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Abstract

Department of Innovation, Environmental and Energy Sciences, Faculty of Geosciences, Utrecht University, P.0. Box 80115, 3508 TA Utrecht,

Samples from Rupel Clay across the Netherlands were analysed for the assessment of its heterogeneity in geochemistry and mineralogy. X-ray
fluorescence (XRF) and bulk and clay fraction X-ray diffraction (XRD) analyses of 152 samples from 17 different cores are presented and statistically
interpreted. The results show a wide variation in the quartz, feldspar, clay mineral and carbonate content between the different samples. Factor
analysis showed that the main variance between the samples can be explained by the clay mineral and quartz concentration, the carbonate content
and pyrite plus organic matter. In the south of the Netherlands, the Rupel Clay is more quartz-rich and coarse grained. In addition, the clay is
heterogeneous, varying with location and depth, consistent with observations for Belgium Boom Clay. Towards the north, the Rupel Clay becomes
more clay-rich, finer grained and more homogeneous, both laterally and with depth. In addition, the clay has a relatively high carbonate and organic
matter content. The pyrite content does not show any trends with location and depth. The differences between north and south are explained by

the variations in depositional setting within the southern North Sea Basin.

Keywords: Rupel Clay, geochemical heterogeneity, SPSS
Introduction

Clay rocks are fine-grained, low-permeable material with a sig-
nificant amount of clay minerals. These rock types have prop-
erties that are favourable for the disposal of radioactive waste
because of the large proportion of clay minerals present. These
properties include a low permeability, chemical buffering ca-
pacity, propensity for plastic deformation and self-sealing of
fractures (if the clay is poorly indurated), and a high capacity
to retard the migration of radionuclides through sorption onto
charged clay surfaces (Boisson, 2005). They are therefore in-
vestigated as potential host rock for the disposal of radioactive
waste in several European countries, including Belgium, France
and Switzerland (Boisson, 2005; Altmann et al., 2012).

The Rupel Clay Member in the Netherlands, approximately
equivalent to the Boom Formation in Belgium and the Ratingen
and Lintfort Members in Germany, is identified as a poten-
tial formation for the future geological disposal of radioactive

waste. Within the Dutch research programme, OPERA (Onder-
zoeksprogramma Eindberging Radioactief Afval), the feasibility
and post-closure safety of a repository in this formation is in-
vestigated. The geological disposal concept consists of multiple
barriers, including an engineered barrier system, the host rock
and the overburden. This multiple barrier system needs to con-
tain the radionuclides associated with the radioactive waste and
isolate them from the biosphere (Verhoef & Schréder, 2011). The
key functions of a host rock are to provide a stable, geochemi-
cally reducing and mechanically stable environment (Mazurek,
2010) and retardation of radionuclides migration through re-
tention after release from the waste containers (Mazurek, 2010;
Verhoef & Schroder, 2011).

In Belgium the geochemistry of Boom Clay has been stud-
ied for the purpose of geological disposal of radioactive waste
for decades (e.g. Baeyens et al., 1985; Honty, 2008; Honty &
De Craen, 2009). The Boom Clay in the investigated area in
Mol is located at a depth of approximately 200-300 m. In the

© Netherlands Journal of Geosciences Foundation 2016. This is an Open Access article, distributed under the terms of the Creative Commons

Attribution licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://doi.org/10.1017/njg.2016.6 Published online by Cambridge University Press



http://dx.doi.org/10.1017/njg.2016.6
http://orcid.org/0000-0001-6307-0100
mailto:marielle.koenen@tno.nl
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/njg.2016.6

Netherlands, the Rupel Clay reaches much greater depths in
the south eastern and northern parts of the country (see Vis
et al., 2016). Much less is known about the physico-chemical
properties of the Rupel Clay in the Netherlands and the effect
of the current depth on its suitability for a potential geological
disposal facility.

In this paper we characterise the mineralogical and geo-
chemical properties of the Rupel Clay in the Netherlands at a
national scale. This is the first time that Rupel Clay has been in-
vestigated for mineralogy and geochemistry nationwide. Since
detailed mineralogical analyses are not always available, poten-
tial geochemical proxies for mineral concentrations have been
identified to be used in future studies. We investigated the
geographical and depth-related variations by statistical anal-
yses of the dataset. Because of their importance with regard
to radionuclide retention, the focus is on the clay minerals. In
addition, the presence of pyrite and carbonate minerals are im-
portant because of their oxidation and pH buffering potential,
respectively. The results will indicate whether the characteris-
tics of Rupel Clay vary significantly with location and/or depth
within the Netherlands, and whether they are comparable to
those of the Boom (Clay in Belgium.

Sample selection and preparation

In total 152 sediment samples were selected from 17 different
borehole cores from across the Netherlands. Most samples (132)
were collected from 15 cores which had been stored in the TNO
core house at Zeist for up to several decades. No precautions
were taken to protect these cores from drying out and oxida-
tion. Another six samples were taken from core sections pro-
vided by COVRA, and 14 samples were taken from a newly drilled
core (CAL-GT-02) in Limburg. These two cores were treated with
specific precautions to prevent oxidation and desiccation (see
also Behrends et al., 2016). The locations of the 17 boreholes
are shown in Fig. 1. For the sample selection, as many samples
as possible were obtained from locations where the Rupel Clay
is at a depth >400 m and thicker than 100 m. Because of the
limited availability of Rupel Clay core material, several samples
were taken which do not comply with these criteria.

In general, the core material from the core house was des-
iccated, mouldy and/or contained some funghi. Because of
preservation regulations and the occasional limited availabil-
ity of core material, each sample represents a core interval of
several centimetres, up to several metres.

Methods

Geochemical analyses

The samples were air dried (<40°C) and pulverised to a 100
mesh (149 pm) in a mild-steel pulveriser, according to ASTM
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standard procedures. They were analysed for major oxides and
rare earth and refractory elements, following a lithium metab-
orate/tetraborate fusion and dilute nitric acid digestion. For
precious and base metals, they were analysed following diges-
tion in Aqua Regia. The samples were subsequently analysed
by inductively coupled plasma (ICP) emission spectrometry for
the major oxides and by ICP mass spectrometry for the total
set of rare earth and refractory elements, as well as precious
and base metals. Additionally, X-ray fluorescence (XRF) anal-
ysis was performed for the major oxides and some rare earth
and refractory elements. In both ICP and XRF analysis the loss
on ignition (LOI) is calculated, which is the weight difference
after ignition at 1000°C.

Total carbon, organic carbon and total sulphur were mea-
sured by Leco combustion elemental analysis. The inorganic
carbon content was subsequently calculated by subtracting the
organic from the total carbon content.

Thirty samples were selected for X-ray diffraction (XRD) anal-
ysis. This selection was based on geographical spreading and
depth. Deeper samples were preferred for comparison with the
shallower Boom Clay in Belgium. In order to obtain depth pro-
files, the samples were chosen from 7 out of the 17 cores. Each
sample was pulverised in a porcelain mortar and 2.7 g of ma-
terial was sampled. An internal standard (0.3 g, ZnO-zincite)
was added. The mixture was pulverised in ethanol using Ko-
rund elements and subsequently homogenised using a McCrone
micronising mill for 5 minutes. The samples were loaded in
the XRD sample holders via ‘sideloading’. The measurements
were performed with a Siemens D5000 in Bragg-Brentano con-
figuration, equipped with a CuKa X-ray source and a graphite
monochromator.

For the mineral identification the program Eva, developed by
the Bruker Corporation, and the Crystallography Open Database
were used. The crystalline phases are quantified via Rietveld
methodology. This methodology ‘calculates’ an XRD pattern
based on structure models of the identified minerals the way
that they are present in the literature and databases. The pat-
tern is fitted as closely as possible to the measured pattern by
refinement of the structure parameters. Because this method-
ology is not applicable to all clay minerals because of ‘stacking
disorder’, the clay minerals are quantified via the PONKCS (Par-
tial Or No Known Crystal Structures) method (Scarlett & Madsen,
2006).

The clay fraction was also measured separately by oriented
clay slides. For this purpose, 5 g of sample material was de-
calcified using a pH-buffering Na-acetate solution. Next, the
organic material was removed via oxidation with H,0, and
Fe-oxides/hydroxides using a Na-hypochlorite solution. Sub-
sequently, the separation of the clay fraction (<2 pm) was
accomplished by centrifuge. Finally, the clays with exchange-
able cations were converted to Ca-containing clays using a
saturated CaCl, solution. The Cl ions were removed by dial-
ysis. The dried material was mixed with water, applied on a
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Fig. 1. Map of the Netherlands with the borehole locations. Six samples from the three boreholes KB-101, KB-103 and KB-104 provided by COVRA are shown
as one borehole.
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sedimentation plate and measured by XRD, both air dried and
saturated in ethylene glycol.

Statistical analyses

Two statistical analysis methodologies were applied to the geo-
chemical and mineralogical datasets obtained: factor analysis
and cluster analysis. These were performed with the statistical
software program SPSS Statistics version 20.

Factor analysis is a technique commonly used to identify
the main components of variance within a large dataset. It al-
lows the assessment of variables which correlate highly with (a
group of) other variables, but correlate badly with others. The
variables with high inter-correlations might represent an under-
lying factor. These factors can be used to evaluate geochemical
processes or sediment properties. To select parameters for the
factor analysis, correlations between the variables were checked
using the correlate procedure in SPSS. Variables which do not
correlate with any other variable or which correlate highly with
other variables (with R > 0.9 or R? > 0.81) were eliminated
from the dataset. Variables with many analyses below the de-
tection limit were also eliminated. The analysis was performed
using principle component extraction by Kaiser normalisation.

A cluster analysis enables the identification of groups with
relatively similar geochemical characteristics. The results were
used to assess whether geographical or depth-related differ-
ences can be observed. The clustering is based on the ‘distance’
between selected variables of the different samples. This ‘dis-
tance’ is a measure of how far apart the variables are. Clustering
can be done in various ways. The most common method is k-
means clustering. In this approach the number of clusters needs
to be assigned a priori. Initial cluster means are randomly cho-
sen and samples are assigned to the clusters to which they are
nearest. Then, the cluster means are re-calculated based on the
assigned samples. Subsequently, the samples are reassigned to
the clusters based on their new cluster means, and the clus-
ter means are calculated again. This process is iterated until
the cluster means are stable or the maximum number of itera-
tions is reached. The k-means method uses the simple Euclidean
measure for calculation of the distance between two samples:

Where x and y represent values from two different samples for
the same variable, andj =1 ..... J represents all the variables
included in the analysis. For the k-means cluster analysis a
selection of variables was made. Strong outlying values were
removed from the dataset to prevent clustering based on single
outliers. For each selected variable we evaluated whether its
distribution is best described as normal or lognormal. Then, the
(log) values of all selected variables were standardised by the
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following equation:
standardised value
= (original value — mean) /standard deviation

Standardisation is required to correct for variation in variable
scales, otherwise the variable with the highest values dominate
the clustering procedure. Clustering was performed for a varying
number of clusters. The results were compared and the optimal
number of clusters was selected.

Results

The oxides and several minor/trace elements were measured by
two different techniques: XRF and ICP. Both techniques should
give similar results. However, three samples did not show sim-
ilar results. These were removed from the dataset.

Rupel Clay geochemistry and mineralogy

Table 1 shows an overview of the results for a selection of geo-
chemical parameters and mineralogical components. The sam-
ples are rich in silica, with SiO, contents between 45.8 and 88.6
wt%. They contain lower, but variable, amounts of Al,0;, Ca0,
Fe,0s, K,0 and minor elements. The organic and inorganic car-
bon contents are up to 2.5 and 3.5 wt%, respectively. About
35% of the samples have an inorganic carbon content below 0.1
Wt%.

The mineralogy of the 30 samples analysed by XRD is highly
variable (Table 1). It consists mainly of quartz (16.3-86.3 wt%)
and clay minerals (8.4-70.2 wt%, from bulk analysis), with
lesser but variable amounts of feldspar, carbonates, pyrite and
accessory minerals.

Table 2 shows the correlation matrix between chemical pa-
rameters from XRF, and Table 3 between the mineralogy from
XRD and the chemical composition from XRF. As expected, Al,0;
and Si0, have a strong negative correlation. They correlate
strongly with the (total) clay mineral and quartz content re-
spectively (Fig. 2A and B). From the Al,0; and SiO, contents,
the total clay and quartz concentrations can be estimated using
the following empirical equations:

total clay (wt%) = 3.60 x Al,0; (wt%) + 1.69 (R = 0.92)

quartz (wt%) = 1.44 x Si0, — 52.02 (R = 0.95)

A strong, negative correlation exists between the quartz and
total clay mineral content. The 2:1 clay and kaolinite from bulk
XRD analysis both have a positive correlation with Al;0;. At an
Al,0; content below 7 wt%, the kaolinite content is constant
at a value around 1 wt%. Above 7 wt%, the kaolinite content
increases with Al,0; (Fig. 2C) and can be roughly estimated
using the following empirical equation:

kaolinite (wt%) = 0.68 x Al,0; (wt%) — 3.66 (R = 0.87)
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Table 1. Descriptive statistics of the Rupel Clay in the Netherlands for a selection of geochemical parameters and XRD whole-rock mineralogy.

N Minimum Maximum Mean Standard. deviation

Si0; 149 45.80 88.60 63.76 9.93
Al,03 149 1.92 18.83 11.68 4.09
Fe,03 149 1.62 10.45 5.06 1.33
Ca0 149 0.28 14.51 2.78 2.96
Mg0 149 0.32 2.86 1.57 0.53
Na20 149 0.12 2.98 0.80 0.33
K20 149 0.85 5.58 2.72 0.66
MnO 149 0.01 0.11 0.02 0.02
Ti0, 149 0.12 0.96 0.68 0.17
P,05 149 0.02 8.22 0.14 0.67
Total sulphur 149 0.17 2.66 0.88 0.46
Organic carbon 149 0.07 2.46 0.85 0.48
Inorganic carbon 149 0.00 3.45 0.55 0.67
Ba* 149 145 2126 355 253
Rb* 149 27 171 106 30
Sr* 149 61 937 215 127
U* 149 1 28 4 2
Ir* 149 81 760 289 130
Mo* 149 0.1 8.4 1.4 1.7
Pb* 149 3 726 24 78
In* 149 13 444 67 62
As* 149 3 29 9 4
Quartz 30 16.35 86.34 41.50 18.19
Plagioclase 30 0.00 5.63 2.40 1.35
K-feldspar 30 2.22 11.13 6.61 2.58
Clinoptilolite/heulandite 30 0.00 2.86 0.54 0.94
Calcite 30 0.00 25.93 3.75 5.88
Aragonite 30 0.00 5.14 1.01 1.29
Ankerite/dolomite 30 0.00 1.49 0.09 0.29
Siderite 30 0.00 3.86 0.19 0.71
Pyrite 30 0.00 6.94 0.85 1.34
Anatase 30 0.00 0.94 0.42 0.29
Sylvite 30 0.00 2.19 0.19 0.59
Halite 30 0.00 1.39 0.20 0.39
Gypsum 30 0.00 2.45 0.78 0.85
Jarosite 30 0.00 2.84 0.39 0.92
Chlorite 30 0.00 3.73 1.13 1.00
2:1 clay 30 7.24 63.13 35.88 14.95
Kaolinite 30 0.77 12.10 4.04 2.99
Total clay 30 8.45 70.16 41.05 18.11

Values are in wt% except for values marked *, which are in ppm.

The 2:1 clay content can be estimated using the following em- The clay mineralogy of the clay fraction is predominantly
pirical equation (Fig. 2D): made up of 2:1 Mg-rich clays. They consist mainly of smectite,
interstratified illite-smectite (ISS) and glauconite-smectite, and

2:1 %) = 2. A 9 . R=0.
clay (wt%) 88 > AL,Os (Wt%) + 4.45 ( 0.89) illite. A small part of the clay fraction is made up of kaolinite

In addition to Al,0s, the total clay mineral content also corre- and interstratified kaolinite-smectite (KSS). The clay fraction

lates strongly with MgO0, K,0, Fe,0;, organic C and many rare content of the samples based on grain size is uncertain and

earth elements (Table 3). depends on the grain size analysis technique used (Vis et al.,
273
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Table 2. Correlation matrix between geochemical parameters for the Rupel Clay in the Netherlands (N = 149; only values of | R| > 0.50 are shown). g
=
=
Total Organic Inorganic s
Si0, Al,03 Fe,0; Ca0 Mg0 Na,0 K,0 MnO TiO, P,05 SO3 S C C Ba Hf Rb Sr i) Zr Mo Pb ZIn As E
Si0; 1.00 -0.81 -0.70 -0.87 -0.57 -0.57 -0.69 -0.57 0.59 -0.72 0.63 é-
Al,04 1.00 0.65 0.90 0.72 0.92 0.62 -0.62 0.94 -0.66 E
Fe;03 1.00 0.73 0.52 0.60 -0.52 ‘I“
Ca0 1.00 0.55 0.94 0.89 o
Mg0 1.00 0.70 0.82 0.51 -0.62 0.85 -0.66 g
Naz0 1.00 EL
K0 1.00 0.69 0.62 0.71 i
MnO 1.00 =
Ti0, 1.00 0.52 0.87 e
P,05 1.00 0.88 E
S03 1.00 0.54
Total S 1.00 0.58 0.53 0.55
Organic C 1.00 -0.52  0.62 -0.54
Inorganic C 1.00 0.78
Ba 1.00
Hf 1.00 -0.55 0.98
Rb 1.00 -0.59
Sr 1.00
U 1.00
Zr 1.00
Mo 1.00
Pb 1.00 0.72
In 1.00

As 1.00
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E N . 2016). No significant trends were observed between the Al,0;
g~ 3 3 content and the clay fraction XRD results (Table 4). Kaolinite
; (from the clay fraction analysis) shows a moderately positive
g © E; 5%8¢g8 correlation with illite (R = 0.73). Smectite shows a moderately
° R R positive correlation with sodium (R = 0.58), especially when
3 s sodium is corrected for the albite content (R = 0.64). In addi-
&3 E R E& 8 g tion, smectite and KSS show a moderately positive correlation
' with magnesium (R = 0.49 and 0.51, respectively). These cor-
& § E relations are not sufficient to be considered proxies, but they
o] @ 2~ 8 suggest that the smectite present contains sodium and mag-
gl ‘MM nesium. This is not unexpected because we expect saline pore
’g 2 8 S8R 88 water with high Na and Mg concentrations in Rupel Clay (Grif-
§ . ; . . fioen et al., 2016a; Behrends et al., 2016).
2 £ s 3 3 The carbonate content varies strongly between the samples
] ol & e ¥ o oo % and consists of calcite (up to 25.9 wt%), aragonite (up to 5.1
7 = e ‘MM - wt%) and occasionally small amounts of ankerite/dolomite and
= R 8 8 siderite (Table 1). The amount of calcite and total CaCO; (calcite
k) s|a N NS plus aragonite) can be estimated from the Ca0 content by the
é & s s $3 383 following empirical equations (Fig. 2E):
S
¥ 2| & 3383 3 calcite (wt%) = 1.70 x Ca0 (wt%) — 1.14 (R = 0.97)
$ sl s . 0 e g g 3 total CaCO; (wt%) = 1.83 x Ca0 (wt%) — 0.51 (R = 0.97)
! gl o 999 €%
i— % |3 5 5 N 2 2 8 Strong correlations were found between Ca0 and inorganic
§ S T MM carbon (R = 0.94) as well as Sr (R = 0.89) (Table 2). The cor-
E *é S 3 5 2 3 8 relation between calcite and Sr is not as strong (R = 0.64),
% E 7 7 ‘e and is absent between aragonite and Sr, suggesting the pres-
E I @ g 8 8 ence of an additional calcium phase with Sr as an impurity.
%, R 7 " Strontium can be present as an impurity in gypsum (Ichikuni
% % 2 N S & Musha, 1978; Denison et al., 1998), but these do not cor-
) 5|7 N relate. It can also replace calcium in heulandite, which is a
2 ¢l g @ S tecto-silicate of the zeolite group. Currently it is unclear what
E g7 ¥ - causes the strong correlation between Ca0 and Sr. The Mg0 and
:é 8 @ 3 Fe,03 concentrations do not correlate with inorganic carbon,
§ S © - consistent with low concentrations of Mg- and Fe-containing
§ ‘§ S carbonates, the presence of other Fe-containing minerals and
E 3 - a correlation of Mg0 with clay content. Geochemical prox-
é g % s ies for siderite, ankerite and dolomite were not found in the
E : 3 = dataset.
2 o The pyrite content is generally between zero and 1 wt%.
< 5 8 Higher values of 1.8 and 3.5 wt% were measured for two out of
E 3 six of the new samples of the CAL-GT-02 borehole. One extreme
g % g value of 6.9 wt% was measured in a sample from core B50H0373
= < in the south, probably because of a local heterogeneity. The
o % % 9 3 pyrite concentration has a moderate, positive correlation with
g E s S - total S from Leco combustion if the sample with extreme pyrite
§ M content is excluded, and can be roughly estimated by the fol-
*§ é 8 lowing equation:
S E pyrite (wt%) = 1.12 x total S (wt%) — 0.34 (R = 0.77)
§ :93 g The organic carbon content and the trace elements molybdenum
= g x5 . - 2 B and arsenic correlate moderately positive with total S (Table 2).
% 8 g § k] g g é ﬁ 8 E ﬁ k) g § Both gypsum and jarosite are present as sulphur-containing
S &Lz iz Fxs8388¢8

minerals in several samples, yet they are absent in the six

275

https://doi.org/10.1017/njg.2016.6 Published online by Cambridge University Press


https://doi.org/10.1017/njg.2016.6

80 100
y =3.60x + 1.69
70 R*=0.86 o 20 | y=1.44x-52.02 .
2 —
8 R*=0.91
F60 o
g § 70
050 =
g g ©
= >
=1 =
_E«m 3 50
S0 § %
z N 30
l§m g 20
10

o
(=]

10 15 20 40 50 60 70 80 90
ALO, (wt%) $i0, (wt%)

L=}
w

=
)

=
N

4

o

y=288x+4.45

y=0.68x - 3.66 .
12 60 - 2=1.
R*=0.75 =g
‘g 10 § 50
g s )
€ € 40 -
* -
2 3
‘E’ 6 -; 30 |
£ £
% 4 %‘ 20 4
° o
g 2 . 10 -
0 ' 0+ g 3
0 5 10 15 20 0 5 10 15 20
( C) Al,0, (wt%) ( D) AlLO, (wt%)
= 1.83x - 0.51 ®
y_Ri . g 85 y=1.45x-0.38
- e * R*=0.96
30
=30}
e 25
s g
8"‘ 15 E 2.0
8 =
ﬂ’.‘ 15
10
10
5
05
L]
0+ T 00 + . . - . .
0 2 4 6 8 10 12 14 16 0.0 0.5 1.0 15 20 25 3.0
( E) €a0 (wt%) (F) Total S (wt%)

Fig. 2. A. The Al,03 concentration from XRF versus total clay mineral content from bulk XRD. B. The Si0, concentration from XRF versus quartz content from
bulk XRD; C. The Al,03 concentration from XRF versus kaolinite content from bulk XRD; red dots show stable kaolinite content up to Al,03 of 7 wt%, black
dots show a linear increase and corresponding regression line; D. The Al,03 concentration from XRF versus total 2:1 clay mineral content from bulk XRD; E.
The Ca0 concentration from XRF versus CaCO3 content from bulk XRD. F. Total S from Leco combustion versus pyrite content from bulk XRD for a part of the
dataset (see text).
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< samples from the new borehole, the one sample from the COVRA
5 core which was treated with specific precautions to prevent ox-
g idation and desiccation (Behrends et al., 2016), and also the
= three samples of core LWO-2 in the north. These samples are the
; only ones that contain clinoptilolite/heulandite (zeolite min-
a erals), which could be an artifact from drilling since zeolites are
S sometimes used as additives in drilling muds. The small amounts
S of gypsum present in most samples can be assumed to have
= formed during storage under atmospheric conditions, as a result
7§'\ 3- E of calcium reaction with sulphuric acid from pyrite oxidation.
§ ° The calcium could have originated from the zeolites, although

2 g it is unclear why the zeolites would break down. Any strontium
] w© o IS present in the zeolites could have been incorporated in the
(=) (=]

A =y S 2| ; gypsum. Generally it is assumed that pyrite oxidation is accom-
= ° panied by CaCO; dissolution to buffer the pH, and subsequent
kS 8 gypsum precipitation (Deutsch, 1997). Also the occasional pres-

w
3 S ence of minor jarosite can be assumed to be an artefact of pyrite

S ~ . . .

2 2 oxidation (Larsson et al., 1990). As a consequence, the pyrite

5 S - content in situ is probably higher than the values measured
? -&-‘" 2 for the dried samples from the core house. Based on the nine
Zz o © samples in which pyrite is the only sulphur-containing mineral,
g .3 gl the following equation for pyrite was obtained (Fig. 2F):

3 o
kS H o pyrite (wt%) = 1.45 x total S (wt%) — 0.38 (R = 0.98)

: |3 §% N 2 8
+ o -0';; [T} o o
i = g B ' Hence, the estimation of the pyrite from the total dataset
§ & would be an underestimation. Applying the latter equation to

=S g o the total dataset, using the total S values from Leco combustion,

& =1 . . .

Q § T § E § the pyrite content is between zero and 3.5 wt% with an average
s 5 E T of 0.9 Wt%.

5 ®
2 £ 8 88 Factor analysis

g = | o o o

o
% @ § . The factor analysis resulted in four major (principle) compo-
£ ° £ nents, or factors, which explain 63.6% of the variance between

) 3]

E kS 8 g the samples. These factors are:

S £ = @
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Table 5. Average geochemical cluster compositions from the cluster analysis.

Cluster
1 2 3 4 5 6
Si0, 70.9 87.7 86.8 53.0 69.6 57.8
Al,03 10.4 2.7 4.5 14.1 7.5 16.0
Fe,0;3 4.3 3.0 2.4 6.1 4.4 5.8
Ca0 0.9 1.1 0.3 5.0 4.5 0.9
Mg0 1.4 0.4 0.5 2.0 1.1 1.9
Na,0 0.8 0.1 0.4 1.0 0.7 0.7
K,0 2.7 1.0 1.8 2.8 2.3 3.1
MnO 0.02 0.01 0.01 0.04 0.02 0.02
Ti0, 0.7 0.2 0.3 0.7 0.5 0.8
P,05 0.06 0.07 0.04 0.12 0.07 0.08
Cr,03 0.02 0.01 0.01 0.02 0.02 0.02
S03 0.3 0.1 0.0 0.6 0.7 0.4
V,05 0.02 0.01 0.01 0.02 0.01 0.03
Organic C 0.6 0.4 0.2 1.0 0.6 1.3
Inorganic C 0.1 0.2 0.1 1.1 0.9 0.1
Ba 336 178 301 272 328 312
Rb 99 36 57 118 80 141
Sr 139 89 81 320 270 148
U 2.9 1.2 1.8 3.7 2.9 4.2
Zr 352 184 364 181 418 216
Mo 0.9 1.1 0.7 1.7 1.7 1.3
Pb 10.5 4.5 11.9 19.2 7.8 18.1
Zn 53 18 19 122 35 68
As 6.8 9.1 4.5 8.0 10.7 11.6
Number of samples 35 3 3 36 36 36

4. The zircon content represented by zircon and hafnium. Zir-
con is positively associated with quartz as a result of depo-
sitional sorting, but the variance is not as strong as the clay
versus quartz content.

Rupel Clay geochemical heterogeneity

The cluster analysis was performed using a selection of vari-
ables consisting of all major oxides, organic and inorganic C
and several trace elements. Rubidium is included as element
representative for all trace elements which correlate strongly
with clay minerals. These include Co, Cs, Ga, Nb, Ta, Th, V, Y,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Ni.
The following variables were treated as lognormal instead of
normal distributed: Ca0, MnO, S0;, inorganic C and all trace
elements.

The cluster analysis for six clusters resulted in the most
optimal distribution of samples. A higher number of clusters
resulted in either no interesting sample distributions or the
formation of single-sample clusters (outliers). In the six-cluster
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case, complete cores or core intervals are represented in the
clusters.

The average cluster compositions for the six-cluster case are
shown in Table 5. Clusters 1 and 5 both represent intermediate
quartz and clay contents, with cluster 1 poor and cluster 5 rich
in calcium carbonate. Clusters 4 and 6 are both poor in quartz
and rich in clay minerals, with cluster 4 rich and cluster 6 poor
in calcium carbonate. These results show that the clustering is
based on the first two components of the factor analysis, which
represent clay mineral, quartz and calcium carbonate content.
The other two components, organic matter and zircon, are pos-
itively correlated with clay minerals and quartz, respectively,
yet the average concentrations of their representing variables
are not as dominant as those of the main components. The
small clusters 2 and 3 are very similar and represent silica-
rich and hence quartz-rich samples. Both are low in aluminium
(and hence clay minerals) and calcium (and hence calcium car-
bonate). Some consistent differences in the minor components
caused the separation into two clusters, but these differences
are not crucial. Hence, the two clusters can be treated as one.
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The distribution of the samples over the six clusters shows
geographical as well as depth-related patterns. Almost all of
the samples of the cores in the northern Netherlands are rep-
resented by cluster 4. Hence, the Rupel Clay in the North is
relatively homogeneous with the lowest quartz and high clay
mineral, carbonate, organic matter and pyrite contents.

The cores in the south of the Netherlands have more variable
compositions. The upper and lower part of these cores are gen-
erally rich in quartz and relatively poor in clay. The middle part
of the cores is mostly richer in clay, but quartz-rich intervals
occur. The carbonate content is low in the southwest. In the
southeast the carbonate content varies within the quartz-rich
upper and lower parts of the cores, but is generally low in the
more clay-rich middle parts. The most southern cores in the East
are particularly quartz-rich and low in clay mineral content.

Discussion

Newly obtained data on geochemistry and mineralogy are pre-
sented. The newly presented data can be compared with results
on Belgian Boom Clay and with other Dutch (marine or fresh-
water) sediments.

Bulk and clay fraction XRD analyses provided basic min-
eral information and showed a wide range in quartz, feldspar,
clay mineral and carbonate content within Dutch Rupel Clay.
The overall mineralogy is similar to Belgian Boom Clay (Honty,
2008; Honty & De Craen, 2009). The XRF and XRD data interpre-
tation, as well as the factor analysis, showed that the variation
in sample geochemistry is mainly defined by the quartz and
clay mineral content, the carbonate fraction, and the organic
material and pyrite content. The latter two are identified as
a combined factor in the factor analysis. Remarkably, the or-
ganic matter shows a moderate, positive correlation with the
clay content, while the pyrite does not. In a comparable study
on Belgian Boom Clay for the clay products industry, the same
factors and correlations were observed (Decleer et al., 1983),
yet Decleer et al. (1983) observed a clear correlation between
organic matter, pyrite and the clay mineral content. Accord-
ing to the authors, this correlation is mainly sedimentologi-
cal and reflects reducing conditions. Possibly, either the iron
and/or sulfate availability was more variable with time in the
Netherlands, which could be an explanation for the lack in clear
correlation between clay and pyrite content.

A sequential factor analysis was performed on a geochemical
dataset of unconsolidated Late Quaternary fluvial deposits from
the Rhine-Meuse delta plain in the Netherlands (Hakstege et al.,
1993; Van Helvoort et al., 2005). Like the Rupel Clay and the
Belgian Boom (Clay, the clay mineral content is the most impor-
tant factor explaining the variance between the samples, with
fine sand and carbonates having a negative loading (Hakstege
et al., 1993). For floodplain deposits of the Rhine-Meuse delta
plain, the carbonate, and pyrite plus organic matter, repre-

sent the second and third factors, respectively (Hakstege et al.,
1993), similar to Rupel Clay. For the combined results of six dif-
ferent sedimentary facies of the Rhine-Meuse delta plain, these
two factors are reversed (Van Helvoort et al., 2005), implying
that the effect of changes in redox conditions have a higher
impact than the variation in carbonate content. In addition,
the carbonate factor for the Rhine-Meuse deposits is combined
with the albitic feldspar content, a correlation which was not
found for Rupel Clay. The carbonate in the Rhine-Meuse de-
posits is identified as detrital fragments that were co-deposited
with albite in crevasse-levee deposits due to similar weight (Van
Helvoort et al., 2005). The feldspar in the Rupel Clay is corre-
lated with quartz, and has negative loadings on the clay factor,
implying the dominance of depositional sorting. In addition,
the sodium content is not as strongly correlated with albite
as in the Rhine-Meuse deposits because of the correlation of
sodium with the clay mineral content.

The combination of XRD and XRF performed in this study al-
lowed the definition of a number of geochemical proxies for the
estimation of the quartz, clay mineral (total clay, kaolinite and
2:1 clays) and carbonate (calcite and total CaC0s) fraction based
on XRF data. These geochemical proxies can be used in future
studies in which mineralogical analysis is not performed. Un-
fortunately, such proxies were not found for the clay minerals
of the clay fraction XRD analysis.

The clay mineralogy is a crucial aspect in the safety assess-
ment of the disposal of radioactive waste in facilities in clay-
type host rocks due to their high specific surface area and cation
exchange capacities (CEC) (Altmann et al., 2012), yet detailed
assessment of the clay mineralogy is complex. Bulk and clay
fraction analysis provide basic information. Compared to more
recent Rhine and Meuse fluvial clays, the kaolinite content of
Rupel Clay is high, while vermiculite is absent. According to
Breeuwsma (1985), the absence of vermiculite in marine clays
could be because of the presence of salt (Griffioen et al., 2016b).
Vermiculite has a lower swelling potential than smectite, but a
higher CEC. Kaolinite, on the other hand, does not swell and has
a low CEC. Illite, which is a major clay mineral in both fluvial
and marine clays, also does not have swelling potential, and its
CEC is intermediate (Appelo & Postma, 2005). The combination
of bulk and clay fraction XRD with XRF allowed an improved as-
sessment of the types and composition of clay minerals present,
compared to XRD analyses only. The Al,0; from XRD and 2:1
clay from bulk XRD strongly correlate with magnesium, iron and
sodium (corrected for albite), showing that these elements are
(mainly) present in the clay mineral fraction. Magnesium and
sodium are especially related to smectite. These relations sug-
gest that the type of smectite present is Na-montmorillonite,
a clay mineral which has the highest swelling potential of all
clay minerals and an intermediate CEC.

Pyrite, which is the most common iron sulphide (Roberts
et al., 1969), is another important component for the post-
closure safety of radioactive waste disposal because of its
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oxidation potential. Oxidising conditions might occur in the
host rock near field during and after construction of the repos-
itory (De Craen et al., 2008, 2011), by heating and radiation as
a result of the radioactive waste (Zhang et al., 2008) or eventu-
ally under long-term geological conditions when strong erosion
of the overburden happens. Dissolution of pyrite results in a pH
decrease that will affect the geochemical equilibrium and initi-
ates mineral-fluid reactions. If present, pH buffering will occur
by calcite dissolution, and subsequent precipitation of gypsum
and/or jarosite (De Craen et al., 2008). The formation of gypsum
and jarosite in the samples analysed in this study is interpreted
to be the result of storage under atmospheric conditions, but
these oxidation reactions may also occur in situ.

In addition, because of the tendency of pyrite to include
toxic elements as impurities in its crystal structure, such as
molybdenum and arsenic, oxidation of pyrite might release
these toxic elements into the biosphere (Huerta-Diaz & Morse,
1992; Schoonen, 2004). Unfortunately, the concentrations of
pyrite by XRD from the cores stored under atmospheric condi-
tions are probably not representative of subsurface conditions
because of the oxidation of pyrite to gypsum and/or jarosite.
The pyrite concentrations of the new samples from boreholes
CAL-GT-02 and COVRA, and the samples from borehole LWO0-02,
which do not contain any pyrite oxidation products, show a
potentially strong proxy of total S for the pyrite content, but a
greater number of samples, and hence a higher N value, would
be required.

The clustering analysis showed a lateral variation of Rupel
Clay geochemistry and mineralogy. In the north of the Nether-
lands, the Rupel Clay has relatively high clay mineral, carbonate
and organic matter contents. The variation with depth is rela-
tively low, showing the homogeneous character of the clay in
the north. In the south, the clay is much more quartz-rich and
is heterogeneous laterally as well as with depth. The variation
in pyrite content is independent of both location and depth.
The difference in clay mineral content and heterogeneity be-
tween north and south is consistent with grain size distribu-
tions, which show consistently smaller grain sizes in the north
and limited variability in distributions with depth (Vis et al.,
2016). This is explained by the depositional environment, which
was characterised by the Cenozoic Southern North Sea Basin,
the Rupelian sea, with an approximately east-west trending
coastline located in Belgium (Vis et al., 2016). At the southern
margin of the basin, the deposition of the Rupel Clay was under
the influence of sea level variation, resulting in the presence
of quartz-rich intervals, and an increase in quartz content and
grain size towards the bottom (towards the Tongeren and Don-
gen Formations in the east and southwest) and top (towards the
sandy Steensel Member or Breda Formation) (Vis et al., 2016).
The Boom Clay in Belgium shows comparable geochemical char-
acteristics to the Rupel Clay in the south of the Netherlands.
Grain sizes are relatively large, reflecting the high quartz con-
tent and the silty nature of the Member. Towards the top and
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bottom, the Rupel Clay is more sandy, with a more clay-rich
central part. Sandy intervals within the clay-rich zone are also
observed (Honty, 2008).

Towards the north-northwest, the depth of the basin in-
creased, consistent with the decreasing grain size and increas-
ing clay fraction, and hence clay mineral, content in the Ru-
pel Clay. In this area, the Rupel Clay is overlain by the clay-
dominated Veldhoven Member or Breda Formation (Vis et al.,
2016).

Conclusions

The Oligocene Rupel Clay Member in the Netherlands is het-
erogeneous at the national scale and consists mainly of quartz,
clay minerals and carbonates in varying amounts. Minor compo-
nents consist of pyrite, anatase and organic matter. Oxidation
artefacts in older samples were identified. Geochemical proxies
were defined for the mineralogy based on comparison of the
datasets of XRD and XRF analyses. Such proxies can be used in
future studies if XRD analyses are not available.

XRD bulk and clay fraction analyses show that the clay frac-
tion is composed of a suite of different clays, including kaolin-
ite, smectite, illite and interstratified clays. The smectite seems
to be (partially) Na-montmorillonite, but more detailed analyses
are required to verify this. Vermiculite was not identified.

In the south of the Netherlands, the Rupel Clay is gener-
ally more quartz-rich, coarse grained and heterogeneous with
location and depth. The lateral variations and heterogeneous
nature are consistent with the observations for the Belgium
Boom Clay. Towards the north, the Member becomes more clay-
rich, finer grained and more homogeneous, both laterally and
with depth. In addition, the clay has a relatively high carbonate
and organic matter content. The pyrite content does not show
any trends with location and depth. The differences between
north and south are explained by the variations in depositional
setting within the southern North Sea Basin.
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