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New results of Boda Claystone research: Genesis,
mineralogy, geochemistry, petrophysics
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Abstract: Boda Claystone is a very tight clayey rock with extreme low porosity and permeability, nano-size
pores and small amounts of swelling clays. Due to this character it is ideal as a potential host rock for research
into the possibilities of high-level waste deposition in geological formation. Though the research started more
than 30 years ago, the genesis, the geotectonic history of the Boda Claystone Formation (BCF) and the geology
of surrounding areas has only been sketched out recently. On the basis of research of the past few years the
process of sedimentation of different blocks was able to be reconstructed. Equipment and methodological devel-
opments were needed for the investigation of reservoir geological and hydrodynamic behaviour of this rock,
which began in the early 2000s. Based on them the pore structure and reservoir could be characterized in detail.
Only theoretical approaches were available for the chemical composition of free porewater. Traditional water-
extracting methods were not adaptable because of excessively low porosity and nano-scale pore size distribu-
tion. Hence, new ways have to be found for getting enough water for analysis. These new results of BCF research
help to prepare more sophisticated and directed experiments, in which there is a great interest internationally.
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The Upper Permian Boda Claystone Formation
(BCF) is located in the Western Mecsek Mountains,
Southern Transdanubia, SW Hungary. The Mecsek
Mountains are part of the Tisza Megaunit comprising
the basement of the south-eastern half of the Panno-
nian Basin (Haas & Pér6 2004). In the Western Mec-
sek Mountains (WM Mts) the BCF extends over an
area of 150 km?; within this area, approximately15
km? can be found on the surface in the Boda village
region (Fig. 1). Two distribution areas of the BCF are
known in WM Mts (Figs 2 and 3): (1) the peri-
anticlinal structure of the WM Mits, named the
Boda block, and (2) the so called Gorica block. In
the Gorica block outcrop of the BCF it is not on
the surface, but several deep drillings have reached
it and of these only the borehole Ib-4 has recovered
the BCF in significant thickness (494.2-709.0 m).
On the basis of the deep drillings the total thick-
ness of the BCF is estimated to be about 700-900 m
in the peri-anticlinal structure of the WM Mts (Boda
block), whereas its thickness is smaller in the Gorica
block (about 350 m). The BCF is predominantly red
and reddish brown in colour, reflecting its predomi-
nantly oxidizing nature (Jdmbor 1964; Barabds &
Barabds-Stuhl 1998; Mithé 1998; Arkai et al. 2000;
Varga et al. 2005; Lazar & Mathé 2012). According
to our present-day knowledge, the BCF has only one
reduce interbedding (greyish black claystone con-
taining pyrite and finely distributed organic matter),

its thickness being about 3-4 m. Lithological
sequences of the two areas are shown in Figure 3.

Detailed analysis of the formation has been in
progress continuously since the late 80s. The so-
called Alpha-tunnel, which operated in mid-1990s
was the deepest underground research laboratory
(URL) of its age. In-situ observations and laboratory
analysis of core samples specifically serve mineral-
ogical, geochemical, hydrogeological, geotechnical
and aging measurements as well as understanding the
tectonic and alteration processes (Kovécs 1999a, b).
Only limited petrophysical measurements were car-
ried out because of technological reasons (SZKFI
1990, 1991; MEV 1993; Csicsdk 1999). The devel-
opment of equipment and methodology for porosity
and permeability measurements began in the early
2000s and are in progress with other technical devel-
opments like acoustic velocity and electric measure-
ments, and pore characterization (Fedor et al. 2008,
2016, 2017; Fedor & Somodi 2010; Fedor 2011a,
b; Koroncz & Fedor 2016).

Petrological analysis and genesis of the
Boda and Gorica blocks
Based on the mineralogical investigation by X-ray

diffraction (XRD), differential thermal analysis
(DTA) and electron microprobe analysis (EMP) the
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Fig. 1. Geological map and cross sections of the Western Mecsek including the surface outcrop of the BCF
(compiled by Konrad in Mathé 2015).
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Fig. 2. Depth contour of the top of the BCF including the surface outcrop of the BCF (compiled by Konrdd &

Hamos in Mathé 2015).

main rock-forming minerals of the BCF in the Boda
block are: clay minerals (10-55 wt%), albite (20—
60 wt%), detrital quartz (5-30 wt%), carbonate min-
erals (calcite and dolomite; 10-50 wt%) and hema-
tite (5-10 wt%) (Mathé 1998, 2015; Arkai et al.
2000; Varga et al. 2005; Varga et al. 2006). The
absolute dominant clay mineral is illite—muscovite
(15-50 wt%), with chlorite (0-35 wt%) as another
determinant clay mineral phase; smectite, kaolinite,
vermiculite and mixed-layer clay minerals (illite/
smectite, chlorite/smectite) being identified in
inconsiderable amounts (Mathé 1998, 2015; Arkai
et al. 2000; Varga et al. 2005, 2006). In the greyish-
black interstratification the illite—muscovite content
decreases, and the chlorite becomes the dominant
clay mineral. In the Boda block the most remarkable
feature of the BCF is the presence of the abundant
albite. Its authigenic genesis is supported by its
chemical composition and textural characteristics.
The authigenic albite is present as (1) albite cement
(typical of all rock types of the BCF), (2) dominantly
albite and carbonate-lined disseminated voids, (3)
albite replacement of detrital feldspars and (4) a

vein of varying thickness containing anhydrite and
albite (Mathé 1998, 2015; Arkai er al. 2000; Varga
et al. 2006). The albite and carbonate-lined voids
always contain authigenic K-feldspar, with K-
feldspar crystals generally filling the centre of the
voids, which indicate that this mineral formed after
the precipitation of albite. In addition to these rock-
forming minerals, barite, anhydrite, pyrite and detri-
tal constituents (muscovite, biotite, chlorite, zircon,
rutile, apatite, ilmenite, Ca-bearing plagioclase)
were always identified in minor amounts.

In the Gorica block the BCF recovered from the
borehole Ib-4 differs in its mineralogical composi-
tion, the most significant differences being: (1) this
succession of the BCF contains abundant analcime
in addition to the above minerals, (2) lack of authi-
genic K-feldspar and (3) among carbonate phases
the amount of dolomite considerably decreases
(Sipos et al. 2010; Lazar & Mathé 2012; Mathé
2015). Similar to the authigenic albite, the analcime
is present as analcime cement and dominantly anal-
cime and carbonate-lined disseminated voids. The
amounts of analcime in the BCF grades upward to
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Fig. 3. General geological sections for the comparison of lithostratigraphic units in the Boda and in the Gorica blocks

(Konrad 2013).

decrease, the lower third of the formation being anal-
cime free; however, it contains abundant authigenic
albite (Mathé 2015).

Based on mineralogical, geochemical and tex-
tural considerations five main rock types can be
defined in the Boda block: albitic claystone, albito-
lite, ‘true’ siltstone, dolomite interbeddings, sand-
stone. However in the Gorica block it is albite- and
analcime-bearing claystone, siltstone and sandstone,
dolomite interbeddings being only typical of the
upper thin part of the formation (Barabds & Barabas-
Stuhl 1998; Miéthé 1998, 2015; Arkai et al. 2000;
Varga et al. 2006; Konrad et al. 2010; Sipos et al.
2010; Lazar & Mathé 2012).

The albitolite presences are massive, hard,
unbedded, without any albite and carbonate minerals
filling vesicles. Its macroscopic feature is similar
to the albitic claystone type of BCF. Albitolite is
comprised mostly of authigenic albite (>50 wt%, as

albite cement), clay minerals (<25 wt%, generally
illite), detrital quartz (10 wt%), carbonate minerals
(approx. 10 wt%; calcite and dolomite), hematite
(5-6 wt%) (Varga et al. 2006; Mathé 2015).

The absolute dominant rock type of the formation
is an albitic claystone in the Boda block, whereas the
dominant rock type is an albite- and analcime-
bearing claystone in the Gorica block.

In the Boda block, illite and chlorite crystallinity,
as well as the vitrinite reflectance data, indicate late
or deep diagenesis, with a maximum temperature of
200-250°C (Arkai et al. 2000; Varga et al. 2006).
However, in the Gorica block (from core samples
of the deep borehole Ib-4) higher illite and chlorite
crystallinity indices suggest that the BCF in the
Gorica block underwent lower grade diagenesis
(Németh et al. 2016).

Mineralogical and petrological (dominantly
albite, analcime and carbonate-lined voids and
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dolomite crystals of dolomite layers are pseudo-
morphs after ‘Hopper halite’; pseudomorphs consist-
ing of authigenic albite and calcite after gypsum and
anhydrite; desiccation cracks). Geochemical (e.g.
high boron and Na,O contents) data unambiguously
demonstrate the depositional environment of the
BCEF and the original rock types deposited. Accord-
ing to this evidence the BCF was deposited in
shallow-water: halite- and sulphate-dominated,
long-lived perennial and ephemeral inland saline
lakes surrounded by saline and dry mudflats, and dis-
tal alluvial deposits, under semi-arid to arid climatic
conditions (Barabds & Barabds-Stuhl 1998; Mathé
1998; Arkai er al. 2000; Varga et al. 2005; Mathé
& Varga 2012). On the other hand, unlike mineral-
ogy, different thicknesses of the two distribution
areas of the BCF and textural signatures indicate dis-
similar depositional environments.

The thick (700-900 m) red siliciclastic sequence
(continental red beds) of the Boda block represent a
saline-lake and saline-pan system which is consistent
with the model outlined by Lowenstein & Hardie
(1985). Their model separates three stages of the
saline-pan cycle: (1) flooding, (2) evaporative con-
centration and (3) desiccation (Fig. 4). During the
flooding stage the dissolution surfaces formed, the
bedded halite layers and displaced halite crystals in
muds and silts dissolved, and the clay, mud, silt

(a)
brackish lake

walter table

(b)

water table

(c)

water table

and sand layers were deposited in the brackish lake
and flooded mudflat. During the evaporative concen-
tration stage, there was precipitation of halite in the
saline lake, displaced growth of halite and anhydrite
in red sediments of mudflat and dry mudflat, and
evaporite crusts formed. The products of the desicca-
tion stage were desiccation cracks in red sediments,
microcrystalline salt crusts and displaced halite and
anhydrite crystals in sediments. Based on Lowen-
stein & Hardie’s (1985) model and lithologies and
sedimentary features of the sequence (continental
red beds) of the Boda block, it seems that the original
rock types of the sequence of the Boda block were in
agreement with the above rock types. The BCF in the
Boda block has undergone a multistage and complex
diagenetic process (among others primary evaporite
minerals dissolved, formation of authigenic albite
and K-feldspar, formation of dolomite layers), the
result of these multistage processes are present-day
mineral assemblages and rock types (Varga et al.
2005; Mathé 2015; Németh et al. 2016).

In the Gorica block the different minerology (see
above) and smaller thickness of the BCF, the absence
of dolomite layers, analcime and the irregular form
of the analcime and carbonate-lined disseminated
voids (not pseudomorphs after halite) suggest that
the lake environment in which the formation was
deposited was moderately saline and alkaline. The

flooding
T

red siliciclastic
1 mud, silt and sand

red siliciclastic
mud, silt and sand

red siliciclastic
1 mud, silt and sand

bedded halite

Fig. 4. Schematic models of saline-pan deposition for BCF in the Boda block (Méthé 2015): (a) Flooding state;

(b) evaporative concentration stage; (c) desiccation stage.
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Eocene Green River Formation of the south-central
Uinta basin (Utah, USA) (Remmy & Ferrell 1989)
can be regarded as an ancient analogy for the Gorica
BCF analcime-bearing red and green mudstone. The
moderately saline and alkaline environment is
proved by halite and other evaporite minerals which
have been reported neither in the Uinta lake (Remmy
& Ferrell 1989) nor in the Gorica lake (Mathé 2015),
in addition in neither formation has the analcime
altered to potassium feldspar. In both formations
evaporative pumping produced the sodium-rich
brines on the exposed mudflats. The resulting
sodium-rich brine facilitated the formation of anal-
cime by accelerating the alteration of detrital clays,
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Fig. 6. Adsorption—desorption isotherm of BAF-1, -1A
and covering sandstone samples.

and perhaps other minerals, and by providing a source
of abundant sodium. Alteration of iron-bearing
minerals released iron, which oxidized (formation
of Fe-hydroxide or Fe-oxide (perhaps hematite))
consequently staining the mud. In both cases the
overall reaction for the formation of analcime is:
detrital clays + sodium brine produced by evapora-
tive pumping + iron-bearing minerals + oxygen—
analcime + iron oxide or iron hydroxide (Remmy
& Ferrell 1989; Mathé 2015). The smaller proportion
of analcime precipitated in pores, occurring as very-
fine grained crystals in the matrix, which impreg-
nates the Gorica BCF (Mathé 2015). The Sambhar
and Didwana playas from the eastern margin of the
Thar Desert (Roy er al. 2006) and Lake Lewis, in
central Australia (English 2001) can be regarded as
recent analogies for Gorica BCF.

Technological challenges of laboratory
analysis

The BCF cores from peripheral areas (BAF-1, -1A,
-1Af, BAF-2) are more fractured than sampled from
central areas (Ib-4, Alpha-tunnel). Drillings of 9,
2.54- and 3.81 mm-diameter and maximum 2" length
plugs from cores are more or less soluble sometimes
with the stabilization of core mantle. However, it
needs to be considered that intact rock is over-
represented during laboratory analysis. Due to devel-
opments, nano and pico Darcy scale water permeabil-
ity and two times higher gas permeability was
measurable even under reservoir conditions routinely
and reproducibly by RS PPD permeameter (Szlics &
Fedor 2007; Fedor et al. 2008). The 0.1-5% porosity
could be measured with high accuracy and estimated
error (for the given pressure and temperature).
A complex protocol was introduced for pore charac-
terization, which includes He-pycnometry, CO,
and N, adsorption—desorption isotherms and Hg-
porosimetry measurements for pore surface, pore
volume, pore roughness and shape, pore throat-size
distribution and porosity calculations in micro (0.3—
2 nm), meso (2-50 nm) and macro (>50 nm) scale
characterizations (Acs & Fedor 2015). Integration
of NMR, which is a promising method for porewater
quantity analysis, is only in the first stages.

The measurement of reservoir features is highly
important because of geophysical logs interpretation.
Basic electric measurements like formation factor or
relative permittivity in a given temperature range are
routinely fulfilled. However, methodological devel-
opments are needed for saturation—desaturation
experiments, because the volume of displaced water
cannot be measured in a traditional way. The devel-
opment of multielectrode, wide frequency range-
induced polarization tomography and -electric
resistivity tomography of cores, which is important
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for understanding the saturation process in the case
of nano-scale pores, is only at the beginning phase.
Acoustic wave velocity measurements on dry or sat-
urated cores in triaxial cells with automatic wave
analysis for longitudinal (compression) and trans-
verse (shear) waves have already been solved, and
hence dynamic rock mechanical parameters like
Young’s modulus and Poisson’s ratio can be calcu-
lated for the elastic deformation phase of rocks.
Also, Thomsen’s anisotropy parameters, which are
widely used in depth migration in seismic surveys
could be calculated (Koroncz et al. 2017). Mechan-
ical parameters have to be handled carefully because
of the swelling clays and low-water content of the
BCEF rock.

Based on neutron porosity logs (H concentration)
the estimated amount of water of a typical BCF core
sample is c. 10-15 vol%, which is partly crystalline
water, partly irreducible water in pores (adsorbed
water and capillary water trapped in small pores
which cannot be removed by drying) and only in
small part (1-5%) reducible porewater (water
which can be removed by drying). In-situ water
sampling is impossible on this technological level.
Laboratory water sampling and analysis with tradi-
tional techniques are also questionable, so methodo-
logical development is needed. Finally, neither real
water quantity, nor the composition of water is
known. It seems that water composition based on
theoretical models and equilibrium experiments
may in most cases characterize the water of open
faults and cracks rather than the real pore structure
(Fedor et al. 2014).

Pore and reservoir characterization
of the BCF

To understand the pore structure and behaviour,
detailed petrophysical analysis was carried out
including pore structure and reservoir characteriza-
tion in core samples from Tunnel Alpha (in some
Delta-cores; 2002, 2004, 2017) and the boreholes
Ib-4 (2009-14, BCF and covering sandstone; Fedor
et al. 2012; Fedor (ed.) 2013), BAF-1, -1A (did not
contain the real BCF) and BAF-2 (2014-15).

Sampling

During the measurements 55 segments of a 10 m
long BCF core and 1 m of overlaying sandstone
from Ib-4 borehole (Gorica block) were analysed as
well as some plugs that were drilled from Delta-3
borehole (Boda block). Axial and horizontal plugs
were drilled from the core with 2.54 or 3.81 mm
diameter, and fragments were used during the
He-pycnometry, Hg-porosimetry and physisorption
tests. At this time, the systematic analysis of BAF-1,
-1A and BAF-2 samples (Boda block) had been
completed (Table 1).

Sample preparation and handling

Laboratory protocols were developed for core analy-
sis. Ultra-pure water was used for cooling during
drilling and after drying the samples were immedi-
ately put into the desiccator. Rubber gloves were
used for touching the samples and humidity and tem-
perature were controlled in the laboratory. On the
basis of DTA analysis there is no crystalline change
in the BCF up to a couple of hundred °C, so drying at
105°C was used to facilitate porewater removal.
When saturation was needed, for example, by reser-
voir measurements, ultra-pure water was applied for
this purpose. However, this protocol is very strict
and seemed excessive in the case of natural rock,
but in the case of the BCF very small differences
can cause large problems during interpretation.

Methods

After drilling and detailed documentation (descrip-
tion and photo) the geometric volume (Vy,eq) of the
plugs was calculated as a median of 11 independent
length and diameter data for each. The samples
were dried at 105°C in a drying oven for 12-14
(sometimes more) days before the measurements.
Before and after drying the weight was measured.
The skeletal volume (Viyeera1) Of the plugs were mea-
sured with a Quantachrome Pentapyc 5200e (PPY-
30 T) pycnometer. He-porosity (¢ye) can be calcu-
lated from the data of Ve and Vieq. Skeletal
density (pgkelerar) and bulk density (ppu) were also
determined.

Table 1. Number of prepared and analysed samples from different boreholes

Sample type BAF-1,-1A BAE-2 Alpha BAF-ib4 Covering
sandstone
Axial 7 14 7 22 + (10)* 4
Horizontal 14 28 6+ (14)* 4
Fragment 7 15 2 55 8

*Plugs with 2.54 mm diameter.
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The N, (77 K) and CO, (273 K) adsorption—
desorption isotherms were measured on fragments
and 9 mm diameter samples by the Quantachrome
Autosorb AS-1 surface area and pore size analyser.
The samples were outgassed under vacuum at 105°C
after the drying process. In the case of N, gas, BET
surface area (Sggr), total pore volume (V,,), pore
size distribution (BJH method) and fractal dimension
(Dg) with FHH method (Avnir & Jaroniec 1989)
were calculated. The total pore volume is derived
from the amount of vapour adsorbed at the highest
relative pressure, by assuming that the pores are
then filled with liquid adsorbate. The maximum
relative pressure value during the tests was 0.9941,
which is about 320 nm pore diameter (dy,ax). Micro-
pore volume (V) and micropore surface area
(Smic) were calculated according to the Dubinin-
Radushkevich method from the CO, isotherms. Fol-
lowing the physisorption tests, the Hg-porosimetry
measurements were carried out on the same samples
by the Quantachrome Poremaster-60 GT instrument.
The maximum (420 MPa) and minimum (1.5 kPa)
applied pressure correspond to 3 nm and 800 um
pore throat diameter according to the Washburn
equation (Lowell er al. 2004), respectively. The
contact angle values were measured by the Quan-
tachrome contact anglometer and 485.5 erg cm™>
(485.5 mN m™") surface tension value was used dur-
ing the calculation. Pore throat size distribution in
meso- and macropore region, Hg-porosity (¢pyg),
specific surface area (Sy,) and fractal dimension (D)
by the Zhang method (Zhang et al. 2006) were calcu-
lated during the tests. The fractal dimension is related
to the surface roughness, which value is two in the
case of a smooth surface and three on a complex,
very rough surface.

Ultrasonic pulse-transmission technique (ASTM
2008) was used to determine the P- and S-wave
velocities. Travel times for velocity data were deter-
mined with a ‘first-break’ detection (Fig. 7) using a
modified Akaike Information Criteria algorithm
(Akaike 1973; Koroncz & Fedor 2016). The fre-
quency of the transducers used for measurements
was centred around 1 MHz, both for compressional
and shear waves. The measurements were carried
out on air-dried samples at room-temperature condi-
tion in a high-pressure triaxial cell. The applied con-
fining pressures were calculated from corrected
density-log data depending on the depth of origin
of the samples.

In the case of the BCF only the pressure pulse
decay (PPD) method was applicable for permeability
measurements. From the early 2000s a new reservoir
state PPD permeameter was developed and applied
for this purpose, which allows fast and repeatable
measurements of very tight rocks (Fedor 2011a, b,
2014). Conditions of measurements (pressure, tem-
perature) are estimated from geophysical and

hydrogeological surveys. First, air dry gas perme-
ability was measured, followed by saturation with
ultra-pure water and water permeability measured
in reservoir conditions, and finally the dry-state per-
meability was measured on a given plug.

Results

The tested plugs show low ¢y, in the case of cover-
ing sandstone and the BAF-1, -1A samples, and
greater differences were found that is indicating
anisotropy (Table 2).

The adsorption—desorption isotherms can be clas-
sified to the type IV according to the IUPAC classi-
fication. Hysteresis can be observed on all isotherms
due to the capillary condensation (Groen et al. 2003),
but shapes of the loops are different. The loop of
BAF-Ib-4 and BAF-2 samples is difficult to catego-
rize but has a similar shape to the H2(b) type (Fig. 5).
Complex pore structure and network effects belong
to H2 type hysteresis loop. Within this type the
H2(b) is associated with the pore blocking effect
caused by pore neck, where the size distribution of
neck widths is in wide range (Thommes ez al. 2015).
The hysteresis loop of the BAF-1, -1A and covering
sandstone samples can be categorized into the H3
type (Fig. 6) which is typical for the slit-like pore
materials (Condon 2006). According to the pore
size distribution the BAF-Ib-4 and BAF-2 samples
show peaks below 10 nm. Peaks can be found
below 100 nm in the case of covering sandstone
that suggests macropores besides the mesopores.
The V. and Sy results calculated from CO, iso-
therms confirm that all samples have also micropores
(Table 3). The physisorption measurements made
with CO, gas at 273 K give more realistic results
to the Vi and Spe. At elevated temperature and
under higher absolute pressure CO, molecules can
more easily access micropores than N, at 77 K
(Cazorla-Amoros et al. 1996) It should be noted
that the adsorption and desorption branches of N,
isotherms are not closed in the case of six BAF-2
samples. This means incomplete equilibration due
to slow diffusion in small micropores that resulted
in restricted access to wider pores through this
small micropores. Two fractal ranges were found
on the adsorption branch at a relative pressure
0.10-0.43 and 0.50-0.90 with Dg, and Dg, fractal
dimension values. According to the investigation
on coal, the Dg; reflects the pore surface fractal
dimension and Dg, relates to the pore structure frac-
tal dimension (Yao et al. 2008). The values of Dg;
and Dg, are in the ranges 2.552-2.660 and 2.726—
2.762 respectively, which indicates that the pore sur-
face and pore structure of the samples are heteroge-
neous. In every case Dg, > Dgj, which means that
the pore structure is more complicated than pore sur-
face (Li et al. 2016). According to the BAF-Ib-4 and
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Table 2. Calculated parameters obtained by He-pycnometry

Parameters BAF-1, -1A BAF-2 BAF-Ib-4 Covering
sandstone
Pskeleta (€ €M) All samples 2.729 £ 0.039 2.737+0.018 2.655 = 0.056 2.655 = 0.007
Axial 2.739 £ 0.058 2.733 +£0.014 2.653 £ 0.061 2.656 = 0.007
Horizontal 2.723 £0.027 2.739 £0.019 2.661 = 0.045 2.654 = 0.007
Poui (g cm™) All samples 2.644 +0.051 2.697 +0.019 2.603 +0.051 2.525+0.015
Axial 2.641 = 0.056 2.693 £0.014 2.601 = 0.055 2.522 +0.020
Horizontal 2.646 + 0.051 2.699 +0.020 2.608 + 0.045 2.528 +0.009
@ue (%) All samples 3.09 = 1.87 1.46 = 0.39 2.14 £ 1.15 491 +0.70
Axial 3.55+2.83 1.46 +0.31 2.26+1.30 5.06 +0.98
Horizontal 2.86+1.22 1.47+043 1.95+0.79 4.77 £ 0.35

BAF-2 Hg-porosimetry data, small amounts of mer-
cury was intruded below 20 nm in the mesopore
region (Table 4). The covering sandstone samples
show peaks in the 0.1-5 um diameter range and
also below 50 nm, while in the case of BAF-1, -1A
intrusion was found typically in the 5-50 um dia-
meter range. So, these samples show macropore
characteristics too. In all cases the ¢y, values were
lower than those from He-pycnometry. This can be
explained by the fact that helium gas can also fill
pores and cracks with 0.25 nm diameter, while mer-
cury cannot be injected into the pores with diameter
less than 3 nm. This also suggests that the pore struc-
ture of the samples contain micropores. The fractal
dimension calculated with the Zhang method can
only be interpreted typically in 70-240 pm diameter
range. Thus, the calculated values are likely to be
related to the sample surface but are not in connec-
tion with the pore structure. In the case of BAF-1,
1A and BAF-2, however, mercury injection was
observed only with five fragment samples.

Water permeability values were very low in all
samples in the micro or nano Darcy range (10™'°-
1022 m?). The distribution of gas permeability val-
ues measured on the same samples show a scattering
over a large scale and they were 2—6 order of magni-
tudes higher than water permeability values that
indicate the effect of drying. While the difference
between water and gas permeability is about 2-3
order of magnitudes higher on the BAF-2 plugs on
average (maximum and minimum values were 107'¢
and 1072° m®), in the case of the BAF-1, -1A plugs
this value is between 5 and 6 (maximum and mini-
mum values were 107! and 107!° m?). The reason
for this phenomenon is the reopening/opening of
cracks due to drying (water loss of clay minerals).
Moreover, a slight anisotropy could be observed,
which indicates micro layering. Compared to plugs
from the Alpha-tunnel (Fedor et al. 2008) and the
Ib-4 borehole, the following differences and similar-
ities could be recognized: six plugs from three delta
cores from the Alpha-tunnel were measured and the

water and gas permeability were between 1072°—
107" m? and 107'%-107"" m?, respectively. After
more than 50 different plugs from the Ib-4 borehole,
the water permeability was between 107'7 and
107>' m? and gas permeabilities were 107'¢ and
107> m? on average, but extremely small pico
Darcy scale permeability on the reservoir state was
measured, too.

Results of compressional and shear wave velocity
measurements are shown in Tables 5 and 6, and Fig-
ure 8 respectively. Test results indicated that the
BCF can be characterized by higher velocities than
the covering sandstone formations.

Porewater characterization of the BCF:
preliminary results

On the basis of pore structure and reservoir charac-
terization, it can be concluded that the main water
and solute transport process is molecular diffusion
in BCF. The swelling clay content basically influ-
ences the self-healing and most cracks are closed
under reservoir conditions. Permeability depends
particularly on pore-size distribution, clay mineral
quality and quantity, pressure and temperature and
indirectly depends on porewater salinity and dis-
solved gas content in the porewater. Darcy’s defini-
tion of permeability in this range is not valid (i.e.
non-laminar flow, effect of compressibility, reaction
transport processes, temperature dependence of vis-
cosity, etc.). Water permeability measured by PPD
cannot be compared by Klinkenberg permeability
calculated from gas permeability and comparability
of PPD, as pressure fall-off or steady-state gas per-
meability values are limited. The water composition
of opened cracks and water of pores are presumably
different, and only limited interaction could be
observed at a molecular level. Hence, the water
enclosed in capillaries is in a near equilibrium state
both with rock and free porewater. The age of closure
and original composition of water is not yet known.
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Table 3. Calculated parameters from the physisorption analysis

Samples N, CO,
SBET Viot (dmax = 320 nm) Fractal dimension Vinic (Crn3 g_l) Smic
(m? g~ (cm® g™ (m*g™")
Relative pressure Dg; (-) Relative pressure Dg> (-)
range (—) range (—)
BAF-Ib-4 16.30 £2.30 1.85E-02 + 1.31E-03 0.10-0.43 2.596 + 0.030 0.48-0.85 2.748 £0.021  5.11E-03 £5.57E-04 14.66 +2.17
Covering 545+0.89 9.75E-03 + 7.39E-04 0.10-0.41 2.552 £0.034 0.46-0.91 2726 £0.020  1.37E-03 +£2.19-04 3.92 +0.63
sandstone
BAF-2 7.95+2.80 8.41E-03 +2.00E-03 0.12-0.43 2.598 +0.049 0.49-0.78* 2.762 £0.038* 2.84E-03 +£ 1.13E-03  9.36 +2.88
BAF-1, -1A 3.02+1.32 5.37E-03 + 1.97E-03 0.10-0.41* 2.660 + 0.013* 0.50-0.87* 2.754 £0.011* 1.35E-03 £3.71E-04 3.88 +1.07

*Only five measurements can be interpreted in this relative pressure range.
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Table 4. Calculated parameters from Hg-porosimetry

Parameters Contact angle PHg SHg D,

©) (%) m*g™" -)
BAF-ib4 144.59 + 1.09 1.82 £ 047 4.08 = 1.00 2.560 = 0.041
Covering sandstone 139.03 £ 1.53 2.44 +0.53 0.50-1.50 2.645 £0.021
BAF-2 155.43 +3.05 0.78 = 0.44* (0.68_)"' 2.07 + 1.08% (1.87)° 2.697 = 0.068*
BAF-1, -1A 157.67 +5.85 1.53£0.76 (1.18)" 0.20-2.00 2.661 =0.074

*Only five measurements can be interpreted.

"Due to the high standard deviation value median value is also indicated.

During core drilling the rock is released through
stress and some significant cracks could be re-
opened. The surface of the core and these cracks
could be washed by the drilling fluid and possibly
damaged, but the inner parts of the BCF cores
were unchanged because of the pore size. Presum-
ably, the effect of pollution spread very slowly
towards the inner area as some isotope transport
experiments showed (Lakatos er al. 2002; Lazar
et al. 2008). Depending on the circumstances of stor-
age, higher pores could partly lose their water, but on
the basis of experiments, a higher temperature is
needed to open meso and micropores, they being
less sensitive to the external environment. This is
the reason why older BCF cores can also be used
for experiments, and it has been observed that the
rock can adsorb the humidity of a human hand or
air after drying. During this time, the water content
of pores will change in the macropores and slowly
change at the meso- and micropores. Therefore,

two factors have to be handled during the sampling
and preparation of experiments regarding the reliable
porewater analysis. On the one hand, it is important
to design a fast and clear sampling technique in situ.
On the other hand, the pollution of core samples
before measurement has to be avoided during the
plugging and sample handling.

In-situ sampling for water content analysis

The process of in-situ sampling from the borehole
was as follows. After pulling out the core it was
washed with ultra-pure water (removing contami-
nants) and the drilling direction was marked with a
scratch. This was followed by a fast, geological
description and photo documentation in the field.
Afterwards an c. 1 m-long core was put into an alu-
minium core holder, the weight of which was known,
and closed. This core holder was put under vacuum
and pressurized with high purity helium. From

Table 5. Results of compressional wave velocity measurements

Samples Sample Material Median Min Max
size (m s_l) (m s_l) (m s_l)
BAF-1/1A 17 Sandstones and 4085 3282 4689
conglomerates

BAF-2 39 Claystone 5035 3868 5574

Delta-3 2 Claystone - 5435 5557

Ib-4 3 Claystone 4980 4701 5518
Table 6. Results of shear wave velocity measurements
Samples Sample Material Media Min Max

size [ms™! [ms™} [ms™}
BAF-1/1A 17 Sandstones and 2731 1711 3117
conglomerates

BAF-2 39 Claystone 2923 2048 3297
Delta-3 2 Claystone - 3051 3052
Ib-4 3 Claystone 3112 2951 3297
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Fig. 8. Test results of compressional (V,,) and shear (V) wave velocities from different locations.

time to time the pressure had to be checked. After 3
years a 2.5 bar pressure drop was observed in the first
two samples which were taken from borehole BAF-2
(808.87-809.8 m, 836.58-837.42m) and were
stored at room temperature (between 15°C and 25°
C). One sample was given to the OECD/NEA
Clay Club CLAYWAT project (in progress) and
another one was stored for later analysis when the
methodology and technology are ready.

Possible porewater extraction technology in
the case of the BCF

There are many different methods to extract pore-
water from rocks (i.e. low- or high-speed centrifuga-
tion, displacement by immiscible liquids, aqueous
leaching technique, squeezing technique, azeotropic,
vacuum or microdistillation, direct equilibration with
water or CO,, radial diffusion or diffusive exchange,
lyophilization (cryodesiccation), etc.). A good sum-
mary of applied technologies can be found in Sacchi
etal. (2000) and Weaver (2014). Unfortunately, only
some of them were tried in the case of BCF and the
validity of the results is questionable. Within the
framework of the EU-financed FUNMIG project
(2005-8) the RTDC3 subproject investigated the
porewater composition of clayey rocks (Fernindez
et al. 2009). Some samples from the Ib-4 and the
Alpha-tunnel were analysed for isotope transport,
microaudiography, microtomography, XRD, FTIR,
TGA, SEM, IEC and porewater content. Marques
(2011) and Marques et al. (2012) analysed the pore-
water of BCF by direct equilibration with water but
the results are questionable because of prerequisites.
The squeezing technology was also tried but failed in
the case of the BCF due to the high pressures required
for this type of rock (Ferndndez et al. 2009).

As a preliminary experiment, a modified cryode-
siccation (LN2 freezing) was carried out on two
samples from the Alpha-tunnel in the GEOCHEM
Laboratory. Cryodesiccation (lyophilization) is a
process which applies solid CO, and is used in the
food industry for making deep-frozen products. The
original technology is not applicable in the case of
BCF because only CO, sublimates and distilled
water can be extracted. The new process was the
following (Fig. 9): first, a well-defined and dried
sample was inserted into a pressurizable core holder
and flooded with liquid N, and then closed. A short
time later the frozen sample was heated up to 105°C
and afterwards cooled with liquid N, again. This pro-
cess was repeated 2-3 times. Dried, porewater free
samples have to be used because of the long storage
of the investigated core (Delta-3) and hence the pos-
sible chemical changes in mobile, free porewater. In
this case only capillary trapped water has to be used
which is irreducible in normal circumstances. In case
of intact cores free porewater also has to be used for
water chemical analysis.

The aim of this experiment was that initially the
porewater would freeze in capillaries and the volume
of porewater would increase. It is crucial that all
opened dry pores have to be flooded by liquid N,.
Due to heating the N, expands and dissolves in the
porewater. In the next period the water was frozen
again and during the next heating gaseous N,
expanded in the capillaries. Finally, the water in
the ca})illaﬁ'es was displaced by N,. From a c
70 cm” plug, about 1.5-2 ml of water was extracted
and analysed. The preliminary results of the water
chemical analysis are given in Table 7.

Unfortunately, the sample size was too small for a
full chemical analysis, but the experiment results
show chemically non-distilled water. It is very
important to emphasize that these are only the
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Table 7. Preliminary results of water chemical analysis of the BCF obtained by a modified cryodesiccation
(LN, freezing) method

Fluoride Chloride Nitrite Nitrate Bromide Phosphate Sulphate
mg 17! mg 17! mg 1™ mg 1™ mg 17! mg ™! mg 1!
<10 539 <10 304 <10 <50 105
Li Be B10 Al v Cr Mn
ug ™! g 1™ pug 1™ pg ™! ug ™! ug 17! ug ™!
2055.67 0.68 3592.11 21.00 4.80 151.48 4495.74
Co Ni62 Cu63 Zn66 Fe54 As Se80
gl pg 1! gl pg 1! pg ™! pg ™! ug 1™
194.32 722.99 141.67 705.35 597.34 11.72 8.58
Rb Sr Mo sum (95) Ag sum (107) Cdl11 Cs Bal35

I ! I I I I I
ug ug ug ug ug ug ug
23.12 530.01 59.13 6.24 <2 0.36 211.86
La Tl sum (205) Pb sum Bi Th U238 Sn

-1 -1 -1 -1 -1 -1 -1
pgl pgl pgl pgl pgl pgl pgl
0.71 <2 4.01 12.78 7.79 <5 117.00
Hg Sb
ngl™! ugl™!

- 16.80

preliminary results of two experiments. A more spe-
cial sampling will be implemented with core samples
from the next BCF borehole, a more undisturbed
sample being investigated in the same way. Several
other technologies, such as aqueous leaching (Brad-
bury & Baeyens 1998; Sacchi ef al. 2000; De Craen
M. et al. 2004), might be used and compared with N,
freezing results.

Summary and conclusions

BCF is a very tight, clayey rock with extremely low
porosity and permeability, nano size pores and a
small content of swelling clay mineral. Although
the mineralogy and petrology of this formation is rel-
atively well defined, measurements of rock mechan-
ical, petrophysical and hydrodynamic parameters are
a real challenge.

On the basis of recent research and development
of the past few years the process of sedimentation of
different blocks could be reconstructed.

Equipment and methodological developments
were needed for the investigation of the reser-
voir geological and hydrodynamic behaviour of

this rock: these have been ongoing since the
early 2000s.

Pore characterization experiments show complex
pore structure. According to the pore size distribu-
tion, the BAF-Ib-4 and BAF-2 samples (real BCF)
show peaks below 10 nm and relatively small pore
surface and volume. Peaks can be found below
100 nm in the case of covering sandstone, which
suggests macropores besides the mesopores. Fractal
dimensions could be calculated and used for charac-
terizing the pore surface and structure.

On the basis of petrophysical experiments, the
real BCF is characterized by very low porosity and
water permeability, which is 2-3 times higher than
the gas permeability. Tight, highly consolidated
rock mechanical character could be observed on
the basis of acoustic measurements. The main trans-
port process is diffusion.

Traditional water extraction methods are not
adaptable in this case because of the excessively
low porosity and nano-scale pore size distribution,
and hence, new cryodesiccation technology should
be attempted. More experimentation is needed to
confirm the results, and liquid equilibrium experi-
ments are required to validate them.
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Fig. 9. BCF porewater extraction experiment: modified cryodesiccation (LN, freezing) method.
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