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Abstract

Due to observations of some increased and surprisingly high pH values (> pH 10) in a number of
the boreholes during the ongoing long term hydrochemical monitoring programme performed by
the Swedish Nuclear Fuel and Waste Management Co (SKB) in Forsmark, a search for high pH
values has been performed in the entire SKB database Sicada, independent of investigation site.
A dataset including all high and moderately high pH values (> pH 8.7) has been extracted, resulting
in 235 samples of which 51 samples originate from Forsmark and of which 25 samples measures pH
values above 10. A few such values exists also from other SKB sites (17 from the Aspd Hard Rock
Laboratory (HRL), 3 from the SFR repository for low and intermediate level waste and 1 from the
borehole in the storage facility in the shipyard in Oskarshamn).

Seeing that pH is an important parameter which affects the entire groundwater composition, includ-
ing such safety assessment issues as canister corrosion, sorption and dissolution of radionuclides

it was important to investigate the occurrences of enhanced values and the possible causes. Since
several of the measured pH values are outside the expected natural range (pH 6 to pH 10) this
indicates artificial impacts. This range for pH is also an acceptance criterion for groundwater at a site
for the repository for the spent fuel. However, the most alarming with the observed pH is the actual
increases from expected natural values towards rather extreme values (> pH 10) and it was found
necessary to understand also the processes that are working and their consequences.

Possible causes for these observations have therefore been investigated and the conclusion is that
the increased pH of the Forsmark samples are most probably the result of stray currents causing
corrosion on downhole equipment leading to pH increase close to the part of the equipment that acts
as the cathodic side. Grout injection in close connection to sampling has been verified as a cause for
many of the other samples, especially the ones from Aspd HRL. Furthermore, the pH of the included
samples from Laxemar and the early study sites are presumably quite representative for the sampled
groundwater since the general pH range is high and no extreme values have been measured.

The increase in pH in some of the Forsmark boreholes has, in turn, led to changed composition

of the borehole section water. The consequences are decreased Mg**, SiO,*, Mn*" and Fe*" ion
concentrations while the alkalinity has increased. These impacts from the corrosion processes and
of the protective measures taken in the affected boreholes may to some extent be compensated for by
adequate purging prior to sampling to avoid significant contribution from borehole section water to
the samples. However, even if sample series collected during continuous purging generally stabilises
at reasonable pH values, the uncertainty in these values is rather high. It is still possible that a small
and constant contribution of section water preserves a somewhat higher pH than would otherwise
be the case. This is indicated by the fact that pH generally do not return to the initial lower values
from the first investigations despite discharge of large volumes of water. Nevertheless, exclusion of
affected boreholes from the current monitoring programme seems unwise. These boreholes needs
further studies, however, special care has to be taken when purging the borehole section and when
evaluating the data to facilitate the subsequent interpretations.
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Sammanfattning

Observationer av 6kande och forvanansvért hoga pH-viarden (> pH 10) i ett antal borrhal som ingar i
Svensk Karnbranslehanterings (SKB’s) langsiktiga hydrokemiska dvervakningsprogram i Forsmark
har fororsakat en sokning av hoga pH virden i hela SKB’s databas Sicada, oberoende av undersdkn-
ingsplats. Ett dataset som inkluderar alla hga pH-virden (> pH 8.7) har sokts ut, vilket resulterade
1235 prov av vilka 51 stycken kommer fran Forsmark och 25 av dessa méter varden 6ver pH 10.
NAgra sadana virden forekommer ocksa fran andra undersékningsomraden (17 fran Aspd Hard Rock
Laboratory (HRL), 3 fran SFR forvaret for lag och medelaktivt avfall och ett prov fran borrhélet i
SKB’s instrumentforrad i hamnen i Oskarshamn).

Eftersom pH é&r en viktig parameter som paverkar hela grundvattensammansattningen och 1 sin tur
sikerhetsanalysfragor som kapselkorrosion samt sorption och upplosning av radionuklider, var

det viktigt att undersoka forekomsterna av forhdjda virden och mojliga orsaker. Flera av de métta
virdena ligger utanfor det forvéntade naturliga pH-intervallet (pH 6 till pH 10) vilket indikerar arti-
ficiell paverkan. Detta pH-intervall &r ocksa ett acceptanskriterium for grundvatten vid ett forvar for
kérnbransleavfall. Det mest alarmerande med dessa observerade pH dr dock de faktiska dkningarna
fran forvéntade naturliga viirden mot ganska extrema vérden. Darfor beddmdes det nédvéandigt att
ocksa forsta processerna som pagér och deras konsekvenser.

Mojliga orsaker till observationerna undersokts och slutsatsen ar att de forhojda pH-vérdena i
Forsmarksproven é&r ett resultat av jordstrommar som orsakar korrosion pa borrhalsutrustning
vilket leder till pH-forh6jning vid de delar av utrustningen som fungerar som katod. Injektering
med cementbaserade injekteringsmedel i1 nira anslutning till provtagningen har verifierats som
orsak i flera andra fall, speciellt i proven fran Aspd HRL. Vidare kan det antas att forhojda pH

i Laxemarproven och de tidiga undersokningsomradena formodligen &r representativa for det
provtagna grundvattnet eftersom den generella pH-nivén édr hog i dessa fall och inga extremvérden
har noterats.

De forhojda pH virdena i vissa av borrhalen i Forsmark har i sin tur lett till férandringar i vatten-
sammanséttningen i sjdlva borrhalssektionerna. Konsekvenserna dr minskade Mg**, SiO,*, Mn**
och Fe?* koncentrationer medan alkaliniteten 6kar. Denna inverkan frén korrosionsprocesser eller
skyddsatgirder for att forhindra korrosion (katodskydd) i de paverkade borrhalen kan i viss man
kompenseras for genom tillriacklig omsittning av vatten innan provtagningen och dirmed minskad
inblandningen av sektionsvatten i proven. Dock 6kar osékerheten i virdena trots att provserier tagna
under kontinuerlig omséttning ofta stabiliserar sig pa en rimlig niva. Det &r fortfarande mojligt att
ett litet men konstant bidrag av sektionsvatten haller pH nagot hogre d4n vad som annars skulle vara
fallet. Detta indikeras av att pH oftast inte sjunker till samma vérden som vid de forsta undersok-
ningarna trots omsattning av stora volymer vatten. Trots detta, rekommenderas inte att de paverkade
borrhélen utesluts frén det pdgédende 6vervakningsprogrammet. Fortsatta studier dr nédvandiga men
det krivs noggrann dokumentation nir det géller omsatta volymer och det &r viktigt att information
fors vidare vid utvirdering av data for att mdjliggora vidare tolkning och modellering.
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1 Introduction

1.1 General

High pH values have become an issue in Forsmark since increased and surprisingly high values
(pH >10) have been measured in the ongoing hydrochemical monitoring program. Occurrences

of single or repeated high pH values in groundwater have been observed sporadically also at other
sampling locations and in different hydrogeochemical investigations performed by SKB since the
mid-seventies. In this context the concept “high” pH is stretched to include measurements above
8.7; the choice of this cut-off value is justified in Section 2.3. The objectives of the present report is
to go through all observations of high pH values reported in SKB’s database Sicada, independent of
investigation site, and check for possible causes for these observations in each special case.

Since several boreholes studied in Forsmark (“high pH boreholes”) show not only a few outstand-
ingly high values but also a general increase in pH between the first hydrogeochemical investiga-
tions and the later monitoring programme, a check was also made to see if this increasing trend is
present also for the other core drilled boreholes in Forsmark where pH do not reach the high values
(=8.7).

The natural pH in groundwater is very seldom below 6 or above 9.5, see Figure 2-1, and values
above 10 certainly need further investigation to find an explanation since they indicate artificial
impacts. Furthermore, the criterion for the groundwater at a site for a repository for nuclear waste is
that pH should be within the range pH 6 to pH 10 (Andersson et al. 2000). This criterion is mainly
based on that the available sorption parameters (K,) used in safety assessments are valid within this
range and the thermodynamic database, otherwise, will need complementary additions outside this
range. However, the most alarming is not the actual high values but rather the want of knowledge
about the processes causing the values.

Contamination from cement products is generally the most probable cause for elevated pH values
since cement is used in several contexts in connection with the drilling of — and the installations in
boreholes as well as for tunnel construction. The usual measures taken to reduce groundwater flow
or to stabilise borehole walls is grouting whereas shotcreting mainly is used for securing tunnel
stability. The overall effect from grout injection on the groundwater composition is of interest in the
long term safety assessment for the deep repository for nuclear waste. The use of cement products
and where it is documented is presented in Section 2.4.

Besides cement, corrosion of equipment in boreholes may also cause elevated pH values (Rosdahl
et al. 2011) since an excessive alkalinity always occurs at the cathode surface in a corrosion cell.
Stray current effects and observations of corrosion in different contexts are further described in
Section 3.2.
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1.2

Explanation of terms and abbreviations

Some special terms and abbreviations that are used in the report are explained in the following list:

CCC Complete hydrochemical characterisation (sampling method) which implies use of
temporary borehole equipment staying in the borehole for a few weeks.
Cement The main component of concrete, acts as paste binder.

Chemmac measurement

Measurements performed on-line using the Chemmac measurement system (Bore-
hole chemmac probe and/or Surface chemmac measurement cell).

Concrete

Aggregate, cement and water

Fenno-Skan cable

The designation of the high voltage direct transmission between Dannebo close to
Forsmark in Sweden and Rauma in Finland.

Formation water

Water directly from the fracture system in the bedrock formation, in contrast to section
water that has been staying in the borehole section.

Gap injection

In this report; grouting to seal the space between the casing and the borehole wall.

Grout

Grout use finer components than standard concrete as additives and additions and is
injected in open fractures or used for gap injection.

Hydrogeochemical monitoring

Regular sampling programme in boreholes/borehole sections equipped with fixed
packer installations staying there for several years.

masl Metre above sea level
mbl Metre borehole length measured from Top Of Casing (TOC)
PHB, PHY, Chemmac measurements of pH in situ and at the ground surface, respectively.

PHB sel., PHY sel.

Selected values from long sequences (>3 weeks) of Chemmac measurements of pH
in situ and at the ground surface, respectively.

pH-F Field measurement of pH at the prevailing water temperature.

pH-L Laboratory measurement of pH at 25° C. Delay between sampling and measurement
of max. 14 h.

PLU Site investigations in Forsmark and Laxemar (Platsundersdkningar).

Shotcrete “sprutbetong”

A mixture of cement, sand and fine aggregate concrete that is applied pneumatically.
Additives are used to enhance the workability (organic polymers). Shotcrete is used
for securing tunnel stability.

Sicada SKB'’s Site Activity Database for storage of primary data.

Silica Sol Amorphous silica particles in water solution. Forms a gel when mixed with a salt
solution. For injection in very thin fractures.

Standpipe Or water level pipe. Pipe connected to borehole section via tubing and used for water

level measurement and/or pumping for groundwater sampling.

Section water

Water present in the borehole section.

Stray current

Current with unknown or unexpected origin, interfering with the construction, i.e.
electricity flow via buildings, ground or equipment due to electrical supply system
imbalances or wiring flaws. It refers to an existence of electrical potential that can be
found between objects that should not be subjected to voltage.

Telescopic borehole

A borehole of the so called telescopic type comprise a percussion drilled first part
(approximately 100 m) with a diameter of about 200-250 mm, followed subsequently
by a core drilled hole (often to around 1000 m depth) with a diameter of approxi-
mately 76—77 mm.
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2 The dataset and the sources of information

2.1 General

The dataset to be evaluated was extracted from the SKB database Sicada (Sicada 15 048) the 17th
of June, 2015. The database search included all samples with pH values (measured in the laboratory
and/or in the field) exceeding 8.7 independent of SKB investigation site. The search resulted in

235 data records covering the period 1976-2014 including data from repeated complete chemical
characterization (CCC) in KFMO08D (September—December 2013). The totally 235 samples with
pH >8.7 in the SKB database Sicada include:

* 51 samples from hydrogeochemical monitoring in Forsmark (2007-2014),

* 11 samples from CCC in KFMO08D in September-December 2013,

* 36 samples from Laxemar (PLU and hydrogeochemical monitoring (2004-2011),
* 34 samples from Aspd HRL (1991-2011),

* 4 samples from the construction phase of the SFR (1986),

+ 1 sample from Avrd (2003),

* 1 sample from investigations in borehole KOVO01 (the Oskarshamn harbor),

* 97 samples from the early SKB study sites (1976-1986).

Each group will be described and causes for the enhanced values will be proposed in the following
Chapters 3 and 4.

2.2 pH measurement methods
Generally, pH measurements are performed:
* in the laboratory at 25 °C (pH-L),

» online in a flow through cell (Chemmac, CCC) at the ground surface where the temperature is
close to the temperature in the borehole section (PHY) and the pressure is around 2 bar,

* in situ (Chemmac, CCC) at the prevailing temperature and pressure in the borehole section
(PHB), and

* in the field (pH-F) in a simple flow through cell and using a standard field pH-meter at the
prevailing temperature in the groundwater at the ground surface and at atmospheric pressure.

There are 1889 samples (most of them from the monitoring programme) with values from both the
field (pH-F) and the laboratory (pH-L). Disagreement between different types of pH measurements
for the same water sample may be due to loss or uptake of CO, and/or temperature effects (Gimeno
et al. 2011). The pH data do not generally reveal a clear pattern between the different measurement
methods but the lowest pH values most often originate from the laboratory measurements in batch
samples at 25 centigrade. This may be due to the fact that the groundwaters have a P(CO,) that is
close to or slightly less than atmospheric and the pH of the samples decreases due to CO, uptake
during the few hours of storage. Table 2-1 presents the different pH datasets.
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Table 2-1. Statistic information for pH datasets from different measurement methods (SKB,
Sicada 1976-2014)

pH measured in the pH measured in Chemmac Chemmac
laboratory (pH-L) the field (pH-F) (PHB sel.) (PHY sel.)

No. of samples 7320 1889 44 41
Average value 7.62 7.67 7.87 7.87
Min 4.70 3.65 6.83 6.93
Max 11.70 11.07 8.90 8.90
1 st quartile 7.39 7.44 - -
Median 7.55 7.66 8.00 8.00
3 rd quartile 7.87 7.91 — -
Percent <8.7 97 96 - -

The Chemmac data (PHB and PHY) were not included in the search for pH values >8.7 since they
are relatively few. Furthermore, this latter dataset does not include any really high values except

for borehole KFMO08D in 2013 and they are generally consistent with the corresponding pH-L data.
Field measurements and laboratory measurements are compared in the diagrams showing the trends
with time from the monitoring programme in Forsmark (Figures 3-15, 3-16, 3-21, 3-26 and 3-31).
The field measurements are much scarcer than the laboratory ones, especially for samples collected
before 2006.

2.3 Distribution of pH values

Figure 2-1 displays the distribution of pH values (pH-L) stored in the database Sicada at the 6™ of
July 2014. The pH range <8.7 covers 97 % of the totally 7320 recorded pH-L measurements. The
present report treats samples with a pH of 8.7 or higher. This limit was found reasonable mainly
because it gives a suitable number of data to treat and possibly enhanced values around the extreme
values will be included. As many as 46 samples show values also over pH 10.

1200
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200

0 S D o
b T T T MG e o e ana g 00—
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Figure 2-1. Distribution of pH values (laboratory measurements).
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As can be seen from the diagram, there are also pH values below pH 6 (8 values). Some of these
values may be due to erroneous measurements but it is also possible that they are caused by
contamination from meteoric water (melt-water, precipitation) or acid fume (from sample bottles
prepared with acid). Also effects from too long time delay between sampling and measurements have
been suggested in the comments to the data in Sicada for many of the low pH samples. The reason
would then be oxygen diffusion through the bottle material, resulting in oxidation of dissolved Fe**
and precipitation of Fe(OH);(s), giving an acidifying effect.

The distribution of the high values (>8.7) differs between the SKB sites as can be seen in Figure 2-2.
There are several samples from both Forsmark and the Aspd HRL in the two highest pH ranges
while Laxemar and the early Study Sites lack the extreme pH values. In fact all the Laxemar values
are below pH 9 and all the Study Site data are below pH 9.4. Only very few occasionally enhanced
pH values are observed from SFR, the shipyard in Oskarshamn and the Avrd site.

2.4 Sources of information on grouting

Cement products are used for different purposes in connection with tunnel construction as well as
drilling of — and installations in boreholes:

* Grouting/injection to seal open fractures and reduce groundwater flow in tunnel passages.

* Grout used to anchor rock bolts made of steel used to tie unstable rock structures, reinforcing the
rock around tunnels.

» Shotcreting to impermeabilise the tunnel walls. A shotcrete layer normally ranges between
30 and 70 mm.

» Grouting to stabilise the borehole wall.

* Grouting to seal the space between the casing in the upper part of a borehole and the bedrock
wall (Gap injection).

» Concrete foundation on drill sites (the site investigations in Forsmark).

Concrete degradation due to interaction with groundwater results in alkaline plumes and is also
a source for Ca and Si into the groundwater system.

120 M pH ranges: 8.7-9
M pH ranges: 9.1-10
100 pH ranges: 10.1-11
M pH ranges: 11.1-12
[}
2
o 80
£
©
[}
[T
o 60
S
[
Ke]
g 40
2 ]
20
0

Forsmark Forsmark-SFR Laxemar  Oskarshamn Study Sites Aspd Avro

pH distribution at different sites

Figure 2-2. Distribution of enhanced pH values (laboratory measurements) at different SKB investigation
sites.
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Grouting to seal the space between the casing and the borehole wall was conducted in all telescopic
boreholes i.e. the standard type of core drilled boreholes within the site investigations (PLU),
Laxemar, Aspd, Forsmark, etc. In most boreholes the normal length of the casing was around 12 m.
However, longer casings were used in boreholes with large inflow or an unstable borehole wall like
the boreholes KFMO07A (100 m), KFMO8A (100 m) and KFMO08D (59 m) in Forsmark.

Since there are several boreholes at each drill site, the total amount of cement used in a limited rock
volume may be quite large. A list of the amount of cement used at each drill site in Forsmark is given
below as an example (from drilling field notes 2012).

Drill site Cement Drill site Cement
(kg) (kg)
DS1 8886 DS7 7443
DS2 6433 DS8 5190
DS3 765 DS9 3038
DS4 6089 DS10 3024
DS5 5819 DS11 1152
DS6 13895 DS12 1394

The sources of information on the use of cement products that could have affected the pH in each
separate case/sample were:

» Activity comments to sampling activities in the database Sicada.

*  The different kinds of grouting activities recorded in Sicada for the boreholes in question or for
different tunnel sections (Aspd HRL).

* P-reports treating drilling of the boreholes and differential flow logging.
» P-reports from CCC investigations and from subsequent hydrogeochemical monitoring.

+ Internal SKB progress reports (PR 25-92-18, PR 25-92-18c) from the construction of the Aspd
HRL (not public).

+ Internal SKB information from the ongoing Aspd extension project.
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3 Observations of high pH values in Forsmark

3.1 General

The number of monitored boreholes/borehole sections in Forsmark with observed high pH values
(pH > 8.7) has gradually increased since the first observation in KFM07A year 2007. The latest
borehole to show this behavior is KFM11A. The boreholes and the affected borehole sections in
question are listed and commented on in Table 3-1 and the borehole locations are marked on the map
in Figure 3-1. All the observations have been made in boreholes situated in the north-eastern part of
the site close to the nuclear power plants and at relatively large depths (elevation —527 to —796 masl).

In most of the “high pH boreholes”, more detailed hydrochemical investigations (CCC) have been
conducted earlier prior to the monitoring period, without any high pH observations. Furthermore,
the high pH observations are typically accompanied by pumping problems during sampling due to
released gas in the pump. This indicates hydrogen gas development caused by corrosion processes.
Since corrosion damages have been observed on the upper parts of the borehole equipment in the
impacted boreholes it is obvious that the pH effect might be an attendant question. Impacts from

the Fenno-Skan current link between Sweden and Finland as well as related corrosion and high pH
effects are discussed in Section 3.2. Besides the “high pH boreholes” only one of the other boreholes
from the ground surface at the Forsmark site (KFMO1A) shows a slightly increasing pH trend cf.
Section 3.7.

In borehole KFMOS8D (marked on the map) repeated CCC investigations have been conducted
during October—December 2013, after a six year period of monitoring and some observations of high
pH values as well as corrosion on the equipment. In the same way as during the monitoring period
and in contrast to the first CCC occasion, high pH values were observed also this time. Furthermore,
corrosion appeared on the CCC equipment and high hydrogen gas contents were verified by gas
analyses, see Section 3.6.

Generally, there are samples with complete sets of data (CCC) from practically the same borehole
sections before the monitoring and the observations of the enhanced pH values. This offers possibili-
ties to explore the changes with time as well as comparing measurements with and without installed
monitoring equipment. The detailed chemistry at different pH values is compared and the trend with
time are displayed for the different boreholes in the figures of Sections 3.3 to 3.7. As can be seen,
the increases in pH, in turn, has led to attendant reactions, i.e. precipitation of Ca, Mg, Si, Mn and Fe
as Calcite, Mg(OH),, amorphous silica as well as Mn and Fe bearing phases. The special situations
causing the enhanced pH values in each borehole are discussed in Section 3.8.

Table 3-1. Borehole sections with observations of high pH values in Forsmark.

IDCODE SECUP SECLOW Elev.- Initial pH Date of first high Max. Comment
mbl mbl secmid** range value* observed
masl value
KFMO6A  738.00 748.00 -622.8 7.5 2012-05-09 9.28
KFM06C 647.00 666.00 -527.0 7.6 2013-05-29 8.80 Two high values (Figure 3-3)
KFMO7A  963.00 972.00 -795.6 7.4-8.1 2007-10-26 10.70
KFMO8A 684.00 694.00 -550.6 6.8-8.0  2008-01-22 10.53
KFM08D 660.00 680.00 -538.1 8.4 2009-04-28 8.82 One single high value
KFM08D 669.70 676.84 -540.6 7.2-84  2013-09-24 11.30 CCC
KFM08D 825.00 835.00 -662.6 8.1 2009-04-30 10.7 Section omitted 2010-2011
KFM08D 829.13 834.80 -664.1 6.8-7.2  2013-09-25 10.2 CCC
KFM11A  690.00 710.00 -593.8 71-7.8  2012-05-21 8.84 Higher values in 2015

* First value 2 8.7,
** Elev.-secmid = Elevation (masl) at the mid-point of the borehole section
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Figure 3-1. Location of the monitored core and percussion drilled boreholes at the Forsmark site. Boreholes
with observed high pH values (> 8.7) are marked with a red star. These “high pH boreholes” are KFMO06A,
KFM06C, KFM07A4, KFMO08A, KFMO08D and KFM11A. See also Figure 3-3 for the spreading of the
electrical fields in the area.

3.2 Stray currents, corrosion and resulting impacts on pH

It is the general view that stray currents from the high voltage direct current (HVDC) link (Fenno-
Skan), connecting the Swedish and Finish power grids, causes corrosion on some of the elongated
down-hole equipment installed in the boreholes in Forsmark. Corrosion processes appear at the
anode surfaces while the cathode reaction implies reduction of oxygen or water thereby increasing
the pH and if the current is high enough also production of hydrogen gas. Corrosion damages have
been observed on instrumentation installed in the upper part of the boreholes while the pH increase
generally appears in isolated borehole sections at relatively large depths. Corrosion have resulted in
leakages in the monitoring equipment and therefore cathodic protections have been installed in most
boreholes. However, this measure to prevent corrosion, causes even more and larger pH impacts.
The reasons for stray currents, corrosion and high pH values will be explored in more detail in the
following subsections.

3.21 Stray current situation in Forsmark

The power transmission link, Fenno-Skan, consists of two monopolar circuits here abbreviated F1
and F2. Normally, the two circuits should balance each other with approximately the same effect, but
with opposite direction of the current in the two cables, see Figure 3-2 and Taxén et al. (2014).

However, this is only occasionally the case. Instead, the power transmitted through F1 is usually
quite steady, while the effect of F2 varies considerably, according to operational data received from
Svenska Kraftndt. Furthermore, if one of the cables is out of operation, the earth replaces one of the
cables as the return loop, i.e. unbalanced current is returned through the ground between sea located
electrodes close to the Swedish and Finnish shores, respectively. The electrical field created around
the Swedish electrode located 25 km north of Forsmark impacts on grounded constructions around
the power plant and causes a secondary electrical field see Figure 3-3. This secondary field is created
since the grounding systems of the power plant pick up stray current from the earth and transports
this current to remote groundings through the top wires installed on the overhead power lines.
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Figure 3-3. The primary electrical field around the electrode in Fagelsundet and the secondary electrical

field around the nuclear power plant. The current direction correspond to an unbalance situation with
the current output F1>F2. Black circles are equipotentional lines and the red arrows show the current

direction.
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3.2.2 Stray current effects on fixed borehole installations

The fixed monitoring equipment installed after completion of general borehole investigation activi-
ties separates each borehole into different borehole sections, see Figure 3-4. The sections are isolated
by inflated rubber packers, which also prevent undesired hydraulic short circuiting effects that will
occur if boreholes are kept open. The packer installation is mounted on a pull rod (made of stainless
steel or in a few cases aluminium) that extends along the entire borehole. The pressure is monitored
on-line in standpipes hydraulically connected to each section and transmitted to SKB’s data systems
for processing and interim storage of surface hydrological, hydrogeological and meteorological

data (HMS). Furthermore, groundwater sampling, as well as groundwater-flow measurements, are
regularly conducted in selected borehole sections equipped with a second standpipe that is wide
enough for lowering a pump.

The rods in the boreholes are impacted by the secondary electrical field around the power plant.
Depending on the distance from the power plant as well as the direction and angle of the borehole,
the rods are exposed to various stray current interferences. Also the locations where the current
enters or leaves the rods differ between the different rods. The direction of the current will be
reversed if the unbalance between F1 and F2 changes. In Figure 3-5 the interference situation is
illustrated for the case F1>F2. In this case most of the rods are exposed to in-leaking current at the

lower parts and out-leaking current in the upper parts.
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Figure 3-4. Schematic outline of a core drilled so called telescopic borehole at Forsmark supplied with
fixed hydraulic monitoring equipment (modified from SKB 2015). The corroded equipment parts (stainless
steel) are mainly found in the upper part framed with a red broken line and the pH increase in the

groundwater is observed in the sampled borehole sections (blue broken frame).
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Cathodic protection systems were installed in most boreholes 2010 when F2 was not yet in opera-
tion. The protection currents were adjusted to counteract the out-leaking current in the upper part of
the rods. In December 2011, F2 was taken into operation. This offered also the possibility of F2>F1.
Such a situation implies that the direction of the stray current will be the opposite, with in-leaking
current into the upper part. The protective currents were however not changed to counteract the
out-leaking current in the lower parts of the rod. Control of the effect of the protection is done by
potential measurements and these can only be performed at the surface, therefore the level of protec-
tion at depth can only be estimated. After 2012 it has been more common that F2 dominates over F1
than the opposite. This implies that the upper parts of the rods have been over-protected more often
than having the desired level of protection.

Corrosion damages on rods can only be revealed by lifting the whole packer system. Figure 3-6
shows damages on stainless steel rods from KFR102B. This borehole has not been cathodically
protected but a system will be installed this year.

<,

—_— A

Figure 3-5. Stray current impact on rods when FI1>F2. Blue circles are equipotential lines in the electrical
field surrounding the groundings at the power plant. Red arrows show the current direction.

Figure 3-6. Corrosion attacks on rods from KFR102B.
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3.2.3 Enhanced pH by corrosion or cathodic corrosion protection

Corrosion is an electrochemical process which means that chemical reactions takes place at the same
time as direct currents are generated. These currents are transported between anodic and cathodic areas
on the metal surface. At the anode an oxidation takes place and the electrons set free are transported
in the metal to the cathode. The current moves in the opposite direction to the electrons resulting in
an out-leaking current from the anode. At the cathode the current enters the surface and a reduction
takes place, see Figure 3-7.

Usually the anodic and cathodic areas are very small and evenly distributed over the metal surface.
The metal ions being released at the anode reacts with the hydroxide ions being formed at the
cathode to Me(OH),. In the case of Carbon steel the anodic reaction is however pH neutral. The
influence on the pH of the water is therefore very small. In the case of stray current interferences,
the anodic and cathodic areas are separated from each other. The metal ions released at the anode can
therefore not react with the hydroxide produced at the cathode. The metal ions will be hydrolysed
and thus lowering the pH of the water outside the anodic area.

Me? + 2 H,0 — Me(OH), + 2 H'

The hydroxide produced at the cathode will increase the pH of the water close to the metal surface.
The amount of hydroxide being produced at the cathode can be calculated with Faradays law.
I-t-M

m= z F

where m is the mass in gram being produced per s, I is the current (A), M is the molar weight of
hydroxide (17 g), z is the number of electrons (1) and F is Faradays constant (96 500 As/mol).

A current of 1 A entering a metal surface during 1 week produces 106 g hydroxide. If the water
volume is 10 dm® the pH will increase to 13.8. The corresponding pH after one week of 10 mA
in-leaking current is 11.8.

Installation of cathodic protection is a method to counteract stray current corrosion. This have

been done on most of the pull rods in the permanent monitoring systems. The protective current is
adjusted to a level securing that no part of the rod is exposed to out-leaking current. However, this
means that areas already exposed to in-leaking current will be exposed to even higher in-leaking
current densities, see Figure 3-8. In these areas the pH will increase rapidly and hydrogen gas will be
produced.

Anode. Oxidation. Current leaves
the surface Me — Me?* + 2e~

Cathode. Reduction. Current enters the surface.
1120, + H,O + 2e~ — 20H" (if oxygen is available)
2 H,0 +2e~ — H, + 20H" (high current density)

Figure 3-7. Corrosion cell.
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Figure 3-8. Effect of cathodic protection on pull rods influenced by stray current.

3.2.4 Corrosion damages on instrumentation in stand pipes

Corrosion damages were observed on the installations in two of the standpipes in the cased upper
part of borehole KFMO04A in 2010 and the equipment has been exchanged several times after that
due to corrosion. In 2011 similar damages were discovered in KFMO8B and in the autumn 2012

in KFM07A, 7B, 7C and KFMO08D. In 2013 damages occurred in KFM09A and KFM10A and the
boreholes KFMO01D, KFMO08C and KFM11A were affected in 2014. The reason for the effects on
the instrumentation has been a mystery for a long time. It should be impossible for stray currents to
reach the instrumentation since the stainless lower part of the stand pipe (approx. 2 m) constitute a
Faradays cage. The cables connected to the pressure sensors are shielded and the shield is grounded
in the container, see Figure 3-9.

Furthermore, the instrumentation inside the standpipe is in contact with the standpipe via the
stainless spike in the bottom of the standpipe. In this way a metallic contact is established between
the pull rod and the local ground beside the borehole. Any currents picked up by the local ground
are transported to the pull rod via the instrumentation or vice versa. From this follows that since no
current is transmitted between the instrumentation and the water, no corrosion can take place on the
instrumentation.

However, the local ground is connected to the other drill sites. Large potential differences can exist
between drill sites close to the power plant and drill sites at more remote locations. The corrosion
damages on the rods could have been much more severe if the resistance in the shielding had been
lower. Typical resistances measured are in the range of 20 Q.

The damages on the instrumentation inside the standpipes started after the installation of the cathodic
protection systems. A probable explanation is that the installation lack good contact between the
sinker and the spike in the bottom of the standpipe. Then the cathodic protection together with
in-leaking stray current results in over-protection of the upper part of the pull rod. The externally
in-leaking current lowers the potential of the standpipe relative to the surrounding electrolyte. In
fact the standpipe tries to suck current from the electrolyte. Since the instrumentation is isolated
from the standpipe and at the same time grounded, it can in this case deliver current to the water and
further on to the internal side of the standpipe. The current is then picked up by the local ground,
see Figure 3-10. The highest current density and therefore corrosion rate is achieved at the tip of the
sinker since this part is closest to the internal surface of the standpipe (the spike), see example in
Figure 3-11.
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Figure 3-9. Monitoring equipment.

Figure 3-10. Cathodic protection current causing stray current corrosion on instrumentation. There is only
out-leaking current on the instrumentation surface (dashed blue circle).

Inspection of corrosion damages on the installed packer equipment and pull rod can only be
conducted by lifting the equipment. This was done in borehole KFMO08D in 2013 due to the need of
maintenance of the installed equipment and in order to obtain knowledge of the processes that have
impacts on the long term function. The borehole was selected due to the observed corrosion in the
standpipes and proved leakages in the monitoring equipment that needed attention. The inspection
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revealed severe corrosion damages on all equipment that was installed in the standpipes down to
40 m, see examples in Figure 3-12. However, the equipment below the first packer and all the way
down to the bottom of the borehole was found to be free from corrosion. Furthermore, a black
coating was observed on all equipment from the groundwater level down to the bottom packer. The
amount of coating declined towards depth.

To counteract the mentioned corrosion problems, the shield of all signal cables was disconnected
from local ground. In cases when this resulted in disturbances of the signal, the alternative was to
disconnect the sinker from the other instrumentation parts and to provide the stainless steel tubes
with polymeric coatings. Another alternative would be to replace stainless steel parts with titanium
ones, since titanium has a high over-voltage for out-leaking current. This is also the reason why the
pressure sensor, being made of titanium, has not been damaged and do not need to be coated. As a
consequence of these described measures, the current demand for the cathodic protection systems
could be lowered in many cases.

Figure 3-12. The bottom side of the lower holder for water level pipes (standpipes). Several of the connec-
tions were leaking when tested due to corrosion.
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3.2.5 Corrosion on down-hole equipment used during CCC

During investigations in 2004 and 2013, corrosion was observed on down-hole sampling equipment
made of stainless steel after the use in two core drilled boreholes at Forsmark, KFM04A and
KFMO08D, respectively.

The first observation of corrosion occurred at investigations in each of the two investigated borehole
sections (230.5-237.6 m and 354.0-361.1 m) in KFMO4A during 2004. This borehole penetrates the
so called altered zone at the border of the site which may have some relevance for the occurrence of
earth currents. No enhanced pH values were revealed at the time.

Corrosion on parts of the downhole equipment was also observed after the repeated CCC investiga-
tion in KFMO08D section 669.7-676.8 m in 2013, see Figure 3-13. The largest damages were discov-
ered on the connection between the umbilical hose and the downhole equipment and on the sampling
device for in situ samples, see Figure 3-14. Other packer positions at larger depths were also tested
in the same borehole see Section 3.6, however, without any visible corrosion effects. In contrast to
the monitoring case the observed corrosion (on the in situ sampling device) and the sampled “high
pH groundwater” were found within the sampled section i.e. within a short distance of 7.1 m.

Three boreholes are interfered in such a way that the current enters in the top and leaves in the
bottom when F1>F2, namely KFM04A, KFMO08B and KFMO08SD. The CCC equipment in KFM04A
was damaged in 2004 when only F1 existed. The damages on KFMOS8D is believed to have taken
place during a period when the unbalance on Fenno-Skan shifted from F1>>F2 to F2>>F1, see
explanation further down. KFMO8B has never been investigated with the CCC equipment.

In the umbilical hose there are 4 copper cables (5 mm?). They are grounded on ground surface. If
one of these comes into contact with the downhole equipment the occurred corrosion could easily be
explained. The local ground is connected to remote places within the drill site and potential differ-
ences of 2-3 V can occur due to the secondary electric field around the nuclear plant. The resistances
are very low in the electrical circuit why high stray currents can be developed, damaging the equipment
in a short time. The manufacturer of the equipment is however convinced that only one of the copper
cables is connected to the equipment and that this contact is galvanically separated from the steel house
of the equipment. The equipment should therefore not be in contact with the groundings on the surface.
This implies that both a cathodic site and an anodic site must exist on the equipment itself.

Figure 3-13. Corrosion on downhole equipment after use in borehole KFMOS8D. a) Precipitates on connec-
tion to the umbilical hose b) Surface corrosion on the screw nut to the same connection c¢) Corrosion on
the in situ sampling device placed in the sampled borehole section d) enlargement of ¢) showing the black
material coating parts of the sampling device.
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Figure 3-14. Outline of hose unit and temporary downhole equipment (modified from SKB 2015). The
location of corroded parts after the use in borehole KFMOSD are marked with red circles.

The anodic reaction (oxidation), can only take place if the electrons can be consumed by a reduction
taking place at the cathode. If the cathode is situated at ground level then the reduction can be oxygen
consumption. The environment at depth is close to anaerobic and the reduction reaction has to be
hydrogen evolution. To start this reaction an over-voltage is needed that corresponds to a potential
difference of approximately 800 mV between the anode and the cathode. At maximum unbalance

of Fenno-Skan, the potential difference between the ground surface and the bottom of the borehole
(—900 m) in KFMO4A is approximately 400 mV. The CCC equipment has a length of 10 m why the
potential difference from one end to the other is less than 5 mV, i.e. not enough to initiate corrosion.

If however a strong generator of current is present in the vicinity of the CCC equipment it could
generate a tertiary electric field making it possible to initiate corrosion on the equipment. Let us
presume that the 109 m long casing in the top of borehole KFM04A by accident is in contact with
the local ground and therefore also with the remote ground. Stray currents transferred to the casing
could be transported down in the borehole. However, a simple calculation shows that the resistance
in the water filled borehole is too high (>350 Q).

This implies that the component transmitting stray currents to the isolated equipment must be located
even closer. The only conductors in the umbilical hose are the copper cables. If one of these come
into contact with the connector in the very end of the umbilical hose the two situations could be
explained:

1) The connector could be in direct contact with a connector on top of the equipment. In this case the
stray currents are directly transferred down to the lower part of the equipment. This can have been
the case in 2004 for KFMO4A. Currents picked up by remote groundings were directly transferred
to the equipment and returned to ground in the low resistivity area close to the altered zone.

2) In KFMOS8D the equipment was attacked close to the connector and also further down. This
indicates that the metallic contact in the connector was poor. Out-leaking current from the umbili-
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cal connector was picked up as in-leaking current on the connector on the equipment resulting in
out-leaking and corrosion further down. This happened during a period with F1>F2. When the
unbalance was reversed the current left the equipment at the connector leading to corrosion. This
is probably the situation presented in Figure 3-14.

A close-up of the impacts on the equipment is shown in Figure 3-13 where out-leaking current from
the equipment connector gives corrosion (b) and the in-leaking current on the umbilical hose connec-
tor results in increased pH causing precipitations of CaCO; and Mg(OH), on the surface (a).

3.3 Observations in boreholes KFM06A and KFM06C

The tendencies for enhanced pH values in the deeper section in borehole KFMO06A (738.0-748.0 m)
and in KFMO06C (647.0—666.0 m) were observed as late as year 2012 and the observations were
accompanied by pumping problems due to gas accumulation in the pump. The trends are not as
striking as in the other “high pH boreholes” in Forsmark. Furthermore, the CCC-investigations in
KFMO6A comprised a different and deeper section and cannot be compared with the monitored
section in question and no CCC investigation was conducted in borehole KFMO06C. Therefore, in
contrast to the other “high pH cases”, there are no comparable pH values from before the monitoring
period and the treatment in this text will be less detailed, especially for borehole KFMO0O6C. The
monitored borehole section in KFMO6A includes one significant flow anomaly at 743.3 m borehole
length, while the section in KFMO06C contains at least two water yielding fractures at approximately
651 and 665 m (determined by single hole injection tests). The transmissivities were approx.

1x107 m%s and 5x10°* m?/s.

The measured pH values in the laboratory and in the field during the monitoring period 2007-2014
are plotted versus time in Figures 3-15 and 3-16. Collection of sample series including minimum
three samples was introduced as a routine in the autumn 2009. The sample series show higher

initial pH values (laboratory measurements) which decreases with pumped volume. This trend,
although less clear than in the boreholes KFM07A and KFMO08A, suggests that the initial water in
the borehole section has a high pH. When the contribution of stagnant section water decreases with
the pumped volume and the contribution of groundwater from the formation increases, the pH also
decreases. This decreasing trend is typical when the section water in the borehole shows enhanced
values compared to the formation groundwater in the bedrock and in fact it has been observed previ-
ously for the hydrogen sulphide concentrations (Nilsson et al. 2010, Tullborg et al. 2010).

Figures 3-17 to 3-20 displays data for different constituents/components plotted against pH and date
for borehole KFMO6A. No such diagrams are presented for KFMO06C since the really high pH values
are missing, giving a quite compressed pH scale.

The somewhat increasing chloride trend with time (within the error) in the borehole section in
KFMO6A as well as the minor decrease of 'O may depend solely on decreasing flushing water
content, however, a gradual variation in the groundwater composition is more likely. In addition,
the concentrations of some other components change due to contribution from other processes and
reactions (for example microbially mediated sulphide production and associated reactions) going
on in the borehole section, the tubing and/or the standpipe after some time and possibly after the
installation of fixed monitoring equipment.

Among the major components, magnesium shows the most clear decreasing trend with pH and with
date. The alkalinity is influenced both by the pH and the gradual withdrawal of water with another
composition giving a first decreasing and then increasing shape of the plot versus pH and a generally
decreasing trend with date. The minor components, Si, Fe and Mn decreases with increasing pH

and high pH-, DOC- and sulphide values coincide in the same samples (the initial samples in each
sample series) due to the altered pH and due to a larger contribution of section water in the samples,
respectively.
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