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The search by SKB (Swedish Nuclear Fuel and Waste Management Co.) for a site to locate the deep geological repository for spent
nuclear fuel in Sweden has involved geoscientific investigations at several locations since the 1970s. The objectives were to
characterise geologically a bedrock volume as well as its hydrogeology and hydrochemistry. To acquire high-quality
hydrogeochemical data, a complete system for groundwater sampling and analysis, as well as for interpretation strategies, has
been developed through a continuous process of modification and refinement. Since the largest part of the Swedish bedrock is
composed of granitoids, the site investigations had to adapt to the special difficulties of fractured crystalline rocks. This paper
discusses the problems with groundwater sampling that are specific to fractured crystalline rocks and describes the solutions
adopted and methods developed by SKB since the early 2000s during the site investigations. The methodology described in this
paper for the characterisation of deep groundwaters in crystalline rocks is not only applicable in the context of radioactive waste
disposal but also useful when sampling groundwaters for any purpose in such rocks. Sampling of groundwaters in fractured
rocks at depth, often down to approximately 1,000 m, involves special challenges since the natural conditions of the
groundwater are easily disturbed, especially by the initial drilling, but also by every subsequent activity performed in the
borehole, including the actual groundwater sampling. The sampling strategy presented in this paper shows that planning of the
sampling preferably starts already when the drilling procedure is decided. Each following step is described in detail and includes
tracing the drilling fluid, selecting the best borehole sections to sample, procedures for the actual sampling, and selection of
analytical protocol; all this with the goal of taking representative samples. Although the evaluation of the sampling uncertainties
is not a straightforward procedure, an adequate categorisation routine has been established to classify groundwater samples
regarding sample quality, representativeness, and suitability for further interpretations and modelling.

1. Introduction vey was one of the first institutions to publish rigorous sam-

pling and analytical protocols and procedures [1-3]. Since
The need for reliable groundwater sampling procedures has  then, and together with the United States Environmental
been recognised for years. The United States Geological Sur- ~ Protection Agency, more detailed manuals of sampling
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procedures, devices, techniques, etc. in different host rocks
have been reported in various publications by these two orga-
nisations [4-15]. Along similar lines, other countries such as
Australia and South Africa have recently published guide-
lines for groundwater sampling [16-20]. Nevertheless, the
hydrogeochemical characterisation of groundwaters remains
a challenging task [21-23].

In crystalline rocks, where groundwater flow is dependent
on the fracture systems, the heterogeneous hydrogeological
conditions imposed by the fractures and fracture zones result
in a very inhomogeneous distribution of groundwater compo-
sitions. Therefore, in these environments, in addition to the
usual groundwater sampling problems, it is necessary to mon-
itor simultaneously the hydraulic pressure during sampling, in
order to establish unambiguously that the groundwater sam-
ple represents the fractures intersecting the sealed-off borehole
section [9]. In this way, the samples from boreholes drilled
into intact rock will represent undisturbed conditions while
sampling in boreholes close to a tunnel should give informa-
tion on the disturbed system (often influenced by drawdown
and/or artificial mixing).

In Sweden and Finland, deep geological disposal of spent
nuclear fuel is being planned in fractured rock at approxi-
mately 400 to 500 m depth [24-28]. The planning for this
type of repositories requires the characterisation of ground-
waters in sparsely fractured rocks to depths down to
~1,000m [29]. The aim of this paper is to provide insights
in the difficulties of groundwater characterisation for such
systems, and the solutions adopted within the site character-
isation program conducted by the Swedish Nuclear Fuel and
Waste Management Co. (SKB). The present paper therefore
fills in the gap between technically detailed reports from
SKB (available at http://www.skb.com/publications) and the
peer-reviewed publications in the open literature, which con-
centrate on interpretation and modelling aspects, for exam-
ple, [30-43]. This paper also is aimed at providing an
overall picture of those aspects of geoscientific site investiga-
tions that have implications on the quality and the perfor-
mance of the hydrogeochemical studies in fractured
crystalline bedrocks, e.g., drilling technique and execution
and investigation sequence.

One must emphasise that the techniques described here-
with are the result of large efforts during a relatively long
period of time (since the middle of the 1970s) by several
organisations dedicated to the disposal of radioactive wastes
around the globe. It is not the purpose of this paper to pro-
vide a detailed historical account of the developments in
the field of groundwater characterisation in fractured rocks;
however, the interested reader may find a short account in
the Supplementary Material 1.

2. Investigations in Boreholes: Effects on the
Representativity of Groundwater Samples

2.1. The Sequence of Borehole Drilling and Investigations.
Investigations in deep groundwater systems imply borehole
drilling followed by logging and sampling activities which,
in fractured crystalline rocks, normally result in the mixing
of groundwaters from different depths. As a consequence,
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this can cause a variety of physical processes and chemical
reactions that impact the representativity of the water
samples.

To avoid disturbances in the system and to obtain as
much useful information as possible, drilling and borehole
investigations have to be carefully planned to follow a system-
atic sequence of proven strategies. A close cooperation among
different disciplines is also needed during the planning and
execution of the field work (and subsequent interpretations).
A general investigation sequence is shown in Figure 1.

2.2. The Drilling. Drilling is one of the most important activ-
ities within the scope of site investigations for a deep reposi-
tory, and its performance is of particular importance in order
to achieve high-quality groundwater samples and representa-
tive measurements from the boreholes. The boreholes can be
either percussion drilled or core drilled.

Percussion drilling is the faster and cheaper technique
used to supplement and increase the number of sampling
locations as well as to provide boreholes with diameters
between 200 and 250 mm. The technique is restricted to rel-
atively short boreholes in the range of 50 to 300 m. No flush-
ing water is used for the drilling, and no drill cores are
obtained since the rock is crushed.

Core drilling is used for deeper boreholes down to
around 1,000 m depth or when information from a drill core
is required for specific studies like mapping and sampling of
fractures, of rock types, and of fracture infills. In the case of
the site investigations performed by SKB, flushing water
without recirculation is used to cool the drill bit and no-
drill mud or lubricants are used to avoid unnecessary con-
tamination. After the late 1980s, most core boreholes drilled
by SKB from the ground surface are of the so-called tele-
scopic type: the first 100m correspond to a wider
percussion-drilled borehole, followed by a core-drilled hole
with a smaller diameter (76-77 mm). This technique was
developed specifically for hydrochemical investigations. It
allows efficient gas-lift pumping from the upper percussion-
drilled part of the borehole during and after core drilling.
This pumping decreases the amount of flushing water and
of drilling debris which, otherwise, would be forced into con-
ductive bedrock fractures by the high pressure prevailing
during drilling. This type of borehole also allows the installa-
tion of standpipes to facilitate groundwater head measure-
ments and sampling during the following long-term
hydrochemical monitoring phase (Section 3.3).

In the case of boreholes drilled from tunnels, the conven-
tional core or percussion drilling techniques are used. The
telescopic design is not necessary since there is no need for
standpipes or pumping during groundwater sampling. The
water from the borehole is discharged during drilling and
sampling due to the difference between the pressure in the
bedrock and the atmospheric pressure in the tunnel.

Different equipment and investigation methods are in
general required for the different borehole types, and they
will be indicated in the corresponding sections of this paper.
The most extensive hydrochemical investigations are per-
formed in telescopic core boreholes, and their drilling proto-
col includes the following:


http://www.skb.com/publications

Geofluids 3

Borehole drilling

[

Gas-lift pumping (N,)to remove
rock flour and drill water

Drill cores displayed in a

store room for mapping

Hydrochemical logging Geophysical
(tube sampling) loggings

Differential flow logging

Identification of
fractures suitable
for hydrochemical
characterisation.
Selection of the
packer position.

Special data from
resistivity (high/low
salinity) and gamma
(high U contents)
loggings

Chemical composition of
the ground waters along the
borehole. Only used for
overview

BIPS logging
(Borehole Image
Processing System)

Co mplete hydroch emical GW samples and online long-term
Eh, pH, T,0,, and EC measurements

characterisation (CCC) in the section and at surface. Often
One borehole section at a time includes colloid, gas, and microbes.

Injection tests.
GW flow measurements
Interference tests

. . Fixed equipment Periodic measurements of:
Monitoring programme installed at selected —> GW level/ GW flow /
borehole sections GW sampling

FIGURE 1: Schematic overview of a general investigation sequence in a telescopic core-drilled borehole designed for chemical characterisation.
The most important hydrochemical sampling methods (Complete Chemical Characterisation, i.e., CCC, and monitoring) are shown in boxes
with a darker blue colour and text in bold. GW: groundwaters; Eh: redox potential; T: temperature; EC: electrical conductivity. A more
detailed description can be found in Supplementary Material 2.

Extensive hydraulic tests
(water injection and tracers)

(i) The flushing water is spiked with a tracer (e.g,  2.3. Sampling Conditions: When, Where, and How

sodium fluorescein), and it is discharged as return . .
water (i.e, a mixture of flushing water, formation 2.3.1. When to Sample. The time delay between drilling and

groundwater, and drill cuttings) by gas-lift pump- chemical sampling is an important factor affecting the repre-

ing during drilling. Due to contamination risks sentativity of groundwater samples. Sampling close in time
the selection of the flushing water source and  t© the completion of the borehole may result in groundwa-

ter samples still impacted from the drilling, i.e., flushing
groundwater composition are important issues ~ WAter and grour}dwaters fr9m dif"’fe.rent depths, introduced
that are discussed in more detail in Supplemen- by the pressure impact duru.lg dr}lhng. Hower.:r, the prob-
tary Material 2. lem could be even more serious if a borehole is kept open
for some time without packers installed between the differ-
(ii) The downhole drilling equipment and the flushing  ent hydraulically conductive fractures. In an inflow area,
water system require a strict routine of cleanliness  large volumes of shallow water are likely to intrude from
(more details can be found in Supplementary  fractures in the upper part of the borehole down to greater
Material 2). depths and mix with deeper groundwaters, and microbial
activity and sulfide production could be promoted [44,
45], which drastically decreases the representativity of the
groundwater samples.
For similar reasons, groundwater sampling should be
avoided when activities such as drilling or hydraulic tests
are ongoing in the vicinity of the borehole.

the possible impact of the flushing water on the

(iii) The percussion drilled part of a telescopic bore-
hole is cased, and the gap between the borehole
wall rock and the casing is grouted with cement
to prevent groundwater inflow from the upper
part to the lower core-drilled borehole part during
drilling.

(iv) Grooves are milled into the borehole wall at certain
intervals for length calibration to ensure reliable
depth readings.

2.3.2. Where to Sample: Selection of the Borehole Sections. The

main criteria for the selection of the borehole sections are (1)

presence of one or more fractures with a suitable hydraulic

(v) The use of a triple tube system is indispensable for ~ transmissivity, (2) appropriate borehole wall conditions
preserving the fracture infillings (in the extracted  (less fractured rock) that allow isolation of the section by
drill cores) whose study, among other things, will  inflatable packers, and (3) favourable distribution of the
facilitate the correlation of transmissive fractures  water yielding fractures in the isolated borehole section
with the flow log and the BIPS (Borehole Image  to facilitate the removal of water in the section prior to
Processing System, cf. Section 2.3.2). sampling (Figure 2).



Geofluids

One water conducting
fracture

Time 1 Time 2

lI

V P
Z

%0

Outlet -

SN

Dead volume
Dead volume

(a) (®)

Several water conducting
fractures

Time 1 Time 2

-7 T

H - .5

I

Outlet -

GO =_0Q| T=|

(© (d)

FIGURE 2: Schematic drawing of two different situations of the water yielding fractures in an isolated borehole section (modified from [49]).
The blue colour intensity illustrates the amount of formation groundwater in the borehole section during pumping. The presence of a single
water-bearing fracture in the upper part of the borehole section, close to the outlet of the section (fracture ® in (a) and (b), on the left part of
the figure), is a favourable situation since the rest of the water volume beneath the fracture will stay trapped, regardless of the removed amount
of water from the borehole section (i.e., the lower part of the isolated section is a dead volume). Figure (a) illustrates the moment shortly after
pumping starts (time 1) when the water from the only fracture has not reached the outlet yet. Figure (b) shows that after a while (time 2) all the
water leaving the section is formation groundwater. If there are several fractures in the section ((c) and (d) in the right part of the figure), the
section water between the fractures will contribute to the sample until the formation groundwater from the deepest fracture reaches the outlet:
shortly after pump starts (c), no formation water has reached the outlet yet; after a certain time (time 2 in (d)), formation groundwater from
fracture ® has reached the outlet and formation groundwater from fracture ® has passed fracture ®; however, formation groundwater from
fracture © has not yet reached fracture ® and the section water between fractures ® and @ will still contribute to the sample. In this last case,
the water volume that should be extracted prior to collecting a representative sample of the isolated borehole section may become

unrealistically long.

The selection of water yielding fractures and the isolation
of the borehole sections are based on the information pro-
vided by the flow logging [46, 47] and the BIPS [48]. In
core-drilled boreholes, the differential flow logging method
is especially useful. This method gives better information
on the location of the water yielding fractures than other
methods, and it also helps to estimate the groundwater
volumes to be extracted prior to sampling. The BIPS log-
ging is helpful to locate suitable packer positions and to
identify each water-yielding fracture.

Borehole sections including fractures with moderate
hydraulic transmissivities (around 1077 - 10®m?s!) or
isolated borehole sections close to the bottom of the bore-
hole are preferred from a practical point of view. In both
cases, the amount of flushing water and/or water from
other parts of the borehole, intruded into the fractures

during drilling, will be less either because of the low trans-
missivity or because the drill bit has stayed a shorter time
in the lower part of the borehole. This lower amount of
drilling fluid in the fractures will shorten the time needed
for purging prior to sampling. Hydraulic transmissivities
lower than 1078 m?s™! require special equipment and sam-
pling methods, cf. Section 3.2.

Once the water yielding fracture(s) have been selected,
the next important step is to optimise the position of the
packers: (1) in order to decrease the required volume of
water (Figure 2) to be exchanged prior to sampling and
(2) to obtain a fully isolated borehole section without
short circuits between the section and the borehole water
above and/or below the section. The latter can be checked
by observing the pressure responses in other parts of the
borehole during pumping.
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2.3.3. How to Create Adequate Sampling Conditions. Essen-
tial for the sampling procedure is (1) the evaluation of the
contribution of flushing water from the drilling, (2) the ade-
quate exchange of water from the borehole sections prior to
sampling, and (3) the check of pressure responses in other
parts of the borehole (or other boreholes in the vicinity)
to exclude short-circuiting effects. Well-documented sam-
pling conditions considering these aspects are important
to facilitate the data evaluation during later stages of the
site investigation.

The discharge of water prior to sampling is necessary to
remove (1) the drilling debris and the remains of flushing
water from the drilling and (2) the water initially present in
the borehole section (section water). With respect to the
flushing water, the calculation of its contribution requires a
good homogeneous mixing of the tracer dye in the drilling
fluid and frequent analyses of the tracer. The limit for the
flushing water content for the best quality data in the SKB site
investigations has been set to 2%; however, up to 10% may be
considered acceptable if the groundwater data for such sam-
ples are used with care. The main problem associated with
this task is the often long time needed to reach low enough
flushing water content in the samples. With respect to the
section water, its removal is needed to exchange the initial
mixture of waters present in the borehole section. This water
mixture may originate from different fractures at varying
depths along the borehole, and in the case of monitored sec-
tions, the water may be affected by the stagnant conditions of
the isolated section (e.g., microbial activity and corrosion,
Section 3.3). The general recommendation to remove
approximately five volumes of the sampled section [50]
may be valid in the case of porous media but not for crystal-
line bedrock where the required purged volume is often
larger. Individual discharge volumes for each section are cal-
culated using plug flow estimations. These calculations con-
sider the number of water yielding fractures, their hydraulic
transmissivity, and their location in the isolated borehole sec-
tion (Figure 2), and at least two plug flow volumes are dis-
charged to compensate for the unknown contribution from
laminar flow.

Finally, three ways to secure adequate sampling condi-
tions are (1) checking the absence of pressure responses in
other parts of the sampled borehole or adjacent boreholes,
(2) estimation of the sampling-day hydraulic transmissivity
(based on flow rate and pressure measurement during sam-
pling) which can be compared with the hydraulic transmis-
sivity values obtained from differential flow logging, and (3)
collection of sample series of minimum three samples (if pos-
sible) to check their hydrochemical behaviour with time.

3. The Hydrogeochemical Sampling Methods

3.1. Available Methods. The hydrogeochemical investigations
conducted by SKB involve groundwater sampling and mea-
surements and analyses of different parameters (chemical
and isotopic composition, electrical conductivity, Eh and pH,
colloids, dissolved gas, and microbes). Some special topics
such as matrix pore water, fracture mineralogy, microbes
and gases, and new methods for detailed studies on isotopic

zoning in minerals, that require other types of sampling and
treatment, have been described thoroughly elsewhere [30-
41]. Archive samples are collected for back-up in case of fail-
ures or possible later need of additional analyses/constituents.
Different groundwater sampling methods have been used for
different purposes as summarised below.

(i) Hydrochemical logging (tube sampling) with the
purpose of obtaining the composition of the
groundwater present along the borehole. A tube
consisting of connected 50m long tube sections
is used for the sampling, and each 50m section
constitutes one sample. This type of sampling pro-
vides only an approximate characterisation of the
depth dependency of the geochemical characteris-
tics of the groundwaters.

(if) Comprehensive groundwater characterisation (also
known as Complete Chemical Characterisation,
CCC) is the premium type of sampling carried
out on carefully selected transmissive structures
in core boreholes based on flow and core logging
(Section 2.3.2). A special sampling unit can be
combined with parts of the equipment for CCC
for the sampling of low transmissive fractures
(T <108 m?s7!; Section 3.2).

(iii) Long-term hydrochemical monitoring in core and
percussion boreholes to study the evolution of the
groundwater composition over time (several years;
Section 3.3).

The data obtained with the tube sampling method are
mainly used for initial discussion and to allow the com-
parison with the hydrochemical data obtained later. Even
not being suitable for modelling purposes, these data
may be useful for the understanding of the borehole
hydraulic conditions and its evolution with time. The last
two methods, including the special equipment used for
sampling of low transmissive fractures, are described in
more detail below.

3.2. The CCC Sampling Method. Among all the sampling
methods used by SKB, the Complete Chemical Character-
isation (CCC), developed during the 1980s [51, 52] and
further improved during the first decade of the 21st cen-
tury [53], involves the most extensive sampling schemes
and the most advanced equipment (Figure 3). The method
is almost exclusively used in core boreholes where more
information on structural geology and on hydrogeology
is available compared to the percussion boreholes. The
equipment can be used in boreholes from the ground sur-
face (preferably telescopic boreholes) or from vertical and
subvertical boreholes in tunnels. It comprises an integrated
system for (1) sealing off a borehole section by inflatable
packers and pumping of groundwater from the section,
(2) sampling of pumped groundwater as well as sampling
in situ (downhole in the section) to obtain groundwater
samples at maintained pressure, and (3) online long-term
measurements (weeks to months) of the chemical and
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in the section to be investigated.

physicochemical parameters Eh (redox potential), pH, dis-
solved O,, EC (electrical conductivity), and T (groundwa-
ter temperature), both at the surface and at depth
downhole (measurement probe in Figure 3).

The CCC sampling campaigns usually start as soon as the
preceding logging activities (Figure 1) are finished which may
take one or two months after the completion of drilling.
The lengths of the packed-off borehole sections are often
around seven meters, but they can also be shorter (from
0.5m) or longer (up to approximately 15m). The CCC
investigations are performed in one borehole section at a
time. Initially, the downhole equipment is internally rinsed
and filled with deaerated and deionised water before use.
The outside of the equipment and the hose is cleaned/-
wiped using 70% ethanol (being careful not to introduce
it to the borehole since it may promote microbial activity)
while being lowered into the borehole. Despite this clean-
ing, sterile equipment cannot be expected, and foreign
microbes may anyhow be introduced into the borehole.

Finally, all surfaces in contact with the water sample are com-
posed of either polyamide or high-quality stainless steel, and
lubricants (Teflon spray or Vaseline) are used sparsely on O-
rings in valves and other connections.

The water is pumped to the ground surface through
the downhole equipment and then through the polyamide
tube housed in the umbilical hose (Figure 3). The first
sample in the series is collected when the groundwater
from the section reaches the surface. This sample is
important to understand the conditions in the borehole sec-
tion (considering, for example, sulfide or organic carbon con-
centrations) before exchanging the section water to obtain
representative groundwater samples from the bedrock forma-
tion (Sections 2.3.2 and 2.3.3). Experience shows that pump-
ing flow rates of around 100 to 250 mL/minute are preferred
to avoid unnecessary particle release and to optimise the func-
tion of the in situ flow-through cell in the borehole section. If
the water yield is low, care has to be taken to avoid that the
drawdown creates any leakage between the isolated section
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being sampled and the rest of the borehole (the already men-
tioned pressure measurements in the borehole section and
above it will help to control this; Section 2.3.2).

Online regular logging of pH, Eh, dissolved oxygen, elec-
trical conductivity, and groundwater temperature starts as
soon as the packers are inflated, and the pumping has started.
Once the water is at the surface, sample portions are collected
regularly for analysis during pumping (usually for a period of
three weeks or until stable Eh readings are obtained).

The sample series of groundwater collected by the CCC
method are of the best possible quality and include the most
complete set of analyses as well as supporting information.
Moreover, the series allow verification of stable conditions
and identification and exclusion of single outliers. At the
end of the pumping period, in situ samples (maximum four
samples), maintaining the pressure from the borehole sec-
tion, are enclosed in their containers and then lifted to the
ground surface together with the rest of the equipment.
These samples are used for gas analyses, as well as microbial
and colloid determinations.

A variation of the CCC method was developed in order to
sample low transmissive fractures (T <108 m?s™!). These
fractures are important since they are likely to contain
groundwaters representative of those associated with the
bedrock volumes where the spent nuclear fuel repository will
be located in the future.

The special sampling unit for low transmissive fractures,
to be used with the umbilical hose of the CCC equipment,
consists of (a) inflatable packers delimiting a borehole section
of a fixed length of one metre (instead of adjustable length of
up to 15m); (b) a dummy, whose surface is coated with Tef-
lon, that is mounted in between the packers to reduce the
water volume in the section to 0.3 L (absent in the standard
sampling unit); and (c) a single sample container (1.2 L) con-
nected to the sampling section but placed above the upper
packer, outside the section. The water is sucked into the evac-
uated sample container. The filling of water is recorded by a
pressure sensor. Once the sampling is finished, the equip-
ment is raised to the ground surface and the water is por-
tioned into bottles and sent for analysis.

3.3. Monitoring. The main aim of the hydrogeochemical
monitoring is to create a long time series of data to study
the evolution of the composition of the groundwaters with
time. Apart from obtaining base-line data covering the nor-
mal variations, monitoring is essential to study the impacts
of the construction and operation of a facility at a later stage.

After completion of the general investigation activities
in a borehole (Figure 1), packer equipment is installed to
allow continuous pressure measurements (up to ten sec-
tions) as well as regular flow measurements and ground-
water sampling (up to two sections). Besides packers,
boreholes drilled from the ground surface also require
standpipes in the upper part of the borehole that are con-
nected to each section at depth (Figure 4). Only telescopic
and percussion boreholes allow these standpipe installa-
tions due to the required diameter. In addition to the pos-
sibility of long-term evaluation of the pressure and the
major groundwater chemistry (and environmental iso-

topes, 0°H, *H, and &'°0), the packer system prevents
undesired short-circuiting effects that would occur if bore-
holes were kept open.

Tunnel boreholes are also monitored. The design of the
equipment in these boreholes is basically similar although
there are no standpipes since no pumping is needed to dis-
charge the groundwater due to the hydrostatic pressure.

Hydrochemical monitoring includes the collection of
sample series (minimum of three samples) during continu-
ous pumping/discharge at each sampling occasion. As indi-
cated above (Section 2.3.3), individual plug flow volumes
are calculated for the monitored sections to estimate the vol-
ume of water needed to be discharged. This is particularly
important in this case since the long contact time between
the water isolated in the section and the installed borehole
equipment may promote contamination, microbial activity,
sulfide production, and corrosion. All this may have conse-
quences on pH, organic carbon content, and trace- and
redox-sensitive elements. Other sources of contamination
are the biological remains (biofilm, pollen, insects, etc.) that
are introduced into the standpipes between sampling occa-
sions. With time, these contaminants will reach the isolated
sections. Finally, the lowering and raising of equipment in
the standpipes create pressure differences and water move-
ments that may propagate down to the connected borehole
section and promote contamination. Taking all these condi-
tions into consideration, the recommendation is to omit (or
consider with caution) the analysis of the monitoring data
for the more sensitive geochemical parameters/constituents.

Besides the impact on sensitive constituents, monitored
boreholes from the surface are also unsuitable for Eh mea-
surements as the equipment cannot be lowered into the bore-
hole due to the fixed packer system. Additionally, the system
with standpipes does not allow completely oxygen-free oper-
ation (Figure 4).

4. Analyses and Measurements

4.1. Groundwater Chemical Components and Isotopes. Ana-
lytical programmes are designed to provide information/data
for different purposes: (1) to describe the distribution, age,
and geochemical evolution of groundwaters of different ori-
gins in the bedrock, (2) to complement the hydrogeological
information in order to characterise the flow paths of the
water and validate the hydrogeological models and vice versa,
and (3) to evaluate some of the safety indicators in the repos-
itory performance assessment (pH, Eh, colloids, organic
compounds, microbes, nitrogen compounds, sulfide, sulfate,
inorganic carbon, phosphate, and total salinity).

The analytical protocol for groundwater analyses has
included the same basic components and parameters since
the beginning of the 1980s: major constituents, nutrient salts,
and other anions of lower concentrations, DOC and TOC
(dissolved and total organic carbon concentrations, respec-
tively), trace metals, and stable and radioactive isotopes
[54]. The list of isotopes in the early days contained 6°H,
8'%0, °H, "C (percent modern carbon, pMC), and 6"*C on
inorganic carbon, and a few have been added more recently,
especially during the site investigations in Forsmark and
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samples, pumping is conducted in the closed standpipe (cf. (a)); when the pressure decreases, groundwater from the connected borehole
section is sucked into the standpipe and pumped to the ground surface. Modified from [48].

Laxemar ("°B/"'B, ¥Sr/%Sr, §*”Cl, §**S, *°Cl, and '*C (pMC)
and 8"°C on organic carbon). This list of analyses reflects the
full protocol, but it is only used for some of the collected sam-
ples depending on the nature of the boreholes, types of sam-
ples, and/or the aims of the investigation.

Different sample classes are established to define the
parameters to be included in the analytical protocol as well
as the adequate sampling procedures and sample treatments.
The lowest classes include basic measurements and analyses
(pH, electrical conductivity, chloride, and alkalinity). An
intermediate class includes the main chemical components
and some of the isotopes. Sampling according to the highest
classes demands trained personnel and specialised equip-
ment since these classes comprise, in addition, components
that need online filtering and/or special conservation/treat-
ment of the water sample (trace elements, redox-sensitive
components, and additional isotopes).

Analyses that need to be conducted soon after sampling
(Fe**, Fe-tot, NH,, HCO,, and lab-pH) are conducted
onsite. In addition, CI', EC, HS’, and ion chromatographic
(IC) determinations of SO,>, Br’, and F are generally per-

formed by SKB but not necessarily at the investigation site.
Besides IC, the analyses performed by SKB laboratories are
conducted by spectrophotometric, titrimetric, and potentio-
metric methods (additional methods, such as ICP, are con-
ducted in external laboratories; see Supplementary Material
1; Table SM3-1). Most analyses and sample treatments (fil-
tration, conservation, storage, etc.) follow standards from
the Swedish Standards Institute (SIS) and from the Commité
Européen de Normalisation (EN) or from the US Environ-
mental Protection Agency (USEPA), but in some exceptional
cases, suitable standards are missing (e.g., Fe*"). Calculation
of measurement uncertainties is made according to the EUR-
ACHEM/CITAC guide [55].

4.2. Measurements of Eh and pH In Situ and at Ground
Surface. Reliable and plausible Eh measurements at the very
negative range observed for deep groundwaters [30] require
optimal conditions from several aspects. For example, the
smallest diffusion of oxygen into the measurement system
will have a significant impact on the results. Furthermore,
the most useful pH measurements for hydrogeochemical



Geofluids

modelling are those performed with maintained in situ
(downhole) pressure and temperature. The CCC method
(see Section 3.2) offers the best possibilities to meet these
demands in telescopic core-drilled boreholes. However, a sim-
plified equipment can also be used in tunnel boreholes. In this
case, a flow-through cell is used, preferably located as close as
possible to the opening of the borehole (to avoid oxygen diffu-
sion through tubing, valves, and connections) and kept either
at a pressure similar to the borehole section pressure or at
atmospheric pressure, depending on the equipment.

The CCC method includes simultaneous measurements of
Eh and pH at depth as well as in a flow-through cell at the
ground surface. Three different redox electrodes (platinum,
gold, and glassy carbon) measure Eh, and one or two glass
electrodes are used for pH at each location (borehole and sur-
face flow-through cells, respectively). Agreeing measurements
by the different types of redox electrodes indicate stable condi-
tions and reliable values. The logging continues until the
parameters stabilise [30], and for Eh, this may take up to four
weeks depending on the time needed to remove the very small
amounts of oxygen initially present in the equipment.

The reference electrode for the Eh and pH measurements
is of the Ag/AgCl, double junction type. The downhole refer-
ence electrodes and the glass (pH) electrodes are specially
designed by SKB to stand high pressures by allowing com-
pression of the electrolyte volume. The electrodes used at
the surface are all commercially available. The electrical
ground in the probes is galvanically isolated from earth.

With respect to the pH measurements, apart from those
performed in the field together with the Eh, pH is also mea-
sured in the laboratory at 25°C (batch). The possibility of
comparing different measurements to evaluate reliability
has been proven to be important.

5. Data Quality Evaluation

5.1. Data Quality Control Sequence. The chemical data (ana-
Iytical results and measured values) from different sources
are checked in several steps before they are used in interpre-
tations and modelling work.

(1) First screening at the investigation site is important
since it is conducted close in time to the sampling
and analyses and by personnel familiar with the sam-
pling and analytical performance. This screening
involves charge balance calculations, simple consis-
tency checks (Section 5.2), and judgments based on
experience and previous results. In the case of ques-
tionable data, there is still the possibility of repeating
analyses at this stage.

(2) A further check is performed when the data are
entered into SKB’s geoscientific database, mainly to
confirm correct entries by signing the quality check
for each sample record. Further control is added by
plotting large amounts of data in x-y scatter plots to
check for trends and outliers.

(3) Finally, when the dataset is delivered for hydroche-
mical interpretation and modelling, the quality of

the data is assessed with respect to sample represen-
tativity. At this stage, more information is available
(a larger dataset, complete isotope data, hydrogeolo-
gical and geological interpretations, etc.) allowing
representativity assessments based on an integrated
hydrochemical, geological, and hydrogeological
approach (Section 5.3).

5.2. Consistency Checks. Some basic consistency checks are
performed prior to inserting the data in the database. The
usual checks are described below:

(i) Comparison of the measured electrical conductivity
(EC) with the concentration of the dominating dis-
solved ion (chloride in most of the Fennoscandian
groundwaters) in order to discover outliers. Since
the dominating ion contributes the most to the elec-
trical conductivity, the comparison should result in a
close to a straight line in the relevant salinity range
for the considered deep groundwaters [56-58].

(ii) Charge imbalance calculations provide verification
of reliable major components. The acceptable range
is set to £5%; however, in the case of dilute waters
(Cl < 50 mg/L), a range of +10% is tolerable. Charge
imbalances outside these limits often require
repeated analyses or repeated sampling.

(iii) Comparison between the values obtained by differ-
ent analytical methods. In the analytical routine
followed by SKB, this applies to iron, sulfate, and
uranium (the element and the U-238 activity) which
are all routinely determined by two methods that are
based on different principles.

(iv) Bromide concentrations are plotted versus corre-
sponding chloride contents to give a rough check
of the plausibility of the bromide concentrations.
Some correlation is usually found for the entire data-
set also in the case of groundwaters with different
origins (marine and nonmarine).

5.3. Categorisation of Samples according to Quality. The qual-
ity and representativity of groundwater data may be influ-
enced by different factors, for example, contamination from
drilling, different sampling methods, the hydraulic condi-
tions in the borehole at the sampling occasion, and the ana-
Iytical performance. After some initial strategies developed
for groundwater data evaluation during the 1980s and
1990s (see the Supplementary Material 1), a more refined
approach for quality categorisation was developed during
the site characterisation of the Forsmark and Laxemar sites
[54, 59, 60]. This was further developed during the more
recent site characterisation for the extension of the SFR (the
repository for low- and intermediate-level short-lived radio-
active wastes) and the Aspd Underground Laboratory data
evaluation [57, 61].

The objective of the categorisation is to assess the data
quality by grading the set of data corresponding to a sam-
pling occasion from 1 to 5 according to several quality



10

Special methods
including sampling,

Geofluids

analysis, and a
first interpretation

Water composition and isotopes

Geology and

hydrogeology

(i) Structural Geology

(iii) Redox modelling

Gas — ) .
Explorative analysis
(i) Data compilation, sample quality
Matrix L categorisation
porewater (ii) Water type classification
> (iii) Depth variations
(iv) Residence times including matrix
Colloids porewater
&organics | | (v) Distribution of water types,
salinity etc. in the bedrock volume
Microbes | —
Modelling techniques
Fracture (i) Mixing calculations
newls |- (ii) Speciation-solubility and
reaction-path calculations

)

(ii) Hydraulic transmissivity

(iii) Responses, drawdown

(iv) Ground water flow

(v) Flow directions

(vi) Inflows to tunnels and
deposition holes

(i) Verification of a conceptual palacomodel

(i) origin and residence times
(ii) matrix pore water information

(iv) pH and Eh-buffer capacities

Methodology for the development of an integrated
hydrogeochemical descriptive model

(ii) Hydrogeochemical conditions/properties are put into a geological
and hydrogeological 3D framework and are interpreted together
with the information from the other disciplines:

(iii) redox conditions and water-rock interaction
(v) ground water composition/water types/mixing proportions
Visualisation of these conditions/properties and their correlation

with geological structures and/or hydrogeological properties.
Evaluation of reliability and trustworthiness of the model/models

A

Integration

Hydrogeochemical
descriptive model

FIGURE 5: Schematic overview of the interpretation and modelling procedure to produce an integrated hydrogeochemical site
model/description. Grey frames are used for hydrogeochemical input data. Blue colour indicates geological and hydrogeological methods
and data flows, and red boxes indicate descriptive hydrogeochemical interpretation methods, generally performed with specific software.

criteria. Of these (1) is the highest quality, while quality (5) is
not considered acceptable for modelling purposes (see Sup-
plementary Material 3; Table SM3-2). The criteria include,
for example, the flushing water content, the borehole section
length, the hydraulic responses in other borehole sections or
in other boreholes during sampling, and the possible concen-
tration trends in sample time series.

The major reasons for performing this categorisation are
to facilitate future interpretation and modelling work by pro-
viding well-structured data tables representing quality cate-
gorised data and also to guide users on how to select data
for their purposes. Additionally, this evaluation is very useful
to identify samples unsuitable for general modelling purposes
(affected by experimental conditions, grouting, etc.). The first
step for the categorisation needs to be a general overview of
the dataset to establish the best categorisation criteria.

Once the data have been evaluated and categorised, they
are ready to be used in the hydrogeochemical interpretation
and modelling. The main objective is to use an integrated
framework like the one shown in Figure 5 to produce a total
conceptual hydrogeochemical model of the site (see some
examples in [57, 62-65]).

6. Conclusions

The methodology developed by SKB for the characterisation
of deep groundwaters in crystalline rocks has been based on
forty years of experience and of collaboration with other
international agencies and research institutions. This paper
describes advances and improvements applicable to ground-
water sampling, for any purpose, in crystalline rocks. The text
also identifies the questions to be considered during data
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interpretation for the hydrogeochemical characterisation of a
crystalline bedrock system.

The sampling protocol emphasises the collection of hydro-
geochemical data that accurately represent in situ conditions,
minimising disturbances as much as possible and following
quality assurance guidelines. However, it is important to keep
in mind that no single method or procedure is universally appli-
cable to all groundwater systems or to all types of groundwater
sampling programmes. Therefore, the selection of appropriate
sampling processes and equipment is vital to the success of
any groundwater investigation. The same is applicable to the
categorisation and quality assurance protocols, which are also
site specific. The success of any site characterisation programme
relies on a robust and comprehensive sampling protocol,
coupled with proven analytical schemes, careful documenta-
tion, and the performance of quality assurance procedures.

Some general points/measures of importance in order to
obtain representative groundwater samples of the best possi-
ble quality are as follows:

(i) Planning of the hydrochemical investigations at an
early stage, i.e., hydrochemical demands need to be
considered already when preparing for the drilling
of the boreholes.

(ii) A thoughtful selection of borehole sections based on
flow logging and BIPS data as well as specific hydro-
geological evaluations to facilitate adequate
sampling.

(iii) Online measurements of Eh and pH, preferably in
situ in the borehole section.

(iv) Collection of sample time series to ensure hydroche-
mical stability.

(v) Adequate data evaluation and quality check. Quality
categorisation of data to provide guidance on their
use for different purposes.

Finally, one of the most relevant issues to consider is the
importance and usefulness of close cooperation and integra-
tion of hydrogeochemistry with other geoscientific disci-
plines, such as structural geology, hydrogeology, and
geomicrobiology. This collaboration should start already
during the planning and execution of the field work (and
subsequent interpretations) in order to optimise the quality
and the amount of information. The combination of different
types of knowledge from all the geoscientific disciplines,
ranging from field and laboratory studies to interpretation
and modelling work, is the only way to obtain a final coher-
ent and integrated understanding of the system.
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