrost or sea-
bed sediments on the outer parts of continental shelves. The amount of
methane in hydrate worldwide has been estimated to be in the order of 103
to 106 gigatons (which is believed to be comparable with the amount of car-
bon locked up in fossil fuel deposits) — this is based on occurrence in oceanic
sediments and with a fairly low estimate of average porosities, 2 to 4 %,
occupied by the hydrate [82]. In general, only a fraction of the high porosity
of oceanic sediments is occupied by methane hydrate. The amount that is
estimated to be in permafrost in continental sedimentary rocks in the north
American Arctic has been estimated to be around 400 gigatons [82]. There
has been no estimate of the possible amount in non-sedimentary rocks in
these environments, the inference being that it is considered to be negligible
due to low porosities and non-existent sources of methane.

A related scenario is the trapping and accumulation of methane below per-
mafrost, both as methane hydrate and as methane gas, i.e. that permafrost
and hydrate might act as an impermeable seal or ‘cap’ under which methane
accumulates initially as an enhancement of dissolved methane and eventu-
ally as a distinct gas phase. This scenario requires there to be a deep source
of methane, migrating with a flux that is greater than can be dissipated
around the permafrost seal.

Although no direct impact on long-term safety has been attributed to meth-
ane hydrate, it is clear that the hypothesis of methane accumulating in the
vicinity of a repository at some time in the future suggests some scenarios.
These scenarios need to be considered with the background of the probabil-
ity of methane hydrate actually forming, the potential abundances of hydrate
and the potential fate and impacts of methane hydrate as climate continues to
change.

C.2 Science of methane hydrate in ice

Methane hydrate is a solid state ‘clathrate’ structure in which water mole-
cules enclose methane (and possibly minor amounts of other gases). In an
ideal methane-saturated hydrate, the molar ratio CH,:H,0O is 1:6 which is
equivalent to a volumetric ratio of 164:1, i.e. 1 m® of solid hydrate can po-
tentially contain methane that would occupy up to 164 m® as free gas (at
Standard Temperature and Pressure of 0 °C and 0.1 MPa). The amount of
methane that can be trapped is therefore limited by the amount of water. This
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is an important consideration in relation to the amount of methane that could
be trapped in permafrost above a deep repository in fractured crystalline rock
that has low porosity (noting also the possibility of permafrost acting as a
‘cap’ on an underlying accumulation of methane).

Formation of methane hydrate involves transfer of dissolved or gaseous
methane from pore spaces in the rock to the ice lattice. This transfer and
incorporation of methane into hydrate involves release of latent heat which
then has to be dissipated, otherwise the hydrate would be destabilised.
Therefore hydrate stabilisation depends on interplay between ice formation,
gas migration into the ice lattice, and advective or diffusive transport of heat
away from the hydrate [83].

Rempel and Buffett’s mathematical model for hydrate formation and growth
in a porous medium [83] indicates that the hydrate volume fraction, i.e. the
fraction of porosity occupied by hydrate, is likely to be low, even as low as
<1 %, in systems with low methane abundance, because of the high methane
storage capacity of hydrate and the low thermal diffusivity for latent heat
dissipation. Rempel and Buffett note that advective flow in fractures might
locally change this condition, i.e. greater advective inwards transport of
methane and greater advective dissipation of latent heat. This mathematical
model also indicates that it might take many tens or hundreds of thousands
of years for significant methane hydrate to accumulate in a system with very
low fluid velocity; the model suggests about a million years for hydrate to
accumulate to occupy 10 % of pore space. In other words, stable thermal and
pressure conditions, as well as constant methane production or inwards flux,
are required over a long period to produce a high occupancy of hydrate.

The thermodynamics of both methane hydrate and water ice are illustrated in

Figure C1 which shows the stability fields of methane hydrate and ice in
terms of temperature and pressure (represented as depth).
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Figure C1. Phase diagram showing stability fields of methane hydrate and
water ice in temperature-depth space [82). ‘Depth’ represents hydrostatic
pressure gradient. The zones of stability of methane hydrate in particular
environmental conditions, i.e. oceanic sediments or permafrost in continen-
tal sediments, depends on the hydrothermal and geothermal gradients exist-
ing in the specific locations. The horizontal arrow shows the effects on hy-
drate stability of increasing water salinity (phase boundary moves to the left)
and of other gases mixing into methane (phase boundary moves to the right).

C.3 Occurrence in permafrost

Methane hydrate occurrence, both in oceanic sediments on continental
shelves and in permafrosted onshore regions, is patchy, presumably related
to both the existence of conditions that are favourable for its stability and the
distribution of sources of methane.

Methane hydrate is more widely distributed in oceanic sediments than in
permafrost, probably because of the greater abundance of sources of organic
carbon from which methane can be derived in oceanic sediments. Organic
geochemical and isotopic evidence indicates in general that methane in sub-
seabed hydrate occurrences has been derived from microbial breakdown of
organic material, either in situ or in an adjacent location from which it has
migrated into the zone of permafrost formation.
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Methane hydrate has been found in permafrost regions of Siberia, Kam-
chatka, Alaska, northern Canada and the Sverdrup basin in the Arctic.

Available evidence suggests that methane hydrate and permafrost usually
occur together in sedimentary rocks that have higher porosities. For exam-
ple, methane hydrate in the Beaufort-Mackenzie region of northern Canada
is mainly associated with coarse-grained and other predominantly sandy
deltaic sedimentary rocks that have high porosities. Many of the hydrate
occurrences in these permafrosted sedimentary rocks have underlying con-
ventional hydrocarbons as the source of methane.

No published reports have been found describing methane hydrate in the
permafrosted fractures of crystalline rocks, so it appears that this mode of
occurrence is rare or non-existent. Anomalously high concentrations of
methane were not recorded in water samples taken from within (250 m
depth) and below (880 and 1130 m depth) the permafrost zone intersected by
the Kinross Lupin gold mine in Nunavut Territories, northern Canada [84,
85].

In permafrost, methane hydrate can exist at depths where the temperature is
low enough and the hydrostatic/lithostatic pressure is high enough to stabi-
lise it. The broad range of stability is from ~200 to ~1100 metres depth, de-
fined by the upper pressure regime at which the hydrate is stabilised at a
temperature of -10 °C and the lower geothermal regime at which the hydrate
is destabilised despite increasing pressure (Figure C2). An important obser-
vation from the phase diagram of methane hydrate stability is that the hy-
drate is stable below the depth at which permafrost, i.e. water ice, is stable —
in Figure C2 this zone of hydrate occurrence beneath permafrost ice is from
600 to ~1100 metres. In other words, it is conceivable that, even in a glacial
condition where permafrost would not reach to repository depth, methane
hydrate would be theoretically stable through the design depth range of a
repository.
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Figure C2. Phase diagram showing stability field of methane hydrate in
relation to temperature and depth [82]. The depth range of permafrost for-
mation is shown as 0 to 600 metres and the field of stability of methane hy-
drate extends from about 200 to ~1100 metres depth.
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CA4 Sources and fluxes of methane

The amount of methane that could accumulate by this process cannot be
quantified the absence of data for methane fluxes, though low dissolved
methane concentrations suggest that flux is also low.

Potential accumulation of methane hydrate over the duration of a permafrost
period would depend on upwards methane flux, minus the flux that is lost
out of the ground to atmosphere and via groundwater pathways that remain
active (e.g. discharges at taliks). The theoretical considerations in the model
of Rempel and Buffett [83] suggest that it could take on the order of hun-
dreds of thousands to millions of years for substantial amounts of methane
hydrate to accumulate, even in fairly porous rocks.

Methane concentrations and fluxes in deep groundwaters at around reposi-
tory depth in crystalline rocks in the Fennoscandian Shield are apparently
rather variable. In the deep boreholes at Forsmark and Laxemar, dissolved
CH, concentrations are low — typically <1 mL/L (= 0.04 mmol/L) whilst at
Olkiluoto they are significantly higher and close to or at saturation, up to 800
mL/L (= 36 mmol/L) below 800 m depth.

Isotopic and other evidence indicates that dissolved methane in these crystal-
line rock environments tends to be biogenic at shallow depths where the
abundances are very low and is increasingly thermogenic (presumed to be
thermogenic in the sense of being derived from abiogenic equilibria between
C-containing fluids, primarily CO,and CH,, in the deep crust) with increas-
ing depth.

Based on evidence of groundwater ages and other hydrodynamic considera-
tions, Pitkanen and Partamies [86] deduce that the timescale for methane
build-up in deep saline groundwaters at Olkiluoto has been of the order of
millions of years, implying that the methane flux from the deep thermogenic
source is very low, and was not enhanced by the impacts at depth of glaci-
ations during that period.

C.5 Evidence about permafrost in the past

At present there is rather large uncertainty in these hypothetical and specula-
tive scenarios connected with permafrost. There is no evidence that the cou-
pled permafrost-methane-sulphide processes have been significant during
glacial cycles in the past. Positive confirmation that this is the case should be
sought.

C.6 Scenarios for the impacts of methane hydrate
The theoretical background to methane hydrate described above suggests

that hydrate would be stable over a significant depth range beneath perma-
frost, i.e. over the depth range in which a repository would be located.

SSM 2009:28 96



Therefore the potential impacts of methane hydrate should include (a) the
effect of the hydrate itself on a repository, and (b) the effect on a repository
of locally high concentrations of methane, dissolved and gaseous, should
hydrate become destabilised at some time in the future.

These potential impacts of methane hydrate would be minimised by low
porosities in rocks down to and below repository depth. Equally or more
important would be minimising void spaces within the repository so that the
probability of methane hydrate formation or accumulation of methane gas
would be kept low.

Methane would participate in redox reactions, notably the reduction of sul-
phate to sulphide (HS"). HS" is corrosive with respect to copper. SR-Can [29]
asserts that HS™ concentrations would anyway be controlled at low levels
(e.g. <10 M) due to equilibration with iron sulphide (FeS). It is possible
that a release of methane, e.g. when permafrost and methane hydrate thaw,
could cause transient high concentrations of methane and sulphide due to
redox reactions being mediated by enhanced microbial activity. However the
local accumulation of HS™ would be limited by the supply of sulphate.

It is problematic to derive a scoping calculation that provides reasonable and
robust bounds on the probability of substantial hydrate formation in a low
porosity fractured crystalline rock. The following is suggested as one ap-
proach to bounding the issue. It neglects the possibility that hydrate forma-
tion in a fractured rock may be less probable because of the lower distribu-
tion of pathways for methane migration and the lower diffusivity that would
control latent heat dissipation. In other words, the scoping calculation is
based simply on the conceptual model of a very low porosity porous me-
dium:

— Assume fracture porosity = 1 %, of which void space hydrate forms in
10 %, i.e. hydrate occupies 0.1 % of total rock volume;

— Estimate methane flux from below on basis of Olkiluoto interpretation
that it takes >10° years to accumulate dissolved methane to 36
mmol/L; for porosity of 1 %, this suggests upwards flux of ~0.36
mmol/m? in 10° years, neglecting methane losses by upwards and lat-
eral advection and diffusion, i.e. methane flux in bedrock is ~3.6 x 10
Y mol/m%a;

— Hydrate contains 164 m® STP CH, for each 1 m® of fracture water, i.e.
each 1 m® of rock would contain 0.164 m*® STP CH, = 7.3 mols CHy;

— If hydrate layer is 500 metres thick, i.e. occupying the rock column
between 600 and 1100 metres depth, then that contains 500 x 7.3 mols
= 3650 mols CH, per m? of cross-section;

— Time taken for that amount of methane to accumulate by upwards mi-
gration = 3650 / 3.6 x 10™° = 10" years.

It is evident that a considerable length of time is required, with the assumed
conditions and simplifications, to accumulate methane hydrate in the frac-
tures over a 500 metre-thick section of rock in and below the permafrosted
thickness. On this basis, it seems very unlikely that methane hydrate could
be significant in these conditions.
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C.7 Implications for a long-term safety case
In summary, the main facts and estimations are:

e Methane hydrate is thought to occur mainly in ocean floor sediments
at certain locations where P and T conditions and production of CH,4
are favourable;

o Methane hydrate also occurs, probably less frequently, in onshore
sedimentary rocks where the T and P conditions are also favourable to
hydrate stability; the T conditions are indicated by the occurrence of
permafrost, but methane hydrate may also be stable beneath perma-
frost as well as in it;

o No reported observations of methane hydrate in permafrosted frac-
tured crystalline rocks could be found in this brief literature survey;

o Where methane hydrate does occur in porous media, i.e. oceanic
sediments or permafrosted sedimentary rocks, it occupies a small frac-
tion of the pore space, typically <10 %;

¢ A mathematical model for methane hydrate formation explains why
the hydrate occupies only a small fraction of pore space and also sug-
gests a very long time, typically millions of years, for it to accumulate;

o Deep groundwaters in fractured crystalline rocks in the Fennoscandian
Shield are known to contain low to fairly high, i.e. close to saturation,
concentrations of dissolved methane, which is thought to have a deep
thermogenic origin;

o It is thought that the flux of methane in these crystalline rock envi-
ronments is low, because only the highly saline almost stagnant deep
groundwaters show the near-saturation concentrations, taking possibly
a million years or more to accumulate;

e On the basis of these data and estimations, it would take a very long
time for methane hydrate to accumulate significantly in the fracture
rocks above and around a repository, probably longer than the time-
scale of one or several glacial cycles;

o The possibility that methane hydrate could form in the repository itself
if there were more void spaces than in natural rock porosity needs to
be considered also, as well as the possibility that methane gas (dis-
solved or as a discrete gas phase) could accumulate under the gas cap
provided by permafrost and/or methane hydrate. However the rate of
methane accumulation would be similarly controlled by the inwards
flux of deep-sourced methane into the repository system, unless there
were a source of significant additional amounts of methane in the re-
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pository itself, e.g. from biogeochemical degradation of introduced
organic materials.

The implications for a long-term safety case are:

o Permafrost itself (which certainly occurs in fracture crystalline Shield
rocks) has implications for evolution of repository conditions through
the glacial part of the normal evolution scenario, e.g. reduced infiltra-
tion, lowered bedrock permeability, diversion of groundwater flow di-
rections and radionuclide transport pathways, salinization due to
freeze-out of dissolved solutes, freezing of the repository components
such as bentonite buffer and backfill;

o Due to hydrate formation and/or methane trapping, methane could ac-
cumulate at repository depth, either in rocks adjacent to a repository
and/or in the repository voids;

o The potential impact on repository processes would probably be an
acceleration of the processes that depend on methane abundance, i.e.
redox and other microbially mediated reactions such as sulphate re-
duction to sulphide;

e Another physical impact of methane release from hydrate or from
trapped gas as permafrost thaws might be the opening up of gas path-
ways between repository depth and the surface; amongst other im-
pacts, these new pathways could accelerate C-14 and radon release
(though the sources of C-14 in the wastes would by this time have
probably decayed substantially);

One mechanism for rapid release of methane from hydrate would be the

pressure release due to removal of an overlying ice sheet which could desta-
bilise the hydrate.
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Appendix D. Additional
Pourbaix diagrams for the
system Fe-S-O-H
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Figure D1.  Stability of iron sulphides and oxides in the simple system Fe-
S-O-H at shown conditions. This diagram shows the case in which HS™ con-
centration is extremely high (10 mM = 350 mg/L).
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2

pH t= 25°C
Figure D2.  Stability of iron sulphides and oxides in the simple system Fe-
S-O-H at shown conditions. This diagram shows the case in which [HS] is
at the upper end of its range (10 uM = 0.35 mg/L) and [Fe**] is at the low
end of its range (1 uM = 0.056 mg/L).
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Figure D3.  Stability of iron sulphides and oxides in the simple system Fe-
S-O-H at shown conditions. This diagram shows the case in which both [HS
] and [Fe®*] are at the lower end of their ranges (0.035 mg/L and 0.056
mg/L respectively).
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I= varied
[Fe?*];or= 10.00 nM [HS1;o7= 1.00 M
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Figure D4.  Stability of iron sulphides and oxides in the simple system Fe-
S-O-H at shown conditions. This diagram shows the case in which [HS] is
at the lower end of its range (1 uM = 0.035 mg/L) and [Fe**] is extremely
low (10 nM = 0.056 pg/L).
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Figure D5.  Stability of iron sulphides and oxides in the simple system Fe-
S-O-H at shown conditions. This diagram shows the case in which [HS] is
at the upper end of its range (10 uM ~ 0.35 mg/L) and [Fe**] is extremely
low (10 nM = 0.056 pg/L).
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Appendix E. Additional

Pourbaix diagrams for Cu-
Fe-CI-N-S-C-H-0O

E.1l The sub-system Cu-S-H-O
1= varied
[HS];or= 0.10 uM [Cu*l o = 1.00 iM
2
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W

Eshe/ V

pH t= 25°C
Figure E1. Pourbaix diagram for the system Cu-S-H-O at indicated condi-
tions. This diagram shows the case in which [HS] is much lower (0.10 pM =

3.5 pg/L) than typical values and [Cu®*] is much higher (1 uM ~ 64 ug/L)
than its likely range.
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E.2 The sub-system Cu-Fe-S-Cl-H-O
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Figure E2. Pourbaix diagram for the system Cu-Fe-Cl-S-H-O at indicated
conditions. This diagram shows the case in which [HS] is [HST] is at the
high end (0.1 mM = 3.5 mg/L) of the typical range, [Fe**] is typical (10 uM ~
0.56 mg/L) and [Cu®'] is extremely high (0.1 mM = 6.4 mg/L).

E.3 The sub-system Cu-CI-C-H-O
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Figure E3. Pourbaix diagram for the system Cu-CI-C-H-O at indicated con-
ditions. This diagram shows the case in which [CO5*] is higher (0.50 mM =~
30 mg/L) than typical for normal pH, [CI] is low, i.e. fresh water(1 mM = 35
mg/L) and [Cu®*] is much higher (64 ug/L) than its likely range.
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Figure E4. Pourbaix diagram for the system Cu-CI-C-H-O at indicated con-
ditions. This diagram shows the case in which [CO5*] is extremely high (2

mM = 120 mg/L) than typical for normal pH, [CI] is low (6 MM = 210 mg/L)
and [Cu®] is much higher (64 ug/L) than its likely range.

E.4 The sub-system Cu-CI-S-C-H-O
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Figure E5. Pourbaix diagram for the system Cu-CI-S-C-H-O at indicated
conditions. This diagram shows the case in which [CO5*] is extremely high
(1.6 mM = 96 mg/L) than typical for normal pH, [CI] is low (6 MM = 210
mg/L), [HST] is lower (56 pg/L) than typical values and [Cu?*] is much

higher (64 pg/L) than its likely range.
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E.5 The sub-system Cu-Fe-CI-S-C-H-O
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Figure E6. Pourbaix diagram for the system Cu-Fe-CI-S-C-H-O at indicated
conditions. Low salinity water. Cu-containing species are shown. This dia-
gram shows the case in which [CO;”] is unrealistically high (6000 mg/L),
[CI] is brackish (700 mg/L), [HS] is much higher (35 mg/L) than typical
values, [Fe®*] is lower (0.056 mg/L) than typical values, and [Cu®*] is much
higher (64 pg/L) than its likely range.
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Figure E7. Pourbaix diagram for the system Cu-Fe-ClI-S-C-H-O at indicated
conditions. High salinity water. Cu-containing species are shown. This dia-
gram shows the case in which [CO;”] is unrealistically high (6000 mg/L),
[CIT is very high, i.e. brine salinity (175000 mg/L), [HS] is much higher (35
mg/L) than typical values and [Cu®*] is much higher (64 pg/L) than its likely
range.
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E.6 The sub-system Cu-Fe-N-S-H-O
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Figure E8. Pourbaix diagram for the system Cu-N-H-O at indicated condi-
tions. Cu-containing species are shown. This diagram shows the case in
which [NHa] is very high (34 mg/L) and [Cu®*] is much higher (64 pg/L)
than its likely range.
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Figure E9. Pourbaix diagram for the system Cu-N-S-H-O at indicated condi-
tions. Cu-containing species are shown. This diagram shows the case in
which [NH;] is very high (34 mg/L), [HST] is lower (35 pg/L) than typical
values and [Cu®"] is much higher (64 pg/L) than its likely range.
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Figure E10. Pourbaix diagram for the system Cu-Fe-N-S-H-O at indicated
conditions. Cu-containing species are shown. This diagram shows the case in
which [NH;] is very high (34 mg/L), [HST] is lower (35 pg/L) than typical
values, [Fe®*] is lower (0.056 mg/L) than typical values, and [Cu®*] is much
higher (64 pg/L) than its likely range.
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