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Abstract

The characterisation of pore-water chemistry in low-permeability rocks is an on-going challenge.
There are several methods in use internationally to estimate the chemical and isotopic
composition of pore water from clay-rich low-permeability rocks; each method is accompanied
by distinct challenges and many may be subject to artefacts of some kind and/or provide only
partial information on pore-water composition. In the context of the characterisation of clay-rich
low-permeability rocks and associated pore waters for the purpose of long-term waste
management, a number of the methods have been specifically adapted, modified and
extensively tested to allow successful characterisation of the rock formation(s) of interest, and,
as of yet, no single technique has been found to be suitable across the entire range of clay-rich
low-permeability geologic materials and environments of interest for waste isolation. With this in
mind, the drilling of a new borehole (BDB-1) at the Mont Terri Underground Research
Laboratory provided an opportunity within the DB-A Experiment to test, evaluate and observe
similarities and differences in the results from a number of these specifically adapted methods.

The main aims of the DB-A experiment were to:

1. Compare the results from newly developed laboratory technigues for the
characterization of pore-water chemical or isotopic composition against well-established
techniques; and

2. Perform a detailed investigation of the geochemical boundary conditions in groundwater
and pore water at the interface between Opalinus Clay and an adjacent aquifer
(Passwang Formation).

To reach these goals, researchers from several different universities, including the University of
Ottawa (Canada), the University of New Brunswick (Canada), and the University of Bern
(Switzerland) participated in the experiment.

As part of the first aim of the experiment, methods that have been developed and/or are in
development to overcome challenges associated with pore-water characterization in relatively
low-porosity sedimentary formations containing highly saline pore waters in the Michigan Basin,
Canada, were included, along with well-established methods used extensively to characterize
the Opalinus Clay. The new methods include:



1. A micro-vacuum distillation technique to determine the stable water isotopic compaosition
of pore waters under development at the University of Ottawa,;

2. A method for the determination of helium concentrations and isotopic compositions, also
under development at the University of Ottawa,

3. Afilter-absorption method being developed as part of a PhD thesis to determine pore-
water chemical compositions at the University of New Brunswick.

These new methods and a suite of established pore water characterization methods (e.g.
diffusive exchange, out-diffusion, squeezing) were applied to a series of freshly drilled and
preserved core samples. Two technical reports have been prepared documenting the results of
the DB-A investigations. This report focuses on the results related to aim 1 (see above). A
second report (Waber and Rufer, 2017) focuses primarily on an additional dataset related to aim
2.
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1. INTRODUCTION
1.1 FRAMEWORK

The characterisation of pore-water chemistry in low-permeability rocks is an on-going
challenge. There are several methods in use internationally to estimate the chemical
and isotopic composition of pore water from clay-rich low-permeability rocks. Some
are well known, including direct sampling of seepage in fractures and boreholes, high-
pressure squeezing, advective displacement, aqueous extraction, out-diffusion,
diffusive exchange and vacuum distillation. Another method that is represented in this
work, a filter absorption method, is relatively new. Each method is accompanied by
distinct challenges and many may be subject to artefacts of some kind and/or provide
only partial information on pore-water composition. For example, aqueous extraction
requires sample disaggregation and dilution, which exposes fresh mineral surfaces
and may promote ion exchange, sulphide oxidation and dissolution of minerals.
Further, some methods require a measure of pore volume, which in turn leads to
complex questions about what porosity fraction is most relevant to particular solutes
(e.g. anion-accessible porosity).

No single technique has yet been found to be suitable across the entire range of clay-
rich low-permeability geologic materials and environments of interest for waste
isolation. Variations in site-specific characteristics, such as degree of induration,
porosity and salinity, determine whether one or more of the available methods will
yield useful data. For example, the advective displacement technique provides good
results for pore-water chemistry in moderately indurated rocks (such as many of the
formations studied in Europe), yet this method has been unsuccessful at extracting
sufficient pore water for geochemical analysis in the more highly indurated, lower-
porosity rocks from southern Ontario (Canada).

In the context of the characterisation of clay-rich low-permeability rocks and
associated pore waters for the purpose of long-term waste management, a number of
the methods indicated above have been specifically adapted, modified and
extensively tested to allow successful characterisation of the rock formation(s) of
interest. With this in mind, the drilling of a new borehole (BDB-1) at the Mont Terri
Underground Research Laboratory provided an opportunity within the DB-A
Experiment to test, evaluate and observe similarities and differences in the results
from a number of these specifically adapted methods. The BDB-1 borehole provided
247.5 m of core materials and a complete profile across the Opalinus Clay.

1.2 SCOPE AND OBJECTIVES

The main objective of this report is to compare the chemical and isotopic pore-water
compositions determined by different research groups using a variety of techniques.
The resulting data are then used to assess strengths and limitations of specific
methods, as well as to better understand and potentially quantify possible artefacts.
Based on this, information on method robustness and applicability in various low-
permeability rocks can be obtained.

Five research groups (listed in Table 1-1) participated in a co-ordinated sampling and
laboratory programme to analyse and to compare the chemical and isotopic
compositions of pore water along the BDB-1 profile. They submitted their individual
data sets to the NWMO in the form of draft reports or simple data sheets, which have
been compiled into two reference documents (s ee O6r ef er e nTakde 1fl)o r

dat ab



Only once all of the data were available, they were disclosed and formed the basis for
this report. Research groups used their in-house analytical protocols, and there was
no ambition to homogenise procedures among all. The methodologies are succinctly
summarised in Appendix B, and Table 1-1 provides the most relevant references. For
legibility reasons, the research groups are named throughout the report according to
their affiliation and the name of the principal investigator.

This report compares the various data sets, identifies similarities and explores the
reasons for diverging results. The findings are then summarised in a section in which
the best practices to characterise pore water in Opalinus Clay are discussed. The
hydrogeological understanding of the pore-water profiles across Opalinus Clay will be
treated in the frame of parallel projects and are not a topic of this report, which
focuses only on methodological aspects.

It should be noted that given the fact that the true pore-water compositions are not
known, the various data sets can be compared but not benchmarked in the proper
sense. The only data that could be considered as benchmarks originate from long-
term borehole-water sampling campaigns in short boreholes along the laboratory
tunnel (Pearson et al. 2003, Miller & Leupin 2012, Vinsot et al. 2008 and Vogt 2013).
Combined with geochemical modelling, the compositions of these borehole waters
can be considered as close representations of the in-situ pore-water composition for
most parameters, but they were taken at some distance from the BDB-1 borehole. In
this report, they were projected along strike to their equivalent positions in that
borehole, which involves a limited degree of uncertainty.

Table 1-1: Overview of Participating Teams and Research Groups Conducting
On-site Sampling and Laboratory Work

ON-SITE SAMPLING

Team Persons involved
Swisstopo D. Jaggi & team
Uni Bern Waber D. Rufer, H.N. Waber
Uni Ottawa Clark Shiran Qiu
LABORATORY WORK
strgirp(:h Reference for data n?;fﬁgzgﬁ:g;gs Persons involved

S. Murseli, S. Qiu,

Uni Ottawa Clark NWMO TM, 2017 NWMO TM, 2017 G. St-Jean. I. Clark
Uni Ottawa Al NWMO TM, 2017 NWMO TM, 2017 M. Celejewski, T. Al
IRSN Matray NWMO TM, 2017 NWMO TM, 2017 C. Yu, J. M. Matray

Uni Bern M. Mazurek, T. Oyama,
Mazurek NWMO TM, 2017 Mazurek et al. (2015) | A. M. Fernandez, D. Rufer,

H.N. Waber

Mazurek et al. (2012),
Uni Bern Waber | Waber & Rufer (2017) | Waber (2012), Rufer & H. N. Waber, D. Rufer
Waber (2015)




1.3 MEASURED PARAMETERS AND REPORTING OF ERRORS

Parameters on which the research groups originally provided information are
summarised in Table 1-2. In the course of the project, further data were derived from
these by calculations, with the objective to yield data that are directly comparable.

Direct methods are defined here as those in which the pore water is not diluted by test
water or other substances during extraction, and so provide concentrations that do not
require re-calculation. Indirect methods involve dilution and so measured
concentrations must be re-calculated in order to represent values in pore water.

Various types of errors were reported by the research groups, including analytical
error, total propagated error and variability among subsamples, and Table 1-3
provides an overview. Given the heterogeneous nature of reported errors, these are
not shown in the graphics throughout the report (with some exceptions), but they are
given in the data lists in Appendix A.

It should be noted here that the focus of the methods comparison (i.e., first aim of the
DB-A Experiment) was on the Opalinus Clay Formation, as well as the immediately
overlying interface zone within the Passwang Formation. Additional data at shallower
intervals are discussed only briefly in this report, with emphasis placed primarily on
the results from the target formation intervals (~95-235 m). A second report (Waber
and Rufer 2017) documents additional data, 50 to 100 m depth in the Passwang
Formation, and is focused on the results of the aquifer interface investigation (i.e., the
second aim of the DB-A Experiment) and the methods used.



Table 1-2: Overview of Methods and Data Originally Provided by the Participating Research Groups

Research Group

Uni Ottawa Clark

Uni Ottawa Al IRSN Matray

Uni Bern Mazurek

Uni Bern Waber

Chemical composition i Direct methods

Filter absorption

Na*, K*, Ca?*, Mg?*, Sr?*,
Cl, Br

Squeezing

Na+, K+, C3.2+, MgZ+' Sr2+
Cl, Br, NOs", SO4*
Alkalinity, TIC, pH

modelled parameters

(pCOz, Sl for carbonates,

and sulphates)

Aqueous extraction: Composition of
extract

Chemical composition i Indirect methods: Aqueous extraction
Na*, K+, NH4+, Ca2+’ MgZ+’
Sr2*
Na*, K+, Ca2+, M 2+, Sr2+
g F-, CI', Br, NOg, SO4*
Alkalinity, pH

Cl, Br, I, NOs", SO4%
Si, Al, B
Sl for sulphates

F, CI, Br, NOs, SO4*

modelled parameters
(pCOg2, Sl for carbonates,
and sulphates).

Aqueous extraction: Composition re-
calculated to water content

Na*, K+, Ca2+, Mgz+, Sr2+
Cl, Br, I, NOs, SO4%, B

Sl for sulphates

Cl

Agueous extraction: Composition re-
calculated to porosity from densities,
considering anion-accessible porosity

F-, CI, Br, NOz, SOs*

Out-diffusion: Composition re-
calculated to porosity from densities,

considering anion-accessible porosity

Cl, Br, SO4*

Note: Uni Bern Mazurek also provided data on CI-, Br and water contents obtained by drying and aqueous extraction of core previously subjected to squeezing. This allows
calculation of total CI- and water inventories in samples subjected to squeezing and of the anion-accessible porosity fraction.



Table 1-2 (contin

ued)

Research Group

Uni Ottawa Clark

Uni Ottawa Al ‘

IRSN Matray

Uni Bern Mazurek

Uni Bern Waber

Water isotopes

Water isotopes

d80, d’H from uVDE

d'80, d?H from squeezed

d'80, d?H from diffusive

waters exchange
Noble gases
Noble gases He, 3He/*He He, 3He/*He, Ar, 40Ar/38Ar
Ancillary data
Mineralogy Major phases, clay-
mineral species
Densities Bulk wet and grain Bulk wet and grain

densities

densities

Water content

From drying in vacuum @
150 °C

From drying @ 105 °C

From squeezing and
drying @ 105 °C

From drying @ 105 °C

Porosities

From water content

From densities, from
water content

From water content

From densities, from
water content

Surface area

BET, BJH

BET




Table 1-3: Overview of Error Types Reported by the Participating Research Groups

Research Group

Uni Ottawa Clark

Uni Ottawa Al

IRSN Matray

Uni Bern Mazurek

Uni Bern Waber

Chemical composition i Direct methods

Filter absorption

Propagated analytical error

Squeezing Analytical error of IC analysis
Chemical composition i Indirect methods: Aqueous extraction
Aqueous extraction: Composition of extract 1s variability among 4 Analytical error Analytical error
subsamples
Aqueous extraction: Composition re- 1s variability among 4 not specified
calculated to water content subsamples

Agueous extraction: Composition re-
calculated to porosity from densities,
considering anion-accessible porosity

Propagated analytical error

Out-diffusion: Composition re-calculated to
porosity from densities, considering anion-
accessible porosity

Propagated analytical error

Water isotopes

Water isotopes

1s variability among 4

subsamples

Analytical error of CRDS

analysis

Propagated analytical error

Noble gases

Noble gases

not specified

He, Ar, °Ar/*%Ar, Ne,
2Ne/?Ne: larger of either 1 s
of 2-3 subsamples or
propagated uncertainty on
their average value;
SHe/*He: 1 s variability
among 2-5 subsamples

Ancillary data

Densities

Propagated analytical error

1s variability among 3

subsamples




2. BOREHOLE PROFILE

The BDB-1 borehole was drilled perpendicular to bedding and penetrates the
limestones of the Hauptrogenstein Formation, the mixed calcareous-argillaceous
lithologies of the Passwang Formation, the Opalinus Clay and the uppermost part of
the underlying clay-rich Staffelegg Formation (Figure 2-1). While the main focus of the
data comparison exercise was the Opalinus Clay, some research groups also studied
samples from the overlying, more calcareous units.

Data from gamma-ray logging are available for large parts of the borehole profile, and
the resulting clay-mineral contents based on these logs are also given in Figure 2-1,
according to data of Willenberg (2015). While large parts of the Opalinus Clay are
clay-rich with contents of 501 60 wt.%, there is a marked depression in clay-mineral
contents in the sandy and carbonate-rich sandy facies in the interval 173.71 190.4 m.

Sample IDs correspond to the mean depth in metres along hole. Colour codes used
for the different geological units in Figures throughout the report are defined in Figure
2-2.
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Figure 2-1: Stratigraphic Profile of the BDB-1 Borehole, Adapted from
Hostettler et al. (2017). Clay-mineral contents based on gamma logging
according to Willenberg (2015)




Hauptrogenstein Fm.

Passwang Fm.

Opalinus Clay

Staffelegg Fm.

Figure 2-2: Legend i Colours Used in Figures Throughout the Report
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3. MAJOR-ION COMPOSITION BASED ON DIRECT METHODS: FILTER-PAPER
ABSORPTION AND SQUEEZING

3.1 RESULTS

The full results are documented in Appendix A.1, and selected parameters are shown
graphically in Figure 3-1. Method descriptions can be found in Appendix B.



