The cylindrical container (150 mm O.D. and 57 mm height) allows simultaneous
irradiation of 4 cylindrical sample holders (50 mm O.D and 19 mm height), also made of
stainless steel. A Pt100 thermocouple which goes from the container to the heating device
controls the temperature inside the container. The cylindrical container is shown
schematically on Figure 3. The time needed to reach a temperature of 200 OC is about 90
minutes. Further improvements, which will result in a new cylindrical container, will permit
simultaneous irradiation of 8 cylindrical sample holders and 6 encapsulated glass ampoules
(50 mm O.D and 250 mm height).

PART III

PRE-IRRADIATION CHARACTERISTICS OF TWO SALT
FORMATIONS
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Figure 3: General view of the container: 1.- Lid. 2.- O-Ring. 3.- Intermediate plate. 4.-
Frame. 5.- Hosepipe connector.
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GEOCHEMICAL AND PETROSTRUCTURAL CHARACTERIZATION
OF AN EXAMPLE OF BEDDED SALT: POTASAS DEL LLOBREGAT
| SAMPLES

C.de las Cuevas, L.Miralles, J.Garcia Veigas, P.Teixidor, J.J.Pueyo

ABSTRACT

Geochemical and petrostructural characterization, prior to irradiation experiments, has

been performed in samples from the Lower Salt Unit of the Catalonian Potash Basin (Potasas

del Llobregat mine). The investigations comprised both fluid (gas and brine analyses) and
mineral phases. The rock salt studied is a polycrystalline rock in which halite 1s the major
mineral (around 90 %), the second mineral phase in importance is anhydrite and the rest of
mineral phases (quartz, clay minerals, magnesite and celestite) is scarce (below 1%). Neither
polyhalite nor any other hydrated mineral was found. The grain size of the halite crystals
ranges between 1 mm and 2 cm. The chemical analyses show low magnesium and potassium
contents, in contrast to what is found in the Asse mine rock salt (north european Zechstein
basin). The water content in the samples studied is as average 0.32 % weight, ranging
between 0.04 and 1.00 %. Water is present in form of interstitial (intergranular) brine and as
intragranular fluid inclusions. The fluid inclusions contain magnesium (1.15 mol/1) and
potassium (0.31 mol/). The most abundant gas is Op. Small quantities of CO, and traces of
CH, are also found. At temperatures above 100°C, additional CHy is released from the
thermal decomposition of organic matter.

1. INTRODUCTION

Radiation damage, which is expected to develop in the rock salt around radioactive

wastes, changes the physico-chemical properties of the surrounding rock. Since the rock salt
is expected to act as a natural barrier in the case of radioactive waste disposal in salt
formations, the properties of the starting material of different salt formations have to be

S ———

known in order to predict their response to the effect of heat and gamma radiation. Besides
thermomechanical perturbation of the rock salt, gas release and water migration are enhanced
by the high temperatures and thermal gradients. Moreover, irradiation is responsible for the
generation of radiation-induced defects in the halite crystals and for the production of
radiolytical gases. '
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In order to fulfil the objectives of the Spanish research and development program on
radiactive waste disposal in salt formations, a preliminary sampling survey was performed in
the Potasas del Llobregat potash mine, located in the area of Sallent-Balsareny; Catalonian
Potash Basin (north eastern Spain). Bedded salt, with an average thickness of about 300 m is
present in that basin. The saline body is divided into a lower salt unit, a potash seam and an
upper salt unit (Busquets et al, 1985). Detailed geochemical and petrostructural
characterization was performed on the Lower Salt Unit samples, which were chosen to be
one of the starting materials for the irradiation experiments performed in the frame of the
HAW project. The investigations comprised both the fluid phase (gas and brine analyses) and
the mineral phases of the rock salt.

2. METHODOLOGY
2.1  Sampling

Sampling was performed in the Lower Salt Unit, on the mine 323 m level. The
samples studied were gained from test cores using flushing air as drilling fluid. A total of 12
horizontal boreholes of 86 mm diameter and 6 m length were drilled. Six boreholes were
drilled in an impure salt lower horizon (dark coloured) and the rest in a pure salt upper

horizon (white coloured).

2.2 Gas analysis

The content of gas present in the rock salt was measured in laboratory experiments
and in "in situ” degasification tests.

Laboratory degasification experiments were performed on representative samples of
the pure and impure horizon. Immediately after drilling, cores weighing between 1.5 and 2
Kg were stored on site, in borosilicate glasses, which were purged and filled with nitrogen to
an overpressure of 0.2-0.3 bar. The natural gas release was quantified after 12 months of
storage in the laboratory. Afterwards, those sample holders were purged again in the same
manner as previously described, and placed in an oven. Heating took place in three stages up
to 60, to 100 and to 150°C respectively. After each degasification period (3 months at
constant temperature), gases were analyzed. ' o
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“In situ” degasification tests have been carried out in three boreholes drilled in the
lower salt horizon, which were sealed with gastight stainless steel packers. Each packer
consists of a 70 cm long tube, with a viton seal which is mechanically expanded and pressed
against the borehole wall. The parts of the packer that are in contact with the borehole
atmosphere are coated with a teflon cap in order to avoid corrosion. The teflon cap has a 10
mm hole, through which a teflon tube passes through the packer. The tube is closed at the
gallery wall end with a gastight valve. After sealing the boreholes with the packers, the
boreholes were purged and filled with nitrogen to an overpressure of 0.6 bar. Gas sampling
was carried out by allowing the gas to flow directly into the sampling bags (Plastigas, Linde).
After sampling, the boreholes were refilled with nitrogen. The gas sampling for each
borehole, was carried out 7, 14, 24 and 39 months after borehole sealing.

Analytic determination of the gas content was carried out by Gas Chromatography.
Gas samples were extracted from the glass containers and sample bags through a septum
from a gastight syringe. Quantification of the gaseous components was performed through
peak area integration using the external standard method. Samples and standards were
injected repeatedly until less than 5% dispersion in the area measurement was observed. The

analytical conditions were:

For H, and O, : Molecular Sieve 5A 80/100 mesh, 3m 1/8" OD; 60°C hold; Carrier
gas: Ar, Detector: Thermal Conductivity (TCD).

For CO, and light hydrocarbons: Porapak Q 50/80 mesh, 4m 1/4" OD; 120°C hold;
Carrier gas: He, Detector: Thermal Conductivity (TCD).

Water content determination

Water content was determined by Thermogravimetry, since this technique allows to
quantify and discern the types of water present in the rock salt. A sample with a grain size of
2 to 3 mm, and weighing 1 g was taken for the analysis. The working conditions were as
follows: temperature interval from 20 to 450°C, heating rate of 59C/min and atmosphere of

argon.
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2.4 Brine composition determination

The determination of brine composition was performed by X-Ray microanalysis
(SEM-EDS) on fluid inclusions. A more detailed description of this method can be found in
Ayora et al.(1994). Rock salt specimens containing primary structures with fluid inclusions
(hopper crystals) were selected, and slices about 1 cm? surface and 1 mm  thickness were cut
with a low speed saw. These slices were polished on both sides, using alumina powder of 0.3
mm in the last polishing stage.

The slice and four droplets of standard solutions were introduced into a sample
holder. The holder was immersed in liquid N», placed in a lateral chamber of a Scaﬁning
Electron Microscope (SEM) and placed on a cryostage at -170°C. The slice was broken
inside the chamber and a flat cross section of halite containing a large number of frozen fluid
inclusions was obtained. To prevent electric charging the whole sample assemblage was

coated with aluminium. Finally, the sample assemblage was placed in the central chamber of
the SEM at -180°C.

During the analysis of the standard solutions and fluid inclusions, the X-Rays emitted
were captured by a solid state Si (Li) crystal analyzer and converted into a conventional
Energy Dispersive Spectrum (EDS). The working conditions were established at 15 kV, 1.5
nA of beam current and 200 seconds of counting time. The microanalysis was carried out for
several electrolytes (Cl-, SO4%, Na*, K*, MgZ* and Ca?*). Quantitative analysis of the
elements is based on the peak-to-background ratio of each EDS peak. The relative analytical
error was in all cases lower than 10 %. Detection limits were established for each element.
Ca?*, K* and SO,42- had detection limits lower than 0.05 M, whereas those of Mg2+ and Na*
were 0.35 and 0.55 M respectively.

Internal consistency of results was checked by the charge balance (CB) [CI‘]+2[SO42‘
J/[Na+]+[K+]+2[Mg2*+]. The saturation index (S) with regard to halite (log [an, *
acy/Kpatitel)> the host mineral, was used to check the external consistency of the results. In
ideal conditions CB equals 1 and IS equals 0. Charge unbalances and saturation indexes
lower than +/- 0.2 were interpreted as falling within the range of the analytical error, and
therefore those results were considered reliable.
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2.5 Chemical analysis of rock salt

Geochemical characterization was performed on 25g of milled salt by analyzing
major components such as, Cl, SO4 and Ca, as well as trace elements which are
characteristics in rock salt, such as Mg, K, Sr and Br. Except for bromine, which has been
determined by XRF (X-Ray Fluorescence), chemical analysis have been performed after
dilution of the sample in distilled water. Cl was determined by volumetry (Mohr method),
SO4 was determined by ICP-AES (Inductively Coupled Plasma Atomic Emission
Spectroscopy), K by AES (Atomic Emission Spectroscopy) and Mg, Ca and Sr by AAS
(Atomic Absorption Spectroscopy). The insoluble fraction was determined gravimetrically,
and the mineral phases present in this fraction were identified by XRD (X-Ray Diffraction)

using the oriented aggregates technique.

2.6 Petrostructural characterization

Petrographic observations as well as fabric characterization were perfomed on thin
sections by transmitted light microscopy. Low speed sawing and grinding techniques were
applied to the production of thin sections in order to avoid damage induced by sample
manipulation. The surface obtained by a longitudinal cut of the core was ground with silicon
carbide paper of 600, 1000 and 1200 grit (DIN-norm) and polished with diamond powder of
3 um using an automatic grinder-polisher wheel (Motopol TM, Buehler). Evaporating oil
(Shell type S-4919) was used as cooling fluid. These polished surfaces were attached to a
glass with a two-component glue (Araldite D + Hardener HY 956) and afterwards sawn to a
thickness of 1 mm by a low speed wire saw (Well type 6234). The other side of the sample,
which was not attached to the glass, was ground and polished again following the same

procedure to a thickness of around 200 pm.

Images of the thin sections were obtained with a video camera adapted to a
stereomicroscope (Wild M5A) and afterwards treated by an image analyzer. Differentiation
between halite and birefringent minerals was achieved under crossed-polarized light. The
grains of the halite fraction were then individualized and converted into a binary image, on
which the measurements were performed. Examples of the binary images of samples 3149

and 3143 can be seen in Figures 1 and 2.
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Figure 1: Binary image of sample 3149 (long axis of the sample is 4 cm)

Figure 2: Binary image of sample 3143 (long axis of the sample is 4 cm)
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3. RESULTS
3.1 Gas content

The most abundant primary gas present in the rock salt is O, followed by CO; and
CHj,. This was confirmed by both the laboratory experiments at room temperature and the "in
situ” tests. Moreover, Hy, CoHg and C3Hg were also found as traces in the sealed boreholes.
The temporal evolution of the concentrations of the different gases within one of these
boreholes is plotted in Figure 3. Since gas inflow from the salt formation into the borehole is
directly related to the gas content and to the permeability of the rock salt, it seems that during
the first year the rapid increase in the gas content could be explained by the degasification of
the altered zone close to the borehole (enhanced permeability). After a year, the lower gas
fluxes into the borehole could be explained by gas migration from the unaltered rock salt.
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Figure 3: Temporal evolution of gas concentration in one of the sealed boreholes

Table 1 shows the results obtained for laboratory degasification at room temperature,
together with the mineral composition. Rock salt rich in impurities tends to exhibit higher
contents in CO, than pure rock salt. CHy is only detected in impure rock salt. There are some
discrepancies between laboratory degasification experiments and the “in situ” test, regarding
the ratios between the concentration of gases: In laboratory experiments the ratios Oo/COo,
0,/CH4 and C02/CH4 are significantly higher than in the "in sifu” tests.

161




Table 1: Laboratory degasification test at room temperature.
Table 3: Laboratory degasification test at 100°C.

Sample Oy COy CHy Clay NaCl CaSOy4

Sample  Op COy CHy Clay NaCl CaSOy
1122 763.8 1.9 tr 1.37 94.51 4.12
1128 © 652.4 2.3 tr 0.82 90.22 8.96 1117 7873 8.3 tr 0.72 91.69 7.59
1135 7735 2.7 tr 0.77 85.88 13.35 1122 1054.0 4.2 tr 1.37 94.51 4.12
1216  635.3 1.3 n.d 0.18 97.92 1.90 1128  978.9 5.4 tr 0.82 90.22 8.96
1221 8480 2.3 n.d 0.14 98.15 1.71 1135 960.6 5.9 tr 0.77 85.88 13.36
1227 6644 1.4 n.d 0.15 98.39 1.46 1216 776.7 2.3 n.d 0.18 97.92 1.90
1233 603.2 1.3 n.d 0.12 97.80 2.08 1221 9815 3.1 n.d 0.14 98.15 1.71
4116  387.9 3.3 n.12 2.15 85.82 12.03 1227 . 775.7 2.7 nd 0.15 98.39 1.46
4123 442.8 4.1 0.11 0.64 88.81 10.55 1233 1092.0 2.6 n.d 0.12 97.80 2.08
4132 7128 5.0 tr 1.37 90.52 8.11 4116  703.8 21.3 tr 2.15 85.82 12.03
4214 6174 1.4 n.d 0.27 96.36 3.37 4123  975.6 14.0 tr 0.64 88.81 10.55
4225  556.8 1.4 n.d 0.09 98.51 1.40 4132 11823 7.6 tr 1.37 90.52 8.11
4227 7943 1.6 n.d 0.13 98.15 1.72 4214 8133 34 n.d 0.27 96.36 3.37
4233 872.2 2.1 n.d 0.17 98.80 1.03 4225  767.6 2.3 n.d 0.09 98.51 1.40

4227 8029 2.6 n.d 0.13 98.15 1.72
Content of gases expressed as 1/m> salt. Mineralogical composition expressed in %. 4233 11716 34 nd 017 08.80 1.03
tr: trace (around 0.01 I/m- salt) n.d= not detected.

Content of gases expresseg as ]/m3 salt. Mineralogical composition expressed in %.

tr: trace (around 0.01 I/m~ salt) n.d= not detected.
Table 2: Laboratory degasification test at 60°C.

. ; : )

Sample O, CcO, CH, Clay NaCl CaSO, Table 4: Laboratory degasification test at 150%C.
1117 2073 6.2 tr 0.72 91.69 7.59
1122 280.1 41 n.d 1.37 94.5] 412 Sample  Op €9 S Clay NaCl  Cad0q
1128 268.9 8.8 tr 0.82 90.22 8.96
1135 2984 13.6 tr 0.77 85.88 13.35 1117 761.6 2.1 0.50 0.72 91.69 7.59
1216  239.1 1.4 n.d 0.18  97.92 1.90 1122 9747 4.8 3.30 1.37 94.51 4.12
1221 504.4 2.2 n.d 0.14 98.15 1.71 1128 816.6 4.8 6.90 0.82 90.22 8.96
1227 2635 1.9 n.d 0.15 98.39 1.46 1135 822.6 3.0 0.70 0.77 85.88 13.35
1233 264.1 2.1 n.d 0.12 97.80 2.08 1216  685.3 3.1 tr 0.18 97.92 1.90
4116 1304 19.1 tr 2.15 85.82 12.03 1221  1080.0 4.2 n.d 0.14 98.15 1.71
4123 2140 26.2 tr 0.64 88.81 10.55 1227 7564 4.4 0.90 0.15 98.39 1.46
4132 2724 16.8 tr 1.37 90.52 811 1233 5574 3.7 0.80 0.12 97.80 2.08
4214 2356 2.1 n.d 0.27 96.36 3.37 4116 6864 1.8 030 215 85.82 12.03
4225  207.0 1.4 nd  0.09 98.51 1.40 4123 7129 29 0.50 0.64 88.81 10.55
4227 2549 1.7 n.d 0.13 98.15 1.72 4132 1168.7 2.2 1.10 1.37 90.52 8.11
4233 495.8 2.4 n.d 0.17 98.80 1.03 4225 630.5 5.3 0.40 0.27 96.36 3.37

4227  718.9 3.7 0.30 0.13 98.15 1.72

4223  864.7 5.2 n.d 0.17 98.80 1.03

Content of gases expressed as Vm3 salt. Mineralogical composition expressed in %.

tr: trace (around 0.01 I/m~ salt) n.d= not detected. 3 :
Content of gases expressed as I/m° salt. Mineralogical composition expressed in %.

tr: trace (around 0.01 I/m~ salt) n.d= not detected.

162 163




The results of the laboratory degasification experiments at higher temperatures are
shown in Tables 2 to 4 (for temperatures of 60, 100 and 150°C respectively). No differences
in O, content were observed between pure and impure rock salt. The values of O, are very
low at 60 °C, while they reach a maximum at 100 °C (thrice than at 60 °C) and yield similar
values at 150°C. Since the O, concentration in the gas phase at 100 °C (after a degasification
period of 6 months) is similar to that obtained at room temperature (after 12 months), it can
be concluded that the desorption at 100 ©C is at least twice as effective.

In contrast, the behaviour of CO, depended on whether the rock salt was pure or had
visible mineral impurities. For impure rock salt, which had up to four times more CO, than
pure rock salt, the amounts of CO, released reached a maximum at 60 °C and decreased at
higher temperatures, while for pure rock salt the maximum was located at 150°C. A possible
explanation for this behaviour could be a reaction of CO, with some mineral phase.

CHy is only present (as trace) in impure rock salt at temperatures up to 100 °C. At
150°C a high increase in the amount of CHy is registered because, between 100 and 150°C,

the thermal decomposition of organic matter becomes a relevant process.

3.2 Water content

The results of the studied population (n= 175) are displayed as a histogram in Figure
4. Water content data follow the lognormal distribution, as can be deduced from the
histogram. The water content ranged from 0.04 to 1.00 wt%, the average weight loss was of
0.32 % and the standard deviation amounted to 0.20 %. In those samples, water is present in
form of interstitial (intergranular) brine and in intragranular fluid inclusions. The average
content in intergranular brine was 0.17 % (standard deviation equaled 0.14%) whereas the
average content as fluid inclusions was 0.15 % (standard deviation equaled 0.08%). A
representative thermogram of the salt studied is shown in Figure 5. In this figure two curves
are plotted, one of them gives the variation of temperature with time and the other gives the
loss of mass with time. Intergranular brine was liberated up to 120 °C, while fluid inclusions
bigger than 30 um decrepitated between 300 and 350 °C (Mosler, 1990). The last mass loss
registered, due to decrepitation of smaller fluid inclusions, took place at 400 °C.

Rock salt rich in impurities had higher amounts of intergranular water than pure rock
salt. It seems that clay-anhydrite bearing rock salt would have higher porosity resulting in
better entrapment of the brine. Intragranular fluid inclusions are related to the presence of
hopper crystals. Comparing these samples with Asse rock salt, Potasas del Llobregat samples
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Table 5: Chemical composition of fluid inclusions can be considered as water-rich rock salt. This difference can be attributed to the low degree
of tectonism, since Potasas del Llobregat samples are full of primary structures and Asse salt

has undergone recrystallization processes (Gies et al., 1994).

Sample Nat  Mg2* Kt S04% cr CB IS
ﬁ%g%i 259 143 0.30 0.05 5.81 0.97 -0.05
' 320 113 0.28 0.08 5.96 0.94 0.03 ‘ ; iti
41281c 287 0.90 0.30 0.10 0.16 0.80 -0.07 33 DBrinecomposition
ﬁ%gid 2.77 1.03 0.31 0.07 5.76 0.87 -0.14
2. . . - . . . . .
41281? 28% (1)3'?7) 82% 88% ggg 822 8 3:27 The results of the analyses considered reliable are given in Table 5. The brine had an
41281g 3.05 1.27 0.29 0.13 6.10 0.92 0.08 average composition of 2.92 mol/l in Na*, 1.15 mol/l in Mg2+, 0.31 mol/l1 in K, 0.07 mol/l 1n
41281h 2.87 0.83 0.41 0.09 5.91 0.81 -0.14 ‘ 2- 0 O 2+ i ; ion limi
41232a 2.58 1.21 0.35 0.10 5.85 0.88 011 SO4% and 6.07 mol/l in CI". The Ca** content in the brine was lower than the detection limit
ﬁ%g%b %gg l.lg 0.35 0.06 5.93 0.88 -0.09 ; of the cryo-SEM-EDS methodology. Comparison of the results with those reported by Nishri
41232?1 2.92 %(1)9 8% 882 ggg 8§2 —88? et al. (1988) from seepages at level 800 of the Asse mine shows that the CI- and SO4%
ﬂgggg 2.49 1.04 0.21 0.09 5.77 0.80 -0.21 - contents in the Potasas del Llobregat brines are similar to those in Asse, the Na* content is
41232¢ gg% %8% 8§§ 88;1 ggi (1)%% _%%2 higher and K+ and Mg2* are depleted in Potasas del Llobregat in relation to those from Asse.
ﬁgg%a 320 196 0.30 0.12 6.60 0.80 0.12
41091? ggg %% 8%? 88? g‘;’g 83% 883 ~ After halite precipitation, the concentration of Na* in residual brines arising from the
41091d 277 111 0.21 0.08 6.35 0.80 -0.01 evaporation of seawater decreases with increasing salinity. Moreover, the Mg2* content in
41311a 2.85 1.16 0.38 0.08 6.42 0.84 0.06 ‘ e s di ; i i i
41311b 296 092 0.33 0.04 576 0.88 013 the brine is an indicator of the degree of evaporation of a basin, provided no magnesium-
41111a 2.84  1.18 0.35 0.04 6.26 0.87 0.02 bearing minerals precipitated (McCaffrey et al., 1987). The composition of Potasas del
41111b 2.75 1.04 0.42 0.07 6.23 0.82 -0.04 . ; f h i f Ithough th
41111c 3.21 1.35 0.17 0.05 6.35 0.94 0.18 Llobregat brines corresponds to that expected from the evaporation of seawater, although the
i} i } id ggg 0_32 0.32 0.06 6.12 0.91 0.06 higher contents in Na* and the lower contents of MgZ* in those brines suggest a lower degree
€ : 1.21 0.39 0.11 6.02 0.98 0.13 of seawater evaporation compared to the Asse brines.

Note: Ionic concentrations expressed in mol/litre. Variable CB stands for charge balance.

Variable SI stands for saturation index.
3.4  Chemical composition of rock salt

The statistical data (n=121) of the chemical composition are given in Table 6. The
analyses performed on this type of rock salt showed low Mg and K contents in contrast to the
Asse rock salt. Furthermore, the amount of SOy, Ca and Sr is scattered due to differential
presence of anhydrite and celestite in the samples. Br, Mg and K are more homogeneously
distributed, due to the fact that they are not major components in any mineral phase. In some
samples, chemical analyses were performed in two aliquots in order to find out whether these
elements are present in the crystal lattice of halite or in the brine as constitutive ions. The first
aliquot was dry milled and the second one was milled in alcohol which acts as a trap for the
brine (Moretto, 1988). After having analyzed both aliquots of each sample, a great depletion
of K, and Br was observed and in the aliquot milled in alcohol, whereas Mg was totally
eliminated. This fact would indicate that Mg is only present in the brine, whereas K and Br
would be present both in the brine and in the halite lattice.
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Table 6: Chemical Composition of Potasas del Llobregat samples

RANGE AVERAGE ST.DEVIATION
NaCl (%) 73.45-99.50 93.53 5.58
INS (%) 0.12- 1.61 0.52 0.39
SOy (%) 0.36-18.50 4.02 3.56
Ca (%) 0.05- 6.94 1.57 1.42
K (ppm) 22-409 127 63
Mg (ppm) 41-485 169 92
Sr (ppm) 27-1231 279 224
Br (ppm) 52-117 60 9

Note: INS stands for Insoluble fraction (basically clay minerals)

3.5  Petrography

Microscopic observations showed that the Potasas del Llobregat samples consisted of
halite with anhydrite as main impurity. The rest of the mineral phases (clay minerals, quartz
and carbonates) were scarce. The clay fraction was constituted by illite, chlorite (+kaolinite)
and interstratified chlorite vermiculite. Neither polyhalite nor other hydrated minerals was
found. The grain size of the halite crystals ranged between 1 mm and 2 cm.

The biggest halite crystals were formed by a core, made of one or more fragments of
primary structures such as pyramidal hopper crystals, and an outer rim of hyaline salt. These
hopper crystals (skeletal cubes with depressed faces resulting from fast growth along the
edges of an embryo cube) are characterized by a great number of liquid inclusions in the form
of oriented negative crystals, which record the directions of quick crystal growth. Hopper
crystals form in the brine-air interphase (Dellwig, 1955). The overgrowth of hyaline salt (free
of fluld inclusions) is in crystallographic continuity with the fragments of hopper crystals
which may have undergone a dissolution process before reaching equilibrium and then acted
as nuclei for the hyaline salt.

The rest of the halite grains consisted of hyaline salt of smaller size (around 2 mm
average). These crystals have grown on the bottom of the basin where they precipitated under
oversaturated conditions. These hyaline crystals, considered by many authors as diagenetic
salt grains (Shearman, 1970), usually infill the cavities left over between the already existing
bigger grains, reducing the initial porosity.

Subsequent phenomena of dissolution of the more unstable grains have taken place
during diagenesis, causing temporary supersaturation on the surface of the more stable grains,
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and favouring their enlargement. Nevertheless, the area affected by these phenomena is not

large since most of the primary structures are well preserved.

The anhydrite crystals are mainly located at the halite-halite grain boundaries
" although they can occasionally be found inside the halite grains. The size of anhydrite
k rystals ranges from 200 to a few micrometers and they are predominantly elongated along

the crystallographic c-axis.

Decoration of the samples by gamma irradiation reveals that most of the hyaline
halite grains show a well developed subgrain structure with a mean subgrain size of 150 um,
which indicates that grains have undergone some stress after their precipitation. Moreover,

. different sets of planar arrays (slip-bands) are cverprinted on the previous subgrain structures.

) ‘3.6 Fabric Analysis

The fabric of the Potasas del Llobregat salt was studied. The term fabric includes the
complete spatial and geometrical configuration of all those components that make up the rock
salt and their relation to each other. First, the size (area), shape (circular factor, elongation
factor and rugosity factor) and grain arrangement (orientation of the grains to a known
direction, known as orientation angle) parameters were quantified. Afterwards, the data were
statistically treated (see table 7). The obtained results should be considered as a preliminary
approximation, since the analysis was performed in 2-D and also because the shape factors
are only an approximation of the real grain shape. Nevertheless, they are included because
the mechanical strength of rock salt depends on fabric characteristics (Gutzon-Larsen and

Lagoni, 1984).

The frequency distribution of the grain area is of lognormal type, as shown in figure
6, in which the major part of the grains (in average 80 %) belongs to the fine sized fraction.
According to the measured grain area, grains are grouped into three categories: fine sized
grains (area < 0.1 cm?), medium sized grains (area between 0.1 cm? and 0.3cm?2) and large
si’zed grains (area > 0.3 cm?). Usually, the large sized grains are the ones which contain
primary structures or fragments of them, while the grains of the other two categories consist

of hyaline salt.

The shape of the halite grains has been determined by measuring the elongation and
circular factor while the degree of intergrowth between halite grains has been determined by

computing the rugosity factor.
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Table 7: Fabric parameters of the studied rock salt
AN
8
SAMPLE Grain Area C.F. E.F. R.F. Imp. LJZJ
* #k k%% mean sdev mean s.dev. mean sdev. % 5
&
3152B © 70 30 0 0.66 013 056 0.15 0.79 0.10  2.16 %
3152C 97 3 0 0.68 0.16 0.53 0.1  0.76 0.12  3.08 o
3149A 85 11 4 0.67  0.15 0.59 0.15  0.77 0.12  4.15 N
3254B 90 S 5 0.65 018 054 0.14 0.76 0.11 6.68 >
3129A 85 13 2 0.70  0.18  0.59 0.15  0.76 0.13  13.85 -
3129B 95 3 2 072  0.18  0.57 0.15  0.75 0.12 1044 <
3128B 90 6 4 072  0.16  0.60 0.15 0.75 0.13 22.04 —
3143A 85 13 2 0.65 020 051 0.17 0.74  0.13 1327 B:J
3143C 95 5 0 0.66 0.18 052 0.16 0.78 0.12  7.36
3128A 85 12 3 0.67 0.16  0.58 0.16  0.78 0.12  5.50 e
3143B 85 12 3 0.66 0.18 0.1 0.17  0.78 0.12 489 0 3‘2 — O 4'7 — 0 6:2 T 077
GRAIN AREA cmZ
Note: Grain area expressed as relative frequency. * < 0.1 em?; #* 0.1 - 0.3 cm?; HE>0.3 cm?.
C.F stands for circular factor. E.F stands for elongation factor. R.F stands for rugosity factor. . _ . ]
Imp stands for mineral impurity content | Figure 6: Histogram of the grain area of sample 314
The elongation factor (EF) is defined as the ratio of the minimum diameter to the
maximum diameter. The mean values varied from 0.51 to 0.60, indicating that, on average, 5
grains display some elongation with their long axis approximately twice as long as their short 1
axis. Althougth there is no correlation between the elongation factor and grain size, the po
medium sized grains are the most elongated. In sample 3143, the elongated grains are > 107
localized in a band defining a foliation direction and therefore this feature is more evident, (Z)
while in the rest of the samples the elongated grains are randomly distributed. Figure 7 shows uj' 8
the histogram of the elongation factors of sample 3143, which is of normal type. 8
o 6
Lo
The circular factor (CF) is defined according to the following formula: 4x g
Area/perimeter?, which means that values close to 1 represent a perfect circle. The mean — 41
values obtained for Potasas del Llobregat samples vary from 0.65 to 0.72 showing a small 5
scatter. The circular factor is only valid, when it is assumed that the initial shape is a strictly lfg' 21
convex circle (Pannozzo and Hiirlimann, 1983). For this reason, the grains of Potasas del

- - . O
Llobregat samplﬁes have been interpreted as being closer to an ellipse or a square of convex 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
shape than to a circle. The histogram obtained for sample 3143 is shown in figure 8.

ELONGATION FACTOR class interv. 0.031
The rugosity factor (RF) is defined as the ratio of the convex perimeter to the

Figure 7: Histogram of the Elongation Factor of sample 3143
perimeter of each grain. The value Rf=1 is given to a round object without indentations. The

170 ; 171




RELATIVE FREQUENCY %

RELATIVE FREQUENCY 7%

16

1471
127
107

a1

S
4
2‘.
O‘ g : P . . 5 . .
0.18 0.39 0.60 0.81
CIRCULAR FACTOR class interv. 0.05

Figure 8: Histogram of the Circular Factor of sample 3143
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Figure 9: Histogram of the Rugosity Factor of sample 3143
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Figure 10: Histogram of the orientation angle of sample 3149
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Figure 11: Histogram of the orientation angle of sample 3143
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results are also listed in table 7. The mean values range from 0.74 to 0.79, giving numerical
information about the convexity-concavity of grain boundaries. There is a positive correlation
between the rugosity factor and the grain size. Since the indentations are of the same absolute
depth for big and small sized grains, the rugosity factor is lower for the small sized grains.

Figure 9 shows the histogram of the rugosity factor of sample 3143.

In order to find out whether there is a preferred form orientation, the angle between
the long axis of each grain and the X-axis of the thin section was measured. A frequency
distribution of the orientation angles, which are classified in intervals of 10 degrees, was then
plotted as a histogram for each sample. Figure 10 shows a histogram of the sample 3149,
where the grains are randomly distributed, whereas figure 11 shows the histogram for sample
3143, where a large number of grains show a preferred orientation. In the last case, the
morphological directions of grains are grouped in an interval of 40 degrees, defining a

foliation direction.

4. CONCLUSIONS

The geochemical and mineralogical characterization of Potasas del Llobregat, as an
example of bedded rock salt, prior to irradiation experiments, has been carried out. Two salt
facies have been distinguished: rock salt rich in mineralogical impurities (dark salt) and rock
salt poor in mineralogical impurities (white salt). Halite is the major mineral (around 90 %),
the second mineralogical phase in abundance is anhydrite while the rest of mineral phases
(quartz, clay minerals, magnesite and celestite) is scarce (below 1%). Neither polyhalite nor

any other hydrated mineral was found.

The chemical analyses show low magnesium and potassium contents in contrast to the
Asse mine rock salt (due to the absence of polyhalite), and large variations in the amount of
SOy, Ca and Sr (due to variation in the amounts of anhydrite and celestite in the samples). Br
and K are present in the brine as well in the halite lattice, whereas Mg is found only in the

brine.

The water content is on average 0.32 % weight, ranging between 0.04 and 1.00 %.
Water is present in form of interstitial (intergranular) brine and as intragranular fluid
inclusions. In general rock salt rich in mineralogical impurities shows more intergranular
water content than pure rock salt. The average content in intergranular brine is 0.17 %
whereas the average content in fluid inclusions is 0.15 %. Potasas del Llobregat samples can
be considered as water rich rock salt in contrast to Asse rock salt. Moreover, brine
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composition in fluid inclusions is similar to that of the Asse brines in CI" and SO4% contents,
althought Na+ content is higher and K* and Mg2+ depleted in relation with Asse brines.

The most abundant gas released at room temperature is O, as seen in both types of
experiment ("in situ" and at the laboratory). Small quantities of CO, and traces of CHy are
also found. Rock salt with mineral impurities shows higher contents in CO, than pure rock
salt and the presence of CHy. In the "in situ" test, the equilibrium inside the borehole has
been reached after one year. At the end of the test, small amounts of Hy were measured in
contrast to the laboratory experiments, which could come either from corrosion of the packer

or from undetermined sources.

The effect of the temperature, which has been studied only in laboratory experiments,
enhances the release of CO,, and the amounts of Oy were slightly higher than in room
temperature degasification. Rock salt with impurities shows higher contents in CO, and of
CH, than pure rock salt at temperatures up to 100°C. Moreover, there is a high increase in
the amount of CH, from the thermal decomposition of the organic matter, which starts in the

temperature interval between 100 and 150°C.

The grain size of the halite crystals ranges between 1 mm to 2 cm. The biggest halite
crystals usually contain one or more fragments of primary structures (hopper crystals) and an
outer rim of hyaline salt. The rest of halite grains consist of hyaline salt of minor size (around
2mm average). Most of the hyaline halite grains show a well developed subgrain structure
with a mean subgrain size of 150 um, which indicates that grains have undergone some stress
after their precipitation. Moreover, different sets of planar arrays (slip-bands) are also
bverprinted on the previous subgrain structures. The anhydrite crystals are mainly located at
the halite-halite grain boundaries although they can occasionally be found inside the halite
grains. The size of anhydrite crystals ranges from 200 to a few micrometers and they are
predominantly elongated along the crystallographic c-axis.

" The fabric analysis of the rock salt shows that halite grains with areas less than 0.1
cm? represent around 80 % of the total amount of grains of the studied samples. Their shape
is closer to an ellipse or a square of convex shape than to a circle, and they have some
elongation (long axis is approximately twice the short axis) and have a low degree of
rugosity. In general, grains are randomly distributed without a preferred shape orientation.
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SALT OF THE UPPER PERMIAN (ZECHSTEIN-)
SALT DIAPIR OF THE ASSE

H. Gies, A. Garcia Celma

ABSTRACT

The Asse salt has many times been used in experiments aimed at a better understanding
of the rheological and fluid transport properties of rock salt. In the last decade, it has also
repeatedly also been subject of y-irradiation experiments which have been planned and carried
out in order to increase our knowledge of the consequences that radiation and heat will have
on the rock salt of prospective radioactive waste repositories. In this frame the Asse rock salt
has been used in two different ways, as drilled cores of solid salt, and as mixtures of ground
salt of various mineralogical and geochemical composition. This contribution gives a

characterization of the salt used in these experiments.

1. GENERAL GEOLOGICAL SITUATION

The Asse salt anticline is part of the subherzynian basin about 30 km north of the Harz
mountains. The major rock salt horizon of the Asse is the StaBfurt halite (Na2) which more or
less represents the lowermost part of the entire Upper Permian (Zechstein) salt profile in North
Germany. It can largely be considered representative also for other sites in the North German
Basin, such as Gorleben. The Zechstein (about 250 to 220 my b.p.) is underlain by the lower
permian "Rotliegendes" but overlain by the lower triassic "Buntsandstein".

The StaBfurt Hauptsalz / Main Salt (Na2B) generally represents the thickest salt
horizon. It consists almost exclusively of anhydritic rock salt (see below), except for its top,
and has the more or less same composition and character throughout its entire thickness
profile. Fig. 1 shows the stratigraphical sequence at the special position of the HAW-test field
in the Asse, which was described in greater detalil elsewhere [H. Gies et al., 1994] in the frame
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of the HAW-final report. Within the StaB3furt Series the Main Salt is overlain by the Speisesalz

(Na2S) horizon.
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2. MINERALOGICAL AND GEOCHEMICAL CHARACTERIZATION

The Main salt (Na2f) can be divided into the most abundant (400 to 600 m thick)
anhydritic main salt (Na2f,) and the less abundant (~ 15 m thick) polyhalitic main salt (Na2f3,).
Salt samples from these two sub-horizons have been used in the laboratory irradiation
experiments, either as mixtures of broken salt for radiolytic gas research [Jockwer et al., 1995
(article nr. 13, this volume), Gaudez et al, 1995 (article nr. 14, this volume)], and
determination of radiation damage formation [Monig et al., 1995, article nr. 16, this volume]
or as drilling cores of solid salt. In some of the papers in this volume, however, a different
sample designation was used [Donker and Garcia Celma, 1995, articles nr. 17 and 18, this
volume, Garcia Celma and Donker, 1994], where they were called Borehole anhydritic (Bha)

and Borehole polyhalitic (Bhp) salt, respectively.

The mean mineralogical composition of the two sub-horizons was given by Pahl [Pahl,

1988]:

Table 1: Mean mineralogical composition of the anhydritic Staffurt main salt and its
polyhalitic top
anhydritic main salt (Na2f.,) polyhalitic main salt
(Na2f3,)
[% by weight] [% by weight]

halite 94.6 96.3

anhydrite 43 0.8

polyhalite 0.4 2.8

water 0.04 0.18

The quantities of water given here represent the total water comprising the polyhalite
crystal water (5.98 % by weight of the polyhalite present) and the interstitial water of the pore
spaces. Since all components were determined analytically the difference to 100 % reflects the
analytical accuracy. Various clay minerals and magnesite are usually found as trace minerals,
mostly around or below their detection limits. Kieserite and sylvite occur, if at all, only in the
uppermost Na2 above the Polyhalitbénkchensalz Na2P, closer to the StaBfurt potash seam.
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3. MICROSTRUCTURAL CHARACTERIZATION

A direct microstructural characterization of the salt mixtures used in the German
irradiation programme was not performed. Previous investigations [Urai et al., 1987] showed
that the Asse salt reveals very little internal dislocation structure and indicate low dislocation
densities. High internal strain features such as slip bands and kinks band (indicative Of
dislocation glide mechanisms) are almost entirely absent. But these results were gained on
Asse Speisesalz, Na2§, a salt that is much more recrystallized due to its high purity than the
main salt itself [Spiers et al., 1986, 1988, Peach et al., 1987, Peach, 1991]. This is also
expressed by a larger volume of salt showing grain shape fabrics [Gies et al., 1994]. The
general applicability of those results seems, therefore, to be limited.

4. PREPARATION AND CHARACTERIZATION OF BROKEN SALT
MIXTURE

The salt samples were prepared by mixing salt from two different horizons, in order to
have both accessory sulfate minerals present in the salt samples. The final mixture had grain
sizes of between 1 and 3 mm. It was split into a large number of subsamples using a sample
splitter. In order to confirm that the subsamples had identical compositions five subsamples
were chemically analyzed. The compositions found are listed in Table 2.

Table 2: Mineralogical composition of five rock salt samples to be irradiated and
measured (% by weight.)
1 2 3 4 5
halite 97,72 97,40 97,66 97,58 98,09
anhydrite 1,80 2,16 1,87 1,94 1,45
polyhalite 0,48 0,44 0,47 0,48 0,46
water | 002 0038 0040 0037 0038 |
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The above compositions are considered to be satisfactorily representative for the
individual samples that were filled into the ampoules. In total, 160 ampoules each having
300 g of rock salt were prepared, sealed and irradiated in the HFR at Petten (for results see
Jockwer et al. [article nr. 13, this volume] and Monig et al. [article nr. 16, this volume]). As

everytime the entire subsample participates in the production of radiolytical gases

The situation, however, is very different when partial samples are being taken for the
calorimetric determination of stored energy. In that case, the single sample to be measured

weighs only ~ 0.3 g.

The microscopic picture shows very clearly an intergrowth of the halite and sulfate
components too close as to allow for a mechanical separation of the minerals (Fig. 2).
Likewise, no method is available to take a single specimen having the representative bulk

composition.

Figure 2a: Polyhalite and anhydrite crystals in halite (black). (The grain sizes shown here
are the coarser ones; a lot of the sulfate portion of the rock salt is represented

by very fine grained particles of a few microns). long edge = I mm; Nicols va
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Figure 2b: Anhydrite and polyhalite crystals in or adjacent to halite turned black
(colloidal sodium) by the irradiation. Long edge = 0.2 mm; Nicols [/

The only way to obtain reliable information as to the amount of energy stored in the
halite portion of the rock salt seemed to be to perform calorimetric measurements, be it on
simple subsamples or on a halite concentrate separated by hand-picking under the microscope.
Important in both cases is, that the calorimetric specimens have to be analyzed once more after
they were measured, as the originally chosen composition can no longer be expected.

For a general information and evaluation of the potential role of trace elements both in
the halite and the sulfate minerals of the rock salt an extensive description was given in the
final report on 'Material inventory and petrophysics of the HAW-test field in the Asse' [Gies et

al., 1994].
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